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Abstract

T and NK lymphocytes express CD137 (4-1BB), a costimu-
latory receptor of the TNFR family whose function is exploitable
for cancer immunotherapy. Mitochondria regulate the function
and survival of T lymphocytes. Herein, we show that CD137
costimulation provided by agonist mAb and CD137L (4-1BBL)
induced mitochondria enlargement that resulted in enhanced
mitochondrial mass and transmembrane potential in human
and mouse CD8þ T cells. Such mitochondrial changes increased
T-cell respiratory capacities and were critically dependent on
mitochondrial fusion protein OPA-1 expression. Mass and
function of mitochondria in tumor-reactive CD8þ T cells from
cancer-bearing mice were invigorated by agonist mAb to

CD137, whereas mitochondrial baseline mass and function
were depressed in CD137-deficient tumor reactive T cells.
Tumor rejection induced by the synergistic combination of
adoptive T-cell therapy and agonistic anti-CD137 was critically
dependent on OPA-1 expression in transferred CD8þ T cells.
Moreover, stimulation of CD137 with CD137 mAb in short-
term cultures of human tumor-infiltrating lymphocytes led to
mitochondria enlargement and increased transmembrane
potential. Collectively, these data point to a critical link between
mitochondrial morphology and function and enhanced anti-
tumor effector activity upon CD137 costimulation of T cells.
Cancer Immunol Res; 6(7); 798–811. �2018 AACR.

Introduction
Mitochondria critically regulate metabolism and apoptosis in

T cells, prompting the growing interest in how modulation of
mitochondrial metabolism and dynamics can control T-cell func-
tion, survival, and memory differentiation (1, 2). This is the
case of T cells within the tumor microenvironment, where the
limiting concentration of some metabolites that are consumed
by tumor cells influences T-cell metabolism and function (1, 3).

Costimulation is a concept that covers a set of functional
consequences following ligation of T-cell surface receptors that
act in conjunction with the T-cell antigen receptor (TCR; ref. 4).
CD28 is the canonical T-cell costimulatory molecule expressed at
baseline, with functions linked to anabolic metabolism and

increased glycolysis, as well as mitochondrial respiration (5).
CD137 (4-1BB) is a surface-TNFR family member whose expres-
sion is induced on primed T lymphocytes and provides important
costimulatory signals (6). Experiments in CD137–/– mice show
that 4-1BB plays a role in antiviral immunity (7). Its ligation with
agonist moieties, such asmAbs, its natural ligand 4-1BBL, or RNA
aptamers, enhances CTL-mediated antitumor immunity (8–10)
as a result of multiple mechanisms (11, 12). Such functions are
being exploited in cancer clinical trials with the agonist mAbs
urelumab and utomilumab (13–15). Ligation of CD137 pro-
motes both glycolysis and fatty acid synthesis (16). The cyto-
plasmic tail of CD137 has been introduced in clinically successful
anti-CD19 chimeric antigen receptors (CAR; refs. 17, 18). In this
setting, the inclusion of the CD137 cytoplasmic tail results in
increased mitochondrial biogenesis and a more powerful respi-
ratory capacity as compared to CARs containing the CD28 sig-
naling domain (19).

Exhausted T lymphocytes, which express CD137 on their
surface (20), are defective in mitochondria (21). Enhanced mito-
chondrial function has been linked to augmented CD8þ T-cell
effector and memory functions (22, 23). Intratumoral T lympho-
cytes are dysfunctional and show hypomorphic mitochondrial
mass (24). Treatment with blockingmAbs to PD-1 increases T-cell
mitochondrial content and functionality inmouse tumormodels
(25). Robustmitochondria in T cells give rise to amore efficacious
antitumor performance, as shown in adoptive T-cell therapy
experiments (23, 26).

In this study, we found that T-cell costimulation via CD137
enhances mitochondrial mass and respiratory capacity in an
OPA-1-dependent fashion. In line with these findings, CD137

1Center for Applied Medical Research (CIMA), University of Navarra, Pamplona,
Spain. 2CIBERONC, Centro Virtual de la Investigaci�on Biom�edica en red de
Oncología, Madrid, Spain. 3CIBEREHD, Centro Virtual de la Investigaci�on
Biom�edica en red de Enfermedades Hep�aticas y Digestivas, Madrid, Spain.
4Centro Nacional de Investigaciones Cardiovasculares Carlos III (CNIC), Madrid,
Spain.

Note: Supplementary data for this article are available at Cancer Immunology
Research Online (http://cancerimmunolres.aacrjournals.org/).

A. Teijeira and S. Labiano contributed equally to this article.

Corresponding Authors: Alvaro Teijeira, CIMA, University of Navarra, Avenida
Pio XII, 55. 31008 Pamplona, Spain. Phone: 0034-948-194700-3030; Fax: 0034-
938-194700; E-mail: ateijeiras@unav.es; and Ignacio Melero, imelero@unav.es

doi: 10.1158/2326-6066.CIR-17-0767

�2018 American Association for Cancer Research.

Cancer
Immunology
Research

Cancer Immunol Res; 6(7) July 2018798

D
ow

nloaded from
 http://aacrjournals.org/cancerim

m
unolres/article-pdf/6/7/798/2353512/798.pdf by C

entro N
acional de Investigaciones C

ardiovasculares C
arlos III (C

N
IC

) user on 25 O
ctober 2022

http://crossmark.crossref.org/dialog/?doi=10.1158/2326-6066.CIR-17-0767&domain=pdf&date_stamp=2018-6-12


costimulation augments the mitochondrial mass and function of
antitumor CD8þ T cells in mice and humans.

Materials and Methods
Mice and cell lines

Female C57BL/6 wild-type mice (6–7 weeks old) were pur-
chased from Harlan Laboratories. OT1, OT1-CD137KO-CD45.1,
OT1-GFP, and C57BL/6 CD137KO (B6.Cg-Tnfrsf9tm1Byk) mice
were bred in our laboratory. All animal procedures were approved
by the animal experimentation ethics committee of the regional
government of Navarra (study 133/16).

