
1Lontos K, et al. J Immunother Cancer 2023;11:e006522. doi:10.1136/jitc-2022-006522

Open access 

Metabolic reprogramming via an 
engineered PGC- 1α improves human 
chimeric antigen receptor T- cell therapy 
against solid tumors

Konstantinos Lontos,1 Yiyang Wang,1,2 Supriya K Joshi,1 Andrew T Frisch,1 
McLane J Watson,1 Alok Kumar,1 Ashley V Menk,1 Yupeng Wang,1,2 
Rachel Cumberland,1 Jason Lohmueller    ,3 Esteban Carrizosa,4 
Benjamin Boyerinas,4 Greg M Delgoffe    1

To cite: Lontos K, Wang Y, 
Joshi SK, et al.  Metabolic 
reprogramming via an 
engineered PGC- 1α improves 
human chimeric antigen 
receptor T- cell therapy against 
solid tumors. Journal for 
ImmunoTherapy of Cancer 
2023;11:e006522. doi:10.1136/
jitc-2022-006522

 ► Additional supplemental 
material is published online only. 
To view, please visit the journal 
online (http:// dx. doi. org/ 10. 
1136/ jitc- 2022- 006522).

KL and YW contributed equally.

Accepted 08 February 2023

1Tumor Microenvironment 
Center, Department of 
Immunology, UPMC Hillman 
Cancer Center and University of 
Pittsburgh, Pittsburgh, PA, USA
2Tsinghua University School of 
Medicine, Beijing, China
3Department of Surgery, 
UPMC Hillman Cancer Center, 
University of Pittsburgh, 
Pittsburgh, PA, USA
42seventybio, Boston, 
Massachusetts, USA

Correspondence to
Dr Greg M Delgoffe;  
 delgoffeg@ upmc. edu

Original research

© Author(s) (or their 
employer(s)) 2023. Re- use 
permitted under CC BY- NC. No 
commercial re- use. See rights 
and permissions. Published by 
BMJ.

ABSTRACT
Background Cellular immunotherapies for cancer 
represent a means by which a patient’s immune system 
can be augmented with high numbers of tumor- specific 
T cells. Chimeric antigen receptor (CAR) therapy involves 
genetic engineering to ‘redirect’ peripheral T cells to tumor 
targets, showing remarkable potency in blood cancers. 
However, due to several resistance mechanisms, CAR- T 
cell therapies remain ineffective in solid tumors. We and 
others have shown the tumor microenvironment harbors 
a distinct metabolic landscape that produces a barrier to 
immune cell function. Further, altered differentiation of 
T cells within tumors induces defects in mitochondrial 
biogenesis, resulting in severe cell- intrinsic metabolic 
deficiencies. While we and others have shown murine 
T cell receptor (TCR)- transgenic cells can be improved 
through enhanced mitochondrial biogenesis, we sought to 
determine whether human CAR- T cells could be enabled 
through a metabolic reprogramming approach.
Materials and methods Anti- EGFR CAR- T cells were infused 
in NSG mice which bore A549 tumors. The tumor infiltrating 
lymphocytes were analyzed for exhaustion and metabolic 
deficiencies. Lentiviruses carrying PPAR- gamma coactivator 
1α (PGC- 1α), PGC- 1αS571A and NT- PGC- 1α constructs were 
used to co- transduce T cells with anti- EGFR CAR lentiviruses. 
We performed metabolic analysis via flow cytometry and 
Seahorse analysis in vitro as well as RNA sequencing. Finally, 
we treated therapeutically A549- carrying NSG mice with 
either PGC- 1α or NT- PGC- 1α anti- EGFR CAR- T cells. We also 
analyzed the differences in the tumor- infiltrating CAR- T cells 
when PGC- 1α is co- expressed.
Results Here, in this study, we show that an inhibition 
resistant, engineered version of PGC- 1α, can metabolically 
reprogram human CAR- T cells. Transcriptomic profiling of 
PGC- 1α-transduced CAR- T cells showed this approach 
effectively induced mitochondrial biogenesis, but also 
upregulated programs associated with effector functions. 
Treatment of immunodeficient animals bearing human 
solid tumors with these cells resulted in substantially 
improved in vivo efficacy. In contrast, a truncated version 
of PGC- 1α, NT- PGC- 1α, did not improve the in vivo 
outcomes.
Conclusions Our data further support a role for metabolic 
reprogramming in immunomodulatory treatments and highlight 

the utility of genes like PGC- 1α as attractive candidates to 
include in cargo along with chimeric receptors or TCRs for cell 
therapy of solid tumors.