MC38 cells were provided by Dr. Karl E. Hellstr€om (University
of Washington, Seattle, WA) in September 1998. B16-OVA cells
were a kind gift from Dr. Lieping Chen (Yale University,
New Haven, CT) in November 2001. Both cell lines were authen-
ticated by Idexx Radil (Case 6592-2012) in February 2012. Cell
lines were cultured in complete media containing RPMI 1640
medium (Gibco) supplemented with 10% FBS (Sigma-Aldrich),
100 IU/mL penicillin and 100 mg/mL streptomycin (Gibco) and
5 � 10�5 mol/L 2-mercaptoethanol (Gibco) for 7 days before
injection into mice (2 expansion passages). B16-OVA cultures
were supplemented with geneticin (400 mg/mL, Gibco).

In vitro CD8þ T-lymphocyte costimulation assay
MouseCD8T lymphocyteswere isolated from total splenocytes

of C57BL/6 mice with CD8þ T cell isolation kit (Miltenyi Biotec).
Afterward, CD8þ T cells were costimulatedwith plate-bound anti-
CD3e (0.5 mg/mL, clone 145-2C11, BioLegend) and anti-CD137
(10 mg/mL, clone 1D8) at 2.5 � 106 cells/mL for 72 hours in
complete culture media.

Human CD8þ T lymphocytes were obtained from peripheral
bloodmononuclear cells (PBMC)of healthydonors isolated from
total blood by Ficoll gradients, following a negative magnetic
selection with CD8þ T cell isolation kit (Miltenyi Biotec).
T lymphocytes were costimulated with plate-bound anti-CD3e
(0.5 mg/mL, clone OKT3) and anti-CD137 (10 mg/mL, clone 6B4
or urelumab) or the respective isotype control antibodies at 2.5�
106 cells/mL for 72 hours in complete media. In some experi-
ments, plate-bound anti-CD3 (0.5 mg/mL) and 4-1BBL or GAG
protein-coated beads (ratio 1.2) were used (27). In some experi-
ments, CD8þ T cells were additionally costimulated with plate-
bound anti-CD28 (10 mg/mL, clone 37.51) in the presence or
absence of anti-CD137.

In cytokine supplementation/blockade experiments, human
purified CD8 T cells were activated for 24 hours with 1 mg/mL
plate-bound anti-CD3. Then, cells were added on top of plate
bound anti-CD3 plus anti-CD137 or isotype control and supple-
mented with 100 IU/mL IL2, 10 ng/mL IFNg (Miltenyi), or with
2.5 mg/mL anti-IL2 (Clone #5334, MAB202) or anti-IFNg block-
ing mAb (clone #25718, MAB285; both from R&D Systems). The
Akt inhibitor MK-2206 (Selleck Biochemicals) was added at a
concentration of 100 nmol/L 24 hours after starting culture with
plate bound anti-CD3/anti-CD137 and cells were collected for
analysis 48 hours later.

Flow cytometry and cell sorting
For flow cytometry studies activated mouse CD8þ T cells and

single-cell suspensions from tumors and lymph nodes were
previously treated with FcR-Block (anti-CD16/32 clone 2.4G2;
BD Biosciences Pharmingen). T-cell suspensions were then

surface stained with the following antibodies purchased
from BioLegend: CD8-BV510, APC (53-6.7), CD137-PE
(17B5), CD25-FITC (7D4), CD45.1-PerCPC5.5 (A20),
CD45.2-APC (104), CD44-FITC (IM7), CD62L-APC (MEL-14),
and mouse/human EOMES-PE (WD1928). For proliferation/
apoptosis study, CD8þ T cells were stained with CellTrace
violet proliferation dye (Thermo Scientific) right after electropo-
ration and costimulated for 72 hours. Cells were collected, sus-
pended with 25 IU/mL IL7 and kept in culture for 7 additional
days. Apoptosis was measured by staining of annexin V-APC (BD
Biosciences Pharmingen) at the indicated time points. Cultured
human CD8þ T cells were pretreated with Beriglobin and stained
with the following antibodies purchased from BD Bioscience and
Biolegend: CD8-BV510 (5K1), CD137-PE (4B4-1), CD25-BV421
(BC96), CD45RA-PercP (HI100), PD-1-PercP (1A12), CD45.2 PB
(104), Ki67-AlexaFluor488, IFNg–APC (XMG1.2), TNFa-421
(MP6-XT22), and CD62L-PE (DERG-56). pS6 Riboprotein
(S235/236)-Alexa Fluor 647 (D57.2.2E) was obtained from Cell
Signaling Technologies.

For mitochondria staining, cells were incubated with a mito-
chondrial membrane potential indicator (TMRM; 125 ng/mL,
Sigma) and MitoTracker deep red (10 nmol/L) or MitoTracker
green (5 mmol/L; both from Thermo Scientific) in complete
culture media for 20 minutes at 37�C. For intracellular staining
of OPA-1, cells were fixed with PFA2% diluted in media at 37�C
for 8 minutes. Subsequently, cells were washed and stained with
OPA-1 in PBS 1% BSA 0.1% saponin for 1 hour. After two
additional washes, cells were incubated with 1:200 anti-mouse
IgG1 Alexa 647 antibody (Thermo Scientific) for an additional
hour. For pS6 staining, a BD Phosflow kit was used according
to the manufacturer's instructions. For IFNg , TNFa, and Ki67,
the Cytofix/Cytoperm Kit (BD Biosciences) was used according
to the manufacturer's instructions,

The Zombi NIR Fixable viability kit (BioLegend) was used as a
live/dead marker. Cells were collected with FACSCanto II and
FlowJo (TreeStar) software was used for data analysis.

For cell sorting–based experiments, CD8 T cells were magnet-
ically purified from PBMCs from healthy donors and then
stained with CD8, CD45RA, CD62L, or MitoTracker deep red
(0.1 nmol/L). For MitoTracker-sorted experiments, cells were
labeled with Cell Trace violet (Thermo Scientific) or CFSE
(SIGMA) according to the manufacturer's instructions. Then cells
were washed and put together to costimulate as explained above.
In some experiments, after TMRM labeling, mouse T lymphocytes
were sorted according to high or low fluorescence that correlated
with the mitochondrial potential. All of these experiments were
performed in a FACSAriaII cell sorter (BD Biosciences).