BACKGROUND
The treatment paradigm for cancer has 
been fundamentally altered by advances in 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ The efficacy of chimeric antigen receptor (CAR)- T 
cell therapy in solid tumors has been limited due 
to various barriers, including an immunosuppressive 
tumor microenvironment (TME). The TME represents 
a metabolically dearth zone leading to tumor infil-
trating T cells that are hypofunctional with severe 
metabolic defects. A key driver of these altered 
effects is the repression of PPAR gamma coactiva-
tor 1α (PGC- 1α), a transcriptional coactivator that 
promotes mitochondrial health in tumor infiltrating 
T cells. We and others have previously shown over-
expression of PGC- 1α in T cells can show enhanced 
antitumor responses in murine models. However, 
it has not been tested whether a similar approach 
would successfully overcome the metabolic barriers 
responsible for poor immune responses in solid tu-
mor models for human CAR- T cell therapy.

WHAT THIS STUDY ADDS
 ⇒ In this study, we show that it is feasible to engineer 
human CAR T cells to express an inhibition resistant 
PGC- 1α gene. We also prove that this approach bol-
sters memory and metabolism leading to improved 
responses in a human tumor xenograft model.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Our study supports the use of genetic- based meta-
bolic immune modulation in bolstering the immune 
response of CAR T- cell therapy against solid tumors 
and opens the possibility of other similar avenues 
being tested to achieve improved therapeutic 
responses.
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immunotherapy. Several approaches have been successful 
in the treatment of various types of cancer, although most 
prominent among these has been the use of monoclonal 
antibody- mediated blockade of co- inhibitory ‘checkpoint’ 
molecules like cytotoxic T- lymphocytes- associated protein 
4 (CTLA- 4) and programmed cell death protein- 1 (PD- 
1).1 These treatments work to ‘re- awaken’ a patient’s 
immune system and alleviate tumor- induced immune 
suppression. However, it has become clear that in order 
for these therapies to function effectively, patients must 
harbor a pre- existing immune response to their tumor 
that is capable of being reinvigorated.2 Thus, while the 
responses can be remarkable, the response rates to check-
point blockade remain low.

Cellular therapies for cancer represent an attrac-
tive strategy in which in vitro engineering can be used 
to either numerically enhance tumor- specific T cells by 
expanding tumor- infiltrating lymphocytes (TIL) or to 
genetically redirect healthier, peripheral T cells to tumor 
targets using chimeric antigen receptors (CAR).3 In the 
latter case, CAR- T cells are capable of recognizing a 
surface tumor antigen via non- major histocompatibility 
complex restricted binding and dramatically reduce 
tumor burden. CAR- T cells are extremely effective in 
certain hematologic malignancies, leading to Food and 
Drug Administration approval for CD19- directed CAR- T 
cells in 2018 for B- ALL which was followed by several 
approvals for lymphomas and myeloma.4–8

However, despite the remarkable responses in blood 
cancers, CAR- T cells have shown limited efficacy in solid 
tumors. There are many potential reasons for these 
failures, including the lack of truly solid tumor- specific 
surface antigens, poor trafficking, and the presence of 
immunosuppressive factors and populations in the solid 
tumor microenvironment.9 We and others have demon-
strated that the solid tumor microenvironment also 
harbors a distinct metabolic landscape, driven primarily 
by the energetic needs of cancer cells’ incessant prolif-
eration. Cancer cells deprive the local milieu of essen-
tial nutrients like glucose, oxygen, and glutamine, and 
promote the build- up of toxic byproducts like lactic acid, 
reactive oxygen species, and other catabolites.10 In this 
environment, therapeutic T cells may be receiving all of 
the activating signals they need to function but lack the 
energetic currency needed to perform them. Further, 
the alternative differentiation signals infiltrating T cells 
received within the tumor microenvironment drive 
them away from long- lived T cells capable of self- renewal 
(memory) and instead toward antigen- dependent, 
poorly functional T cells with limited survival capacity 
(exhausted). We and others have shown that the process 
of exhaustion has strong metabolic underpinnings, such 
that terminally exhausted T cells harbor mitochondrial 
defects that prevent their function and self- renewal.11 A 
key driver of this altered metabolic fate is the repression 
of the PPAR gamma coactivator 1α (PGC- 1α), a tran-
scriptional coactivator that coordinates mitochondrial 
biogenesis, fusion, and antioxidant activities to promote 

mitochondrial health and capacity. PGC- 1α is repressed 
in tumor infiltrating T cells not only at the transcriptional 
level but also by phosphorylation by Akt. Indeed, in mice 
we have previously shown that PGC- 1α can be expressed 
in T cell receptor- transgenic (TCR- Tg) T cells to promote 
greater therapeutic responses.12 Dumauthioz et al showed 
similar findings and added that PGC- 1α can increase the 
memory pool of adoptive cell therapy.13 Further, others 
have shown that stimulation of the PGC- 1α pathway can 
promote increased responses to checkpoint blockade 
therapy.14