Transmission electron microscopy
After being fixed the samples in 2% paraformaldehyde, 2%

glutaraldehyde in 0.1 mol/L sodium cocodylate in phosphate
buffer, cells were washed in cocodylate buffer. A post-fixation step
in 1% osmium tetroxide was applied for 2.5 hours. Cells were
then stainedwith 2%aqueous uranyl acetate for 1 hour, following
dehydration in ethanol (30�, 50�, 70�, 90�, 90�, Abs, Abs) and
propilen oxide for 1 hour. Pre-embedded in 1:1 propilen oxide:
epon and finally embedded in epon for 48 hours at 60�C (12
hours at 37�C, 12 hours at 45�C and 24 hours at 60�C). Thin
sections of 50 nm were labeled with 2% uranyl acetate for 30
minutes at 37�C and lead citrate 15minutes at room temperature.
Images were taken with a Libra 120 energy filter transmission
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electron microscope (EFTEM; Zeiss GmbH) using the software
iTEM 5.1 (Olympus Soft Imaging Solutions GmbH).

Image analysis
Mitochondrial volume and number were measured using the

Imaris (BitPlane) volume plugin. The person in charge of the
analysis then inspected volumes, and manual corrections
were made when individual mitochondria were not properly
identified by the algorithm. Cross-sectional mitochondrial
diameter was measured manually in ImageJ in confocal and
TEM microphotographs.

RNA purification, reverse transcription, and qRT-PCR assays
Total RNA was extracted from purified CD8 T lymphocytes

using a Maxwell 16LEV simplyRNA tissue kit (Promega). Reverse
transcriptions were performed with M-MLV reverse transcriptase
(Invitrogen) and quantitative RT-PCRs (qRT-PCR) were carried
outwith iQSYBRgreen supermix in aCFX real-timePCRdetection
system (BioRad). PCRs included the following primers for human
cells (Drp-1: fw: 50-ATCTCATGGATGCGGGTACT-30, rev: 50-TTT-
CTATTGGCCAGAGATGGA-30; Fis 1: fw: 50-AGCGGGATTACGT-
CTTCTACC-30, rev: 50-CATGCCCACGAGTCCATCTTT-30, Mfn2
fwd: 50-GGCCCAACTCTAAGTGCCC-30, rev: 50-AAGTGCTTTT-
CCGTCTGCATC-30; Mfn1: fw: 50-TGGCTAAGAAGGCGAT-
TACTGC-30, rev: 50-TCTCCGAGATAGCACCTCACC-30, Nrf1: fw:
50-GCTGATGAAGACTCGCCTTCT-30, rev: 50-TACATGAGGCCG-
TTTCCGTTT-30,Nrf2: fw: 50-TTGGCAAGTCAAGAACAACAGA-30,
rev: 50-GCGCTCTTTGTACTTTGGCT-30; Opa-1: fw: 50-TGTGA-
TTGAAAACATCTACCTTCCA-30, rev: 50-TTTAAGCTTGATATCCA-
CTGTGGTGT-30; Tfam: fw: 50-ATGGCGTTTCTCCGAAGCAT-30,
rev: 50-TCCGCCCTATAAGCATCTTGA-30; Cpt1a: fw: 50- TTTGG-
ACCGGTTGCTGATGA-30. rev: 50- TTTCCAGCCCAGCACAT-
GAA-30) and mouse cells (Opa-1: fw: 50-TCCGCCCTATAAG-
CATCTTGA-30, rev: 50- CTTCCGCAGCTCTTTGTTCTC-30; Cpt1a
fw 50- GACTCCGCTCGCTCATTCC-30, rev: 50- ACCAGTGAT-
GATGCCATTCTTG-30). Expression data were normalized by
comparison with levels of H3 (mouse and human: fw:
50-AAAGCCGCTCGCAAGAGTGCG-30, rev: 50-ACTTGCCTCCTG-
CAAAGCAC-30). The expression of each transcript was repre-
sented according to this formula 2DCt (Ct H3 � Ct gene of
interest), where Ct corresponds to cycle number.

In vivo tumor studies
Wild-type C57BL/6 and CD137KO C57BL/6 mice were inoc-

ulated subcutaneously in the flank with 5 � 105 MC38 colon
carcinoma cells. At day 10 after tumor inoculation mice were
sacrificed to obtain lymphocytes from tumors and draining
(DLN) and nondraining lymph nodes (NDLN). For seahorse
studies, total CD8 T cells were isolated from 10 pooled mice per
condition by magnetic negative selection.

For adoptive T-cell transfer experiments, C57BL/6 mice were
inoculated subcutaneously in the flank with 5 � 105 B16-OVA
melanoma cells. At day 7 of tumor inoculation, mice were
adoptively transferred with preactivated (16 hours activated
with anti-CD3 at 1 mg/mL) OT1 CD137KO CD45.1 or OT1 GFP
T cells and treated i.p. with 100 mg of anti-CD137 (clone 1D8)
or the corresponding isotype control antibody. Three days
later, mice were sacrificed to recover T lymphocytes from
tumor, DLN, and NDLN. Isolated tumors were incubated
with collagenase-D and DNase-I (Roche) for 15 minutes at
37�C, followed by mechanical disaggregation and filtration in a

70-mm cell strainer (BD Falcon, BD Biosciences). Tumor-
infiltrating lymphocytes (TIL) were isolated from stromal cells
in a 35% Percoll gradient. Lymph nodes were mechanically
disaggregated and filtered in a 70-mm cell strainer in order to
obtain a single-cell suspension. For confocal microscopy
experiments 3 to 4 mice were pooled per condition and 10
mice were pooled for seahorse experiments. In these experi-
ments, CD8þ T lymphocytes from tumors and lymph nodes
were magnetically isolated by using CD8 (Ly-2) MicroBeads
positive selection (Miltenyi Biotec).

For tumor immunotherapy experiments, 5 � 105 B16-OVA
cells were subcutaneously injected on day 0 in C57BL/6 or
CD137KO mice. On day 3 or 5, OTI splenocytes were activated
for 24 hours with 100 ng/mL of cognate SIINFEKL synthetic
peptide and IL2 (50 IU/mL). After this 24 hours of culture,
splenocytes were electroporated as explained below. Following
a 16-hour culture for recovery, 2 � 106 T cells were intravenously
transferred to the tumor-bearing mice (28, 29). B16-OVA tumors
were measured with a precision caliper every 2 to 3 days.

DNA extraction and mitochondrial DNA PCR
DNA from costimulated human CD8þ T lymphocytes was

isolated using DNeasy Blood and Tissue kit (Sigma). The mito-
chondrial genemt-Co1wasmeasured by PCR carried out in a CFX
real-time PCR detection system (BioRad) by using iQ SYBR green
supermix (BioRad) and the following primer pair: forward 50-
GCTAGCCGCAGGCATTACTATAC-30; reverse 50-GCGGGATC-
AAAGAAAGTTGTG-30. The levels ofmt-Co1were normalizedwith
the genomic geneHprt (primer pair: forward 50-TGGGAGGCCAT-
CACATTGT-30; reverse 50-TCCAGCAGGTCAGCAAAGAA-30) and
represented according to this formula 2 DCt (Ct Hprt - Ct mt-Co1),
where Ct corresponds to cycle number.

Seahorse assays
Oxygen consumption rates (OCR) and extracellular acidifica-

tion rates (ECAR) were measured in an XF24 Extracellular flux
analyzer (Seahorse Biosciences). Three hundred thousand CD8þ

T lymphocytes were plated in each well in a media containing
non-buffered DMEM with 50 mmol/L glucose, 4 mmol/L Na-
Pyruvate, and 2 mmol/L glutamine (all from Sigma). OCR and
ECARweremeasured inbaseline conditions and in thepresence of
0.5 mmol/L oligomycin, 1 mmol/L CCCP, 1 mmol/L antimycin A,
and 1 mmol/L rotenone (All from Sigma). In some experiments,
etomoxir (100 mmol/L) or DMSO, as control, were used after
CCCP.

siRNA transfections
Purified CD8 T lymphocytes were activated with plate-bound

anti-CD3e (1mg/mL, clone 145-2C11, BioLegend) for 4hours and
transfected with 200 pmol per 106 cells of human OPA-1
(AAGUUAUCAGUCUGAGCCAGGUU; AACCUGGCUCAGA-
CUGAUACUU), mouse OPA-1 (GCCGAGGAUAGCUUGAGG-
GUUAU, AUAACCCUCAAGCUAUCCUGGC) MFN 1 (GGUCG-
CAAACUCUGAAUCAACAC, GUGUUGAUUCAGAGUUUGC-
GACC), andMFN2 (UGGACAGCUGGAUUGACAAGUUU, AAA-
CUUGUCAAUCCAGCUGUCCA) targeting siRNA or control
siRNA using a Gene pulser Mx System (BioRad). One hour
following transfection, T lymphocytes were costimulated with
plate-bound anti-CD3 (0.5 mg/mL, clone 145-2C11, BioLegend)
and anti-CD137 (10 mg/mL, clone 1D8) for 72 hours or were
adoptively transferred to tumor-bearing mice.
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In vitro cytotoxicity assays
In vitro cytotoxicity assayswere performed bymeasuring electric

impedance in an Excelligence machine (ACEA). OTI splenocytes
were activated overnight with SIINFEKL peptide and then OPA-1
or CTRL siRNA was electroporated. After resting for 2 hours, cells
were seeded onto plates with plate-bound anti-CD3 and anti-
CD137 or IgG and cultured for 72 hours. Cells were then collected
and seeded in IL7 (25 ng/mL) supplementedmedia for additional
4 days. Then, 20,000 B16-OVA cells well seeded on special 8-well
plates to measure electric impedance. After 3 hours, 200,000 OTI
cells were added per well in triplicates. Electric impedance was
measured every 5 minutes for additional 24 hours.

OPA-1 immunoblot
CD8þ T cells were lysed at 4�C in RIPA lysis buffer. Proteins

were quantified by BCA (Pierce) eluted in Laemmli buffer,
separated by SDS–PAGE, and transferred to polyvinylidene
difluoride membranes (Millipore). Membranes were blocked
in TBS containing 0.05% Tween-20 and 10% nonfat milk
for 1 hour. Immunoblots were performed with the mouse
anti-hOPA-1 (BD Bioscience). Anti–b-Actin (clone AC-74;
Sigma-Aldrich) was used as a loading control. Blots were devel-
oped with the SuperSignal West Dura Extended Duration Sub-
strate (Pierce).

Isolation and culture of human TILs
TILs were obtained by processing ovarian and renal carcinoma

biopsies with a Gentle Macs dissociator (Miltenyi). After two
consecutive Ficoll gradient steps, the isolated leukocytes were
costimulated in 96-well plates coatedwith anti-CD3e (0.5 mg/mL;
cloneOKT3) andanti-CD137 (10mg/mL; clone 6B4) for 72hours.

Statistical analysis
Differences in metabolic and mitochondria parameters, tumor

growth, and gene and protein expression were analyzed with
Prism software (GraphPad Software). For comparisons, when
results fit normality, Student t tests were used andMann–Whitney
U tests were used otherwise. For paired samples, Student t tests for
paired samples were used. P values are indicated in figures.

Results
CD137 costimulation boosts mitochondrial size and
membrane potential

Human andmouse T-cell cultures under CD137 costimulation
acquire a more blastic morphology and more rapidly acidify the
culture medium than their non-costimulated counterparts.
Because these changes are indicative of more glycolysis, we
explored whether agonistic anti-CD137 costimulation could also
increase mitochondrial function. Treatment of human T-cell
cultures withmAb toCD3e, whichmimics TCR signaling, resulted
in enlarged mitochondria when cotreated with an agonistic mAb
to CD137 (ref. 30; Fig. 1A and B). Moreover, when such T cells
were examined by electron microscopy, a similar enlarged
pattern following anti-CD137 costimulation (Fig. 1C and D) was
observed. We studied whether mitochondrial changes were also
induced by the physiological ligand, CD137L (31).HumanCD8þ

T cells stimulated with anti-CD3e in the presence of recombinant
CD137L-coated microbeads also showed a 2-fold enlargement of
their mitochondria (Fig. 1E). The effect of agonistic anti-CD137
was reproduced in spleen mouse CD8þ T cells (Fig. 1F). Upon

CD137 costimulation, both human and mouse CD8þ T cells
showed significantly enhanced mitochondrial mass revealed by
MitoTracker staining and increased mitochondrial membrane
potential (MMP) measured with a TMRM probe (Fig 1G and H).