Thus, we sought to determine whether solid tumor 
targeting, human CAR- T cell therapy can be enabled 
using PGC- 1α-mediated mitochondrial reprogramming. 
We show that solid tumor targeting CAR- T cells succumb 
to similar metabolic insufficiencies as endogenous T cells 
as we have previously observed. Further, we demonstrate 
that the use of an engineered PGC- 1α molecule, resistant 
to post- translational regulation, can endow T cells with 
potent mitochondrial reprogramming. This mitochon-
drial reprogramming not only drives more effector- like 
programs but also promotes a more long- lived memory 
state, which leads to superior therapeutic efficacy.

MATERIALS AND METHODS
Mice
All animal work was done in accordance with the 
University of Pittsburgh Institutional Animal Care and 
Use Committee, certified by the Association for Assess-
ment and Accreditation of Laboratory Animal Care 
(Ref:20077737). Procedures were performed under their 
guidelines. NOD.Cg- Prkdc scid ll2rg tm1Wjl /SzJ/Arc 
(NSG) mice were obtained from the Jackson Laboratory.

Tumor implantation
A549 lung carcinoma cell line was cultured in D10 media 
(Dulbecco’s Modified Eagle Medium, 10% fetal bovine 
serum, 2 mM L- glut, PenStrep, Non- Essential Amino 
Acids, 1 mM sodium pyruvate, 5 mM HEPES, β-mer-
captoethanol). NSG mice were injected with 2 million 
A549 cells on day 0. Tumor volumes were calculated by 
measuring length, width and height every 3 days with 
digital calipers. Mice were treated with T cells when 
tumor volumes reached approximately 100 mm3. Number 
of T cells was always adjusted based on % CAR positivity.

Anti-EGFR CAR-T cell generation via lentiviral transduction
X- VIVO 15 media (Lonza) supplemented with 5% human 
AB serum (Valley Biomedical), 10 mM HEPES buffer 
and GlutaMAX (Gibco) were used for in vitro culture of 
CAR- T cells. Frozen peripheral blood mononuclear cells 
(PBMCs) were thawed and then activated with anti- CD3 
and anti- CD28 antibodies (both at 50 ng/mL) in the 
presence of 250 IU/mL human interleukin (IL)- 2 (Cell-
Genix) for 24 hours, followed by lentiviral transduction 
with one or two viruses at the same time at a Multiplicity 
of Infection of 20. The lentiviruses were provided by 
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bluebird bio (Patent International Publication Number 
WO 2021/252782 A1). Cells were initially cultured in 
normal flasks and subsequently transferred to G- Rex 
6M Well Plate (Wilson Wolf) on day 4 post activation for 
rapid expansion. Cells were then harvested on day 10 for 
further analysis or adoptive transfer.

Anti-CD20 CAR-T cell generation via retroviral transduction
A total of 4 million 293GP cells were plated on collagen 
I coated 10 cm plates. Cells were transfected with plas-
mids carrying the gene of interest and the helper plasmid 
(encoding the RD114 envelope protein) using Lipofect-
amine 3000 (Thermo Fisher) as per the manufacturer’s 
protocol. Viral particles were collected 48 hours after 
transfection. Frozen PBMCs were thawed and T cells were 
isolated with the BioLegend MojoSort human CD3 isola-
tion kit. The T cells were then activated with TransAct 
(Miltenyi Biotec, 1:100) in the presence of 200 IU/mL 
human IL- 2 (CellGenix) for 48 hours, followed by retro-
viral transduction. Briefly, the retrovirus was preloaded 
through spin- transduction (2 hours, 2000 g) on a non- 
tissue culture retronectin- coated plate. Then T cells were 
added and were spun down for 10 min. The T cells were 
incubated for 48 hours in media as above and then were 
(Fluorescence- activated cell sorting)FACS sorted for 
CAR+cells. After sorting, the T cells were transferred to a 
G- Rex 6M Well Plate (Wilson Wolf) for expansion. Cells 
were then harvested on day 10 for further analysis.

Metabolic assays
In vitro expanded CAR- T cells were plated on Cell- Tak- 
coated Seahorse Bioanalyzer XFe96 culture plates at the 
concentration of 100,000 cells per well in the presence 
of assay media, which comprises minimal DMEM supple-
mented with 1% Bovine Serum Albumin and 2 mM gluta-
mine, 1 mM sodium pyruvate and 25 mM glucose. In a 
standard Seahorse mito stress test, oligomycin (2 µM), 
carbonyl cyanide p- trifluoromethoxyphenylhydrazone 
(0.5 µM), 2- deoxy- d- glucose (10 mM), and rotenone/anti-
mycin A (0.5 µM) were injected sequentially to measure 
the maximal oxygen respiration rate. For flow cyto-
metric metabolic assays, cells were incubated with 20 nM 
MitoTracker Deep Red FM for 15 min at 4°C.

Respiration due to exogenous fatty acids
Fatty acid oxidation in the cells because of exogenous 
fatty acids were measured using the Seahorse analyzer 
described above. BSA 30 µL (0.17 mM) or Palm:BSA 
(1 mM) conjugate was added to the well in XFe96 plate 
Seahorse plate before Oxygen Consumption Rate (OCR) 
measurement. ‘Basal respiration due to exogenous fatty 
acid’ was calculated as a measure of the average value of 
basal respiration in the BSA group subtracted from the 
basal respiration value for each well of Palm:BSA group.

In vitro killing assay
For killing assays, the CAR- T cells were co- cultured with 
target A549- cells expressing luciferase at different ratios 
overnight. In the morning, 0.2 mg/mL of luciferin was 

added to each well and the luminescence was read by a 
plate reader. The % killing activity was normalized to the 
level of signal from the wells that target cells were co- cul-
tured with mock- transduced T cells (% killing=100×(signal 
from mock- TD T cell well – signal from CAR- T cell well)/
signal from mock- TD cell well).

Long-term CAR T-cell culture
CAR T cells were cultured for up to 7 weeks in X- VIVO 
media after the end of expansion. Cells were cultured in 
X- VIVO 15 media (Lonza) supplemented with 5% human 
AB serum (Valley Biomedical), 10 mM HEPES buffer and 
2 mM GlutaMAX (Gibco); and further supplemented 
with 200 IU/mL of human IL- 2. Cell numbers were 
counted every alternate day and plotted as a measure of 
fold expansion.

Tumor-infiltrating CAR-T cell analysis
Spleens and tumors were harvested from NSG mice 
10–14 days after CAR- T cell transfer. To obtain single- cell 
suspensions, spleens were mechanically disrupted and 
treated with a red cell lysis buffer. Excised, whole tumors 
were injected using syringes with 2 mg/mL collagenase 
type IV, 2 U/mL hyluronidase (Dispase), and 10 U/mL 
DNase I in buffered X- VIVO 15 and incubated for 30 min 
at 37°C. Tumors were then disrupted and filtered for 
flow cytometric analysis. For functional readouts, cells 
were activated through phorbol 12- myristate 13- acetate 
and ionomycin for 6 hours while under the effect of 
GolgiPlug (BD), before intracellular staining of cytokine 
production. Single- cell suspensions were stained and run 
on either BD LSRFortessa or BD Accuri C6. Antibodies 
were obtained from the following companies: BioLegend 
anti- CD4 (clone OKT4), anti- CD8 (clone HIT8a), anti- 
PD- 1 (clone EH12.2H7), anti- Tim3 (clone F38- 2E2), anti- 
interferon (IFN)- g (clone 4S.B3), anti- tumor necrosis 
factor- a (clone Mab11), anti- CD45RA (clone HI100), 
anti- CCR7 (clone G043H7). MitoTracker Deep Red 
FM was purchased from Thermo Fisher. Anti- Lag- 3 was 
purchased from eBioscience (clone 3DS223H). EGFR 
protein conjugated to Allophycocyanin was obtained 
by CREATIVE BIOMART (EGFR- 692HA). Intracellular 
staining was performed using the Foxp3 Fix/Perm buffer 
set (eBioscience). Flow cytometry data were analyzed with 
FlowJo V.10 software.