To better understand which particular subset of costimulated
CD8þ T cells were exhibiting themost enlargedmitochondria, we
decided to differentially sort CD8þ T cells based on TMRM
staining into high and low subsets. As previously reported
(32), TMRMHi cells acquired more surface CD25, but also more
CD8 and showed larger size as measured by FSC (Supplementary
Fig. S1A and S1B). The TMRMHi subset of CD137-costimulated
CD8þ T lymphocytes exhibited the largest mitochondria (Sup-
plementary Fig. S1C and S1D). Consistently, when confocal
microscopywas used to analyze CD25 expression simultaneously
withmitochondrial size, both parameters correlated (R2¼ 0.295;
P ¼ 0.006; Supplementary Fig. S1E and S1F). Higher transmem-
brane potential correlated with more proficient production of
IFNg (Supplementary Fig. S1G), suggesting more prominent
effector functions. Moreover, FACS-sorted human peripheral
blood CD8þ T-cell subsets (Supplementary Figs. S2A and S2B)
were studied forMitoTracker, TMRM staining, andmitochondrial
size (Supplementary Fig. S2C and S2D) showing that CD137
costimulation increased such parameters in the three studied
subsets (central memory, effector memory, and effector CD8 T
cells), when separately costimulated in culture. When Mito-
Tracker-high and -low cells were FACS-sorted, prestained with
fluorescent dyes, remixed, and costimulated together, no differ-
ences were observed in the cell proportions contributing to the
final outcome, suggesting that the effect of CD137 costimulation
was not due to enrichment of a particular subset with high
MitoTracker staining (Supplementary Fig. S2E).MitoTracker-high
cells showed more intense expression of CD137 (Supplementary
Fig. S2F). MitoTracker-low cells can be turned into MitoTracker-
high cells byCD137 costimulation, pointing to a direct functional
effect of CD137 ligation (Supplementary Fig. S2G and S2H). In
addition, T cells do not selectively proliferate, as compared with
na€�ve T cells (12), so that does not account for the mitochondrial
effect in these costimulation cultures.

To address whether CD137 mitochondrial effects could be
attributed to autocrine cytokines produced upon costimula-
tion, we explored a potential effect of IL2 and IFNg on mito-
chondrial parameters. Mitochondrial morphology, TMRM, or
MitoTracker staining—upon neutralization or exogenous addi-
tion of such cytokines, either in the presence or absence of
CD137 costimulation—was not significantly affected (Supple-
mentary Fig. S3A–S3C). These results support a direct effect of
CD137 costimulation in mitochondrial changes, although it
remains to be determined whether other unidentified autocrine
factors could contribute.

CD137 costimulation enhances mitochondrial respiratory
capabilities in CD8þ T cells

Time-lapse follow-up of baseline and maximal OCRs reflects
the basal respiration and spare respiratory capacity [SRC,maximal
OCR (MRR) – basal OCR(BRR)] of cells, whereas ECAR is indic-
ative of glycolysis. In our experiments, human CD8þ T cells
showed more basal and maximal respiration and increased SRC
and ECARwhen costimulated with themAb 6B4 to CD137 for 72
hours (Fig. 2A–C) and replicated with urelumab, the anti-CD137
that is used in phase II clinical trials for cancer (14). Similarly,
CD137-costimulated CD8þ T cells from mouse splenocytes
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showed increases in basal and maximal respiration, SRC, and
ECAR (Fig. 2D–F), confirmed these results in five independent
experiments to account for individual OCR baseline variability
(Fig. 2G–I). These results indicate that anti-CD137 costimulation
boosts both mitochondrial respiration and glycolysis. SRC
increased by CD137 costimulation was abolished by inhibition

of CPT-1A with etomoxir (Supplementary Fig. S4A), suggesting
the involvement of fatty acid oxidation in the CD137 enhanced
respiratory function. In keeping with this observation, CPT1A
mRNA expression was increased by CD137 costimulation in
mouse and human CD8þ T cells (Supplementary Fig. S4B
and S4C).

Figure 1.

CD137 costimulation induces mitochondrial enlargement and increases mitochondrial transmembrane potential in CD8 T cells. A–G, CD8þ T cells were
activated either with anti-CD3 and irrelevant IgG or anti-CD137 agonistic antibodies for 72 hours. A, Representative images (3D reconstruction of Z stacks)
and (B) mean mitochondrial volume and diameter of individual human CD8þ T cells. C, Representative transmission electron microscopy images of
mitochondria in human CD8þ T cells treated with CD137 agonistic antibodies as in A (bar, 2 mm). D, Mean mitochondrial diameter per cell measured on
images as in C. E, Representative confocal images of mitochondria in human CD8þ T cells activated with anti-CD3 and beads coated with CD137L or control protein.
F, Representative confocal images of mitochondria in mouse CD8þ T cells with or without CD137 costimulation by agonist 1D8 mAb. G, Representative FACS
histograms ofmouse and humanCD8T cells stainedwithMitoTracker to estimatemitochondrial mass and TMRM tomeasuremitochondrial transmembrane potential
following CD137 costimulation (red) or controlled by IgG (blue). H, Coupled data of T cells from six independent healthy donors. Bars (5 mm). In B and D,
each dot represents an individual cell. P values are shown, Mann–Whitney U test, and Wilcoxon paired test for G. All the data are representative of
at least two experiments.
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When compared with their anti-CD28 costimulated counter-
parts, anti-CD137 costimulated CD8þ T cells showed enhanced
basal and maximal respiration rates, increased SRC, but a similar
ECAR (Fig. 3A–C). This could reflect an advantage of CD137 in
inducingmitochondrial respiration, in addition to glycolysis. This
is consistent with previous observations comparing the cyto-
plasmic tails of CD28 and CD137 in CARs (19). CD28 plus
CD137 dual costimulation further increased MitoTracker content
(Fig. 3D) and slightly enhanced mitochondrial size (Fig. 3E–G).
Notably, concomitant costimulation via CD28 and CD137
resulted in additive effects on respiratory capacity (Fig. 3).

OPA-1 dependency of CD137 effects on mitochondria
In addition to the mitochondrial hypertrophy found after

CD137 costimulation (Fig. 1), our seahorse results would also
be explained by an increased number of mitochondria. Quanti-
fication experiments did not reveal any detectable increase in the
number ofmitochondria (Fig. 3G), suggesting that themain effect
of anti-CD137 treatment was the generation of enlarged mito-
chondria. Mitochondrial DNA content relative to nuclear DNA
did not significantly change after CD137 costimulation, which
further supported a similar absolute number of mitochondria
(Supplementary Fig. S5A).

Figure 2.