Real-time quantitative PCR
Total RNA was extracted using TRIzol Reagent (Invi-
trogen) and complementary DNA (cDNA) was 
transcribed using a High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems), according to manu-
facturer’s protocol. Transcript levels were measured 
with SYBR Green (Thermo Fisher Scientific) and using 
primers specific to genes of interest. The cDNA concen-
tration was normalized per samples relative to cyclo-
philin B. All experiments were performed in technical 
replicates.
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RNA sequencing
Total RNA was isolated from in vitro expanded CAR- T 
cells and HEK293T cells using RNeasy Mini Kit (Qiagen). 
Purified RNA was sequenced from the UPMC Genome 
Center or the Health Sciences Sequencing Core at Chil-
dren’s Hospital of Pittsburgh. RNA sequencing analysis 
was performed using CLC Genomics and R. Only genes 
that had a false discovery rate (FDR) p value<0.05 were 
considered significant. Volcano plot was constructed with 
all genes with a p value<0.05 but genes with an FDR p 
value<0.05 were marked with red.

Statistical analysis
The data presented in the figures are mean±SEM. For 
paired data either paired t- test or Wilcoxon matched- pairs 
signed- rank test was used, depending on the data distribu-
tion. For unpaired data t- test or Wilcoxon rank- sum test 
was used. Survival data are presented as Kaplan- Meier 
survival curves and analyzed with the non- parametric 
log- rank test. Tumor growth curves were analyzed with 
repeated measures analysis of variance. All analysis was 
completed with Prism V.7 software (GraphPad) and 
confirmed with Stata V.17.0. A value of p<0.05 was consid-
ered statistically significant. In the figures, standard desig-
nations of significance were given; *p<0.005, **p<0.01, 
***p<0.001. The specific analysis used per figure in the 
manuscript can be found within the legends.

RESULTS
We have previously shown that tumor- infiltrating T cells 
as well as adoptively transferred antigen- specific T cells 
succumb to metabolic insufficiency, characterized by loss 
of functional mitochondria.12 So, we first sought to deter-
mine if therapeutic human T cells, entering a hostile 
solid tumor microenvironment, would succumb to the 
same types of deficiencies. This was also critical given that 
CAR constructs generally carry co- stimulatory signaling 
domains that might influence metabolism.15 We employed 
an EGFR- targeted CAR lentiviral construct, based on a 
cetuximab- derived scFv and carrying a 4- 1BB signaling 
domain (figure 1A), to generate therapeutic human 
CAR- T cells. This CAR has been reported before.16 Due to 
relatively average transduction rates, we mostly purified 
the CARs with FACS. The CAR positivity was assessed at 
the end of expansion and found to be consistent (online 
supplemental figure 1A). We first confirmed the in vitro 
functionality of these CARs using an in vitro killing 
assay (figure 1B). We then used these cells to treat A549 
tumors xenografted into NOD- scid IL- 2R gamma null 
(NSG) mice. Mice bearing 100 mm3 tumors were infused 
with 107 CAR- T cells and no therapeutic efficacy was 
noted (figure 1C). To investigate the reasons behind this 
phenomenon, we repeated the experiment and analyzed 
the metabolic status of the tumor- infiltrate 14 days post 
cell infusion. Analogous to our previous data using thera-
peutic OT- I T cells in B16OVA bearing mice, human EGFR- 
specific CAR- T cells infiltrating A549 tumors became 

metabolically exhausted, possessing lower MitoTracker 
FM staining compared with splenic T cells (figure 1D). 
This was concomitant with loss of immune function and 
upregulation of inhibitory receptors (figure 1E,F). Thus, 
just as observed in murine TCR- Tg T cells, human CAR- T 
cells responding to their antigen in the solid tumor 
microenvironment succumb to metabolic deficiencies as 
they progress to terminal exhaustion.