Mitochondrial respiration is upregulated by CD137 costimulation. CD8þ T cells (murine and human) were activated for 72 hours with anti-CD137 (red/orange)
or IgG control (blue). Human CD8þ T cells were stimulated either with 6B4 anti-CD137 agonistic antibody or with clinical grade anti-CD137 urelumab (URE).
OCRs of human (A) and mouse (D) CD8þ T cells baseline and in sequential response to oligomycin, CCCP, and rotenone þ antimycin. SRC (B and E) and
baseline ECAR (C andF) of human (B andC) andmouse (E andF) CD8T cells.G–I, Five independent repetitions of experiments as inD. Mean�SD is shown. Individual
P values are shown for each comparison using Student t tests. A representative experiment out from at least two performed is shown. In G to I, P values
were calculated with paired t tests.
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The expression of genes involved in mitochondrial dynamics
(33) was similar after anti-CD137 costimulation, although
slight increases were noted in genes controlling mitochondrial
biogenesis and fusion (Supplementary Fig. S5B–S5D). Expres-
sion of these genes involved in mitochondrial biogenesis and
fusion was greater with dual CD137 þ CD28 costimulation
over CD28 single-agent costimulation (Supplementary Fig. S5E
and S5F). This suggests nonredundant roles of CD137 and
CD28 in this regard.

The protein OPA-1 (optic atrophy-1) is involved in the remo-
deling and fusion of mitochondrial inner membrane cristae
(23, 34). We observed increased OPA-1 protein expression
by flow cytometry after CD137 costimulation (Fig. 4A) and by
immunoblot (Supplementary Fig. S5G and S5H). To test

whether the expression of OPA-1 was required for the effect of
agonist anti-CD137 in enhancing mitochondrial mass andMMP,
we electroporated human CD8þ T cells with control or OPA-1
siRNA. Silencing of OPA-1 was confirmed by qRT-PCR over 120
hours and did not affect proliferation or apoptosis in the CD8þ

T-cell cultures (Supplementary Fig. S6). However, OPA-1 silenc-
ing did impair effector functions such as production of IFNg and
TNFa and in vitro cytotoxicity (Supplementary Fig. S6E and S6F).
Mitochondrial enlargement and MMP were significantly reduced
in response to anti-CD137, to levels comparable to isotype
control-treated human CD8þ T cells (Fig. 4B–D). In addition,
increased baseline and maximal respiration, SRC, and ECAR
following anti-CD137 treatment was also blocked by OPA-1
siRNA (Fig. 4E and F). The enhanced surface expression of CD25

Figure 3.

CD137 is superior to CD28 at promoting mitochondrial enlargement and respiration. A–G, CD8þ T cells were costimulated with agonistic antibodies against
CD3 and CD137, CD28, CD137 plus CD28, or IgG control for 72 hours or left unstimulated with IL7 for these 72 hours. OCR (A), SRC (B), and ECAR (C) of
mouse CD8 T cells in response to oligomycin, CCCP, and rotenone þ antimycin were determined. D, Representative FACS histograms of mitochondrial mass
(MitoTracker) and TMRM of human CD8þ T cells. E, Representative confocal images (3D reconstruction of Z stacks) of human CD8þ T cells treated with
agonistic antibodies. Meanmitochondrial volume (F) and number of mitochondria in individual human CD8þ T cells (G) (dots represent individual cells). Mean� SD.
For statistical comparison P values are shown. Mann–Whitney U tests applied. Representative data of two experiments are shown.
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induced by CD137 costimulation was reduced by OPA-1 siRNA
(Fig. 4B). Consistent with these findings, siRNA silencing of
mitofusin 1 and 2 proteins, involved in the fusion of the mito-
chondrial outer membrane (23, 34), rendered comparable results
(Fig. 4G and H).

Overall, these data suggest that mitochondrial fusion proteins
are needed for the effect of anti-CD137 in mitochondrial mor-
phology and MMP in CD8þ T cells. The train of events between
CD137 biochemical signals and mitochondrial response remain

to be elucidated but published evidence suggests the Akt–
mTOR pathway as a likely candidate (35). In keeping with
this concept, we observed an increase of phosphorylated S6
upon CD137 costimulation that was not inhibited by siOPA-1
(Supplementary Fig. S7A–S7C), suggesting that OPA-1 operates
downstream of mTOR. We could not test directly the effect of
mTOR inhibitors, because they strongly downregulated CD3
activation in the cultures. Notably, the AKT inhibitor MK-2206
impaired CD137-dependent increase in the mitochondrial

Figure 4.

Mitochondrial remodeling induced by
CD137 costimulation is dependent on
OPA-1 protein. A, Representative FACS
histograms of OPA-1 intracellular
staining on CD8 T cells activated with
CD137 agonistic antibodies or IgG
control for 72 hours. CD8 T cells were
electroporated with a siRNA targeting
OPA-1 and then activated for 72 hours
in culture with anti-CD137 or isotype
control. B, Representative FACS
histograms of mitochondrial mass per
cell (MitoTracker), mitochondrial
transmembrane potential (TMRM), and
surface CD25 on human CD8 T cells.
Confocal microscopy images of
mitochondria (C) and quantification of
mitochondrial volume (D) on OPA-1
siRNA or control siRNA-transfected
humanCD8T cells. E and F,OCR, ECAR,
and SRC of OPA-1 siRNA-transfected
CD8 T cells in the sequential
presence of oligomycin, CCCP, and
antimycin þ rotenone (as in Fig. 2).
G and H, Human CD8þ T cells were
electroporated with siRNA against
MFN1 and MFN2 or control siRNA
and then activated for 72 hours
with anti-CD137 or isotype control.
G, Representative FACS histograms
of mitochondrial mass (MitoTracker),
TMRM, and surface CD25 on human
CD8 T cells. H, Confocal images of
mitochondria MFN1 and MFN2
siRNA-transfected human CD8 T cells.
Representative data from at least two
experiments are shown.
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mass and transmembrane potential without noticeable effect
on CD25 upregulation (Supplementary Fig. S7D–S7F). These
data suggest that both mTOR and AKT are involved in the
mitochondrial changes induced by CD137 costimulation,
seemingly acting upstream of OPA-1.