We next wanted to determine if metabolic reprogram-
ming could be employed to prevent this loss of intratu-
moral function. We have previously shown that murine 
and human T cells infiltrating tumors repressed the 
expression of the PGC- 1α, a transcriptional coactivator 
that coordinates mitochondrial biogenesis, fusion, and 
antioxidant activity.12 We and others have also shown that 
PGC- 1α can be negatively regulated by the Akt signaling 
pathway, both indirectly (through repression of Foxo 
family member activity) and directly (through an inhibi-
tory phosphorylation on S571).17 18 Thus, we engineered 
a variant of PGC- 1α containing a point mutation at S571 
(S571A), rendering it insensitive to Akt- mediated inhibi-
tion (figure 2A). Lentiviral transduction of HEK293T cells 
with wild- type (WT) versus S571A PPARGC1A revealed 
the latter had higher transcriptional activity, using a panel 
of PGC- 1α target genes, including CPT1A/B, NFE2L2, 
PPARG, TFAM, and ESRRA (figure 2B). Thus, we chose 
to move forward with this engineered, inhibition- resistant 
PGC- 1α to metabolically reprogram CAR- T cells for 
immunotherapy. At the same time, we evaluated a trun-
cated form of PGC- 1α, termed NT- PGC- 1α. This isoform 
is much smaller than PGC- 1α and thus would render the 
cell engineering process easier. Despite its much smaller 
size, previous studies suggest NT- PGC1α retains the 
transcriptional activation and nuclear receptor binding 
domains of PGC- 1α.19

Human peripheral blood T cells were activated and 
lentivirally transduced with the anti- EGFR CAR construct 
alone, with the anti- EGFR CAR construct in combination 
with a second lentivirus expressing PGC- 1αS571A or with 
the anti- EGFR CAR construct linked with NT- PGC- 1α 
with a 2A sequence (online supplemental figure 1B). 
Cells were FACS- sorted to increase purity. Flow cyto-
metric analysis of metabolic capacity revealed that trans-
duced T cells with either PGC- 1αS571A or NT- PGC- 1α had 
higher mitochondrial mass after 10 days of expansion 
(figure 2C). Metabolic profiling via Seahorse analysis 
showed that, consistent with our work and others, over-
expression of PGC- 1αS571A in CAR- T cells imparted these 
cells with high respiratory capacity (figure 2D), a meta-
bolic state consistent with long- lived, memory T cells. 
NT- PGC- 1α exhibited a similar effect. Similar increase in 
glycolytic capacity was noted for both constructs (online 
supplemental figure 2A,B). Additionally, since it has been 
previously shown that the 41BB signaling domain used 
in the CAR construction induces mitochondrial biogen-
esis,20 we tested mitochondrial capacity of PGC- 1α overex-
pressing CAR T cells on a CD28 co- stimulation backbone. 
As the anti- EGFR CAR- T was proprietary and not available 
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Figure 1 hEGFR- targeted CARs with 4- 1BB co- stimulatory domains exhibit suppressed mitochondrial mass and exhaustion in 
the tumor microenvironment. (A) Structure of the anti- EGFR CAR that was used for the experiments, (B) in vitro killing assay of 
EGFR- specific CAR- T cells incubated overnight with A549 cells at the reported concentrations, (C) 107 hEGFR- targeted CARs 
were injected in NSG mice carrying 100 mm3 tumors, (D) MitoTracker FM staining of CAR- T cells in tumor infiltrating lymphocyte 
(TIL) preparations from A549 tumors and respective spleens, (E) PD- 1, Tim- 3, and Lag- 3 staining in CAR- T cells infiltrating 
A549 tumors and the respective spleens. (F) Cytokine production of TIL after 6 hours of ex vivo restimulation with phorbol 
12- myristate 13- acetate and ionomycin. All experiments were repeated with three different donors. Plot B is representative 
of three different experiments and plots C–E contain all data from all donors. Each dot represents one mouse. Statistics 
are Wilcoxon matched- pairs signed- rank test. *p<0.05, **p<0.01. CAR, chimeric antigen receptors; IFN, interferon; PD- 1, 
programmed cell death protein- 1; TNF, tumor necrosis factor; ACT, adoptive cell therapy
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with a CD28 co- stimulation domain, we used an anti- 
CD20 CAR- T retroviral construct. Metabolic profiling 
via Seahorse analysis showed that, overexpression of 
PGC- 1αS571A was sufficient to induce enhanced respira-
tory capacity on a CAR- T cell with a CD28 co- stimulation 
domain (online supplemental figure 2C). Furthermore, 
for the case of PGC- 1αS571A overexpressing CAR- T cells we 
also showed that fatty acid oxidation is increased (online 
supplemental figure 2D). Finally, post- transduction we 
cultured the PGC- 1αS571A overexpressing CAR- T cells for 
6 days under 1.5% hypoxia and the mitochondrial mass 
benefit was retained (online supplemental figure 2E).