Mitochondrial effects of CD137 costimulation in
cancer-bearing mice

CD137 costimulation is currently exploited for cancer immu-
notherapy (6, 13, 36). Mitochondria in tumor-infiltrating
T lymphocytes (TIL) are compromised in function and mass
(24). We thus explored the involvement of endogenous
CD137–CD137L interactions in regulating mitochondrial mor-
phology and function in tumor-reactive T cells in tumor-bearing
mice. MC38-derived tumors were engrafted in CD137–/– and WT
syngeneic mice. CD8þ TILs and CD8þ T cells from TDLN showed
reduced mitochondrial mass and MMP when the tumors devel-
oped in CD137-deficient mice (Fig. 5A and B). Such changes were
not observed in T lymphocytes located in the TDLNs from the
contralateral side.CD8þT cells inTDLNofCD137–/–mice showed
reduced basal andmaximal respiration rates (Fig. 5C) and similar
ECAR. Absolute numbers of CD137–/– CD8þ T cells were not
significantly reduced in the microenvironment of MC38 tumors
(Supplementary Fig. S8A and S8B). FACS analyses of MitoTracker
staining in TDLN showed clear reduction in the CD137–/– com-
partment (Supplementary Fig. S8Cand S8D).Differentially gating
PD-1þ and PD1þKi67þ cells, these differences were also substan-
tiated indicating that tumor-reactive CD137–/– also showed
reduced mitochondrial parameters (Supplementary Fig. S8D).

CD137 and CD28 costimulation did not have redundant
roles in driving mitochondrial enlargement and respiratory func-
tions (Fig. 3). CD28 can costimulate CD137–/– CD8þ T cells to
increase their respiratory capacity (Supplementary Fig. S8E).
However, the increase elicited by CD28 costimulation was lower
in CD137–/– CD8 T cells than in WT counterparts, suggesting a
role for endogenous CD137/CD137L functions (Supplementary
Fig. S8F), consistent with the described increase in expression of
CD137L on T cells upon activation (37). In this regard, blockade
with anti-CD137L also reduced baseline andmaximal respiratory
capacity upon CD28 costimulation (Supplementary Fig. S8G).

We then tested the effects of CD137 mAbs in B16-OVA
melanoma–bearing mice, transferring WT or CD137–/– TCR-
transgenic OVA-specific OT-I CD8þ T cells and concomitantly
treated such mice with agonist anti-CD137 or control antibody.
Mitochondria in OT-I CD8þ T cells from TDLN became
enlarged as detected by MitoTracker staining assessed by
flow cytometry (Fig. 6A and B) and confocal microscopy
(Fig. 6F). This effect was dependent on CD137, as it was not
observed when CD137-deficient OTI CD8þ T cells were trans-
ferred (Fig. 6G). Consistently, basal and maximal respiration
rates, SRC and ECAR were also increased in OT-I CD8þ T cells
from the TDLNs (Fig. 6C–E).

To extend these data to TILs, CD8þ T cells were recovered from
B16-OVA tumors treated as above. In this case, CD8þ T cells also
had enhancedmitochondrial respiration whenmice had received
anti-CD137 (Supplementary Fig. S9A). Anti-CD137 costimula-
tion of anti-CD3-stimulated human TILs from three independent
tumor surgical specimens (two ovary adenocarcinomas and one
clear-cell renal cell carcinoma) resulted in increased mitochon-
drial size andMMP, comparedwith costimulationwith an isotype
matched control antibody (Supplementary Fig. S9B and S9C).

The fate of adoptively transferred cells was followed for
10 days to understand the effects of OPA-1 silencing upon
CD137 costimulation. No noticeable effects in recovered cell
numbers or changes in KLRG1 expression (indicating effector
differentiation) were found in OPA-1–silenced cells either in
the tumor or TDLN (Supplementary Figs. S10B and S10C).
OPA-1 partial silencing only resulted in a discrete augmenta-
tion in CD62L cells and fewer EOMESþ cells (Supplementary
Figs. S10D–S10F), perhaps indicating subtle changes toward
memory differentiation.

To ascertain whether OPA-1–mediated mitochondrial
function enhancement was required for anti-CD137 agonist
immunotherapeutic effects, we adoptively transferred OPA-1–
silencedOTI T cells (electroporatedwithOPA-1 or control siRNA)
to B16-OVA tumor-bearing CD137–/– mice (Fig. 7A and B). A
single dose of agonistic anti-CD137or control antibodywas given
in combination. We observed that only the siCTRL-transfected
OTI T cells combined with anti-CD137 were able to induce
regression of B16-OVA tumors, suggesting that OPA-1 protein
was needed for key CD137 immunotherapy functions on anti-
tumor T lymphocytes.

Discussion
In this study, we unravel a functional connection between

CD137 costimulation and enhanced size and metabolic func-
tions in T-cell mitochondria. Mitochondria enlargement is the
most prominent feature observed by confocal and electron
microscopy upon CD137 costimulation. Previous observations
with the CD137 cytoplasmic tail built into anti-CD19 chimeric
antigen receptors (19) suggested prominent effects of CD137
on mitochondria. However, CD3z placed in tandem in such
constructions made it very difficult to ascertain if these func-
tions were the result of the artificial chimeric molecules or an
effect mediated by the naturally occurring moieties. Our results
show that CD17 stimulation of primary human and mouse
CD8 T lymphocytes with agonist antibodies or with the natural
ligand results in enlarged mitochondria endowed with stronger
respiratory capabilities.

The CD137 signaling events that lead to these effects on
mitochondria need elucidation. Our results indicate a role for
the AKT–mTOR route, whose function is upregulated by
CD137 stimulation (38, 39). Yet, the mechanistic connection
of CD137 crosslinking to such downstream events needs to be
linked to the proximal signaling events at the CD137–TRAF2–
TRAF-1 complexes (30, 40). Our results rule out a critical
dependency on autocrine IL2 or IFNg for CD137-induced
mitochondrial invigoration, but other soluble mediators might
be involved.

The effectswe sawofCD137 stimulation onmitochondriawere
more intense than those elicited by CD28 (41), in terms of
size and transmembrane potential. Concurrent CD137 andCD28
costimulation had additive effects on mitochondria. This could
be merely a consequence of the enhanced CD137 expression
that results from CD28 costimulation (42) or the result of
functional cross-talk between the two costimulatory receptors.
PD-1 blockade can also enhancemitochondrial function in T cells
(25), perhaps as a result of releasing CD28 signaling toward PI3-
kinase (43). In our hands, CD137-deficiency impairs CD28
costimulation of mitochondrial function parameters. This result
in our costimulation cultures is most likely related to the
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endogenous interactions of CD137L that is reportedly induced on
T cells (37). In vivoCD137L is probably also at play, explaining the
baseline reduction in mitochondrial parameters observed in
CD137–/– T cells.