We then employed RNA sequencing to determine the 
transcriptional programs associated with PGC- 1αS571A trans-
genesis. Three independent donors were used to generate 
CAR- T cells expressing PGC- 1αS571A, NT- PGC- 1α, or the 

CAR alone, respectively, at day 10 post activation/expan-
sion. Principal component analysis plot analysis showed that 
whereas PGC- 1αS571A has a substantial effect on the T- cell 
transcriptome, NT- PGC- 1α upregulated only a handful of 
genes (figure 3A,E). Differential expression analysis showed 
that genes involved in mitochondrial biogenesis as well as 
IFN signaling were upregulated by PGC- 1αS571A transgenesis 
(figure 3B). Notably, PGC- 1αS571A not only coordinated mito-
chondrial biogenesis but also the expression of fuel choice 
enzymes (figure 3C), which suggests PGC- 1αS571A transgen-
esis programs T cells to be generally more competitive for 
exogenous nutrients. In addition, PGC- 1αS571A- transduced T 
cells had higher expression of genes driving effector function 
(figure 3D). The full list of differentially expressed genes are 
listed in online supplementary figure 3. Unfortunately, the 

Figure 2 An Akt- resistant form of PGC- 1α and NT- PGC- 1α improve the mitochondrial fitness of human CAR T cells in 
vitro. (A) Schema of different versions of PGC- 1α, (B) real- time- PCR analysis of target genes from HEK293T cells transduced 
with different versions of PGC- 1α, (C) MitoTracker staining of CAR- T cells carrying the PGC- 1α construct or the NT- PGC- 1α 
construct in vitro, (D) Seahorse analysis of CAR T cells carrying the PGC- 1α or the NT- PGC- 1α construct in vitro. The MitoFM 
experiments were repeated with five donors. The Seahorse analysis is representative of three donors each. Statistics are 
paired t- test (C) and Wilcoxon rank- sum test (D). *p<0.05, **p<0.01. CAR, chimeric antigen receptors; PGC- 1α, PPAR gamma 
coactivator 1α.
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NT- PGC- 1α construct did not produce any of these differ-
ences with only a few genes differing between cells (figure 3F).

We next sought to determine the efficacy of PGC- 1αS571A 
reprogrammed human CAR- T cells in vivo against their 
native, tumor- bound antigen. NSG mice bearing 100 mm3 
A549 tumors were infused with 107 WT or PGC- 1αS571A- 
transduced anti- EGFR CAR- T cells. While unmanipulated 
CAR- T cells had no effect on tumor growth and survival, 
PGC- 1αS571A- transduced CAR- T cells had dramatically 
improved antitumor efficacy (figure 4A), extending survival 
for all mice (figure 4B). Consistent with our previous data 
demonstrating that NT- PGC- 1α failed to effectively tran-
scriptionally reprogram T cells compared with the full- 
length construct, CAR- T cells transduced with NT- PGC- 1α 
showed no in vivo efficacy (figure 4C). Surprisingly, anal-
ysis of PGC- 1αS571A tumor infiltrating CAR- T cells did not 

reveal any difference in MitoFM staining compared with 
WT CAR- T cells (figure 4D). A probable reason for this 
finding is that we found a diminished mCherry signal in the 
ex vivo analysis of the tumor CAR- T cells on day 10 (online 
supplemental figure 4A). However when we compared the 
mCherry+ cells to the mCherry– cells in the same micro-
environment the higher MitoFM staining was retained 
within the mCherry+ fraction (online supplemental figure 
4B). Without restricting to the mCherry+ fraction, CAR- T 
cells exhibited improved capacity to secrete cytokines, 
despite the fact that these cells expressed similar levels of 
canonical ‘exhaustion’ co- inhibitory markers like PD- 1 and 
Tim- 3 (figure 4E,F), an identical functional and surface 
phenotype to murine PGC- 1α-transduced TCR- Tg T cells. 
Notably, even within the tumor microenvironment, these 
T cells bore hallmarks of memory, as shown by expression 

Figure 3 PGC- 1αS571A, but not NT- PGC1α, induces mitochondrial and immunologic changes within CAR- T cells. (A) Principal 
component analysis (PCA) of PGC- 1αS571A CARs. (B) Differential expressed genes on a volcano plot. FDR, false discovery 
rate genes with an FDR p value<0.05 were marked with red. (C,D) GSEA of PGC- 1αS571A CARs with heatmaps for the top 
differentially expressed genes in these pathways (E) PCA of NT- PGC- 1α CARs (F) All genes that differed statistically in the NT- 
PGC- 1α CARs versus WT CAR analysis. CAR, chimeric antigen receptors; PGC- 1α, PPAR gamma coactivator 1α; WT, wild- 
type; GSEA, Gene Set Enrichment Analysis.
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of CD45RA and CCR7, suggesting their reprogramming 
allowed them to maintain some hallmarks of stemness asso-
ciated with long- lived T cells (figure 4G). Thus, through 
use of an engineered, highly transcriptionally active 
PGC- 1α construct, mitochondrial reprogramming could be 
imparted to CAR- T cells, allowing their function within the 
metabolically restrictive tumor microenvironment. Lastly, 

to alleviate some concerns about clinical manufacturing we 
assessed for the evidence of possible difficulties in manufac-
turing or any possibility of transformation. The PGC- 1αS571A 
cells exhibited similar short- term expansion (online supple-
mental figure 4C), long- term expansion (online supple-
mental figure 4D) and apoptosis (online supplemental 
figure 4E) when compared with the WT CAR- T cells.

Figure 4 Anti- EGFR PGC- 1αS571A CAR- T cells, but not NT- PGC1α CAR- T cells, exhibit significant antitumor efficacy in vivo 
driven by increased cytokine production and memory formation. (A,B) Tumor growth curve and survival of A549- bearing NSG 
mice treated with 107 anti- EGFR PGC- 1αS571A CAR- T cells when tumors reached 100 mm3 (arrow). (C) Tumor growth curve as 
in A but using 107 anti- EGFR NT- PGC- 1α CAR- T cells. (D) MitoTracker FM staining of TIL from tumors treated with unmodified 
or PGC- 1αS571A CAR- T cells. (E) PD- 1 and Tim- 3 staining from TIL, (F) Cytokine from TIL after 6 hours ex vivo restimulation with 
phorbol 12- myristate 13- acetate and ionomycin, (G) Memory markers of TIL from day 10. The PGC- 1αS571A growth curve was 
repeated with two donors while the TIL analysis was performed once across multiple mice. The NT- PGC- 1α growth curve was 
repeated with three donors. Statistics are repeated- measures analysis of variance (A,C), log- rank test (B), and Wilcoxon rank- 
sum test (D–G). *p<0.05, **p<0.01 ***p<0.001. CAR, chimeric antigen receptors; IFN, interferon; PD- 1, programmed cell death 
protein- 1; PGC- 1α, PPAR gamma coactivator 1α; TIL, tumor- infiltrating lymphocyte; TNF, tumor necrosis factor.
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DISCUSSION
T- cell therapies hold great promise for the immunotherapy 
of cancer, as they provide an opportunity to directly engineer 
immune cells to not only recognize and lyse targets after infu-
sion, but to persist as memory cells and guard against recur-
rence. However, how to endow a T cell with memory potential 
while still allowing it to behave as an effector for the purposes 
of killing has been a matter of intense debate. Alterations 
in the cytokine milieu used to expand T cells and changes 
in co- stimulatory domains on chimeric receptors have been 
proposed as means to achieve increased longevity.15 21

Long- lived cells, of any lineage, are associated with increased 
mitochondrial capacity, and thus it is rather unsurprising that 
naïve and memory T cells, which have the potential to persist 
for a lifetime, are characterized by a distinct mitochondrial 
state.22 This mitochondrial capacity is one that can help define 
metabolic sufficiency in various environments, and indeed we 
have shown that losses of mitochondrial sufficiency underlie 
altered differentiation to dysfunctional, exhausted fates and 
are targets for the improvement of immunotherapy.11 Thus, 
it may be that long- lived memory character can be imparted 
to a cell directly by changing its metabolism, which was the 
subject of our study here.

Mitochondrial biogenesis is a complex physiologic process, 
coordinating gene transcription both in the nucleus and the 
mitochondria. Thus, a single transcription factor is incapable 
of propagating these complex signals. PGC- 1α, rather, acts as 
a coactivator to collaborate with several transcription factors 
to achieve this ultimate goal. Indeed, our transcriptional 
profiling revealed upregulation of rate- limiting enzymes 
in carbohydrate, amino acid, and lipid metabolism, as well 
as mitochondrial transporters needed to both import and 
export metabolites. We also found that by overexpressing this 
gene involved in mitochondrial biogenesis, we also biased 
the differentiation of these cells, upregulating genes involved 
in memory. This was not a complete reprogramming of cell 
fate: cells still bore markers of terminal exhaustion when they 
entered the tumor (PD- 1, Tim- 3, etc), but carried increased 
functional capacity that was capable of mediating