CD137 exerts other metabolic effects aside frommitochondria
functions, including an increase in anaerobic glycolysis (16), as
also suggestedbyour ECARobservations in seahorse experiments.
In this regard, a CD137-containing CAR did not increase glycol-

ysis (19), perhaps suggesting differences between the chimeric
and naturally occurring molecules.

It will be interesting to see if our results can be extended to other
costimulatory receptors of the TNFR family, such as OX40, CD27,
or GITR (44), and to compare these receptors for the intensity
of such mitochondrial effects. T-cell exposure to IL15 can
also have prominent effects on mitochondria (45), and it is
tempting to speculate that many agents with activity in cancer

Figure 5.

CD137 controls mitochondrial mass
and function in tumor-reactive CD8
T cells. A–C, MC38 derived tumors
were s.c. engrafted onWTor CD137KO
mice. Ten days later tumors,
tumor-draining lymph nodes (DLN) or
contralateral nondraining LNs were
harvested. A and B, Representative
FACS histograms and summary data
of mitochondrial mass (MitoTracker;
A) and mitochondrial transmembrane
potential (TMRM; B) in CD8þ T cells of
the indicated tissue sources. C, CD8þ

T cells were magnetically isolated
from tumor-draining lymph nodes
(TDLN) of MC38-bearing WT or
CD137KO mice. OCR was measured
upon sequential addition of
oligomycin, CCCP, and antimycin þ
rotenone. These experiments are
representative of at least two
experiments. Statistical comparisons
weremade by using the Student t test.
Representative data from at least two
similar experiments performed are
shown.
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immunotherapy may share these invigorating effects on mito-
chondria. Cumulative experimental evidence points tomitochon-
drial dysfunction of T cells in the tumor microenvironment (46),
suggesting opportunity for interventions with metabolic drugs
such as metformin (47).

Various lines of evidence indicate a prominent role for OPA-1
in the CD137-induced effects, consistent with mitochondrial
fusion and cristae remodeling (33). OPA-1 upregulation is likely

the result of mTOR activity (48). We do not exclude a role for
mitochondrial biogenesis in a concerted fashion with mitochon-
drial fusion (24). Indeed, we observe upregulated expression of
several genes involved in mitochondrial biogenesis. Given the
functions of OPA-1 on cristae remodeling and tightening, these
effects are likely behind the functional augmentation of trans-
membrane potential and respiratory capabilities (23). It would be
interesting to know if OPA-1 transgenic overexpression accounts

Figure 6.

Agonist CD137 antibodies increase mitochondrial fitness in tumor-reactive CD8 T lymphocytes. A–F, B16-OVA melanoma–bearing mice were adoptively
transferred with splenocytes from OTIxGFP (and OTIxCD45.1xCD137KO mice in G) and simultaneously treated with agonistic anti-CD137 or rat IgG control.
Three days later tumors, tumor-draining lymph nodes (TDLN) or NDLNswere harvested. InA, C, D, E, and F, CD8þ T cells were magnetically purified. Representative
FACS histograms (A) and summary data (B) of mitochondrial mass (MitoTracker) of OTI-transferred CD8 T cells or endogenous CD8þ T cells in tumor and
LNs of B16-OVA–bearingmice upon anti-CD137 treatment are shown. OCR (C), ECAR (D), and SRC (E) of CD8þ T cells purified from TDLNs of B16-OVA–bearingmice
treated with anti-CD137. F, Confocal microscopy of mitochondria on transferred OTI T cells upon treatment with anti-CD137 or IgG control. Representative images
and quantification of the mean mitochondrial diameter per cell are shown. G, Representative FACS histograms and compiled data of mitochondrial mass
(MitoTracker) assessed in OTI andOTI CD137KO adoptively transferred CD8þ T cells or endogenous CD8þ T cells in recovered TDLNs of B16-OVA–bearingmice upon
anti-CD137 treatment. Medians and means � SD are provided. Individual P values are shown. Statistical comparisons were made by using Student t tests.
Representative data from at least two similar experiments performed are shown.
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for all the mitochondrial changes observed upon CD137
costimulation.

In addition tometabolic functions,mitochondria play key roles
in apoptosis and its regulation. Hyperpolarized and enlarged
mitochondria resulting from CD137 costimulation might
behave differently and perhaps participate in the inhibition
of T-cell apoptosis in conjunction with BCL-xL upregulation
by CD137 (38).

Dysfunctional and exhausted tumor-infiltrating T cells (49)
express CD137 (20). If tumor-reactive TILs were deficient in
CD137, their mitochondria mass and functional capabilities
would be hindered. We observe invigoration of mitochondrial
mass and function upon therapy with anti-CD137 in mice and
parallel effects are observed in human lymphocytes cultured from
the tumor microenvironment. Of note, it has been reported
that addition of CD137 to TIL cultures increases the yield and
performance of the resulting T cells (50).

In conclusion, mitochondria are the power plants for energy
generation (51) and the metabolic factories to supply biomole-
cules for T-cell division and function (1). Our findings indicate
that CD137 costimulation upregulates such functions with
important implications for cancer immunotherapy. Particularly,
CD137-based costimulation may be of great use to reinvigorate
endogenous antitumor T cells for adoptive transfer–based T-cell
therapies (28, 29, 50). Monitoring mitochondrial parameters
could also result in much needed pharmacodynamic biomarkers
for CD137-based immunotherapy strategies under clinical devel-
opment (11).
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Figure 7.

OPA-1 silencing in OT-1 lymphocytes impairs their antitumor activity when combined to anti-CD137 treatment. OTI splenocytes were activated with SIINFEKL
peptide and 50 U/mL IL2 for 24 hours, then lymphocytes were electroporated with OPA-1 or ctrl siRNA, and 2 � 106 cells were i.v. transferred to B16-OVA
tumor–bearing CD137–/– mice on day þ3. Individual follow-up of tumor sizes (area) is provided in A. In B, mean tumor volumes � SD followed over time are
shown (n ¼ 9 per group). The experiment is representative from two similarly performed and rendered similar results when performed in WT mice instead
of CD137KO mice (Supplementary Fig. S10A). � , P < 0.05, Mann–Whitney U test.
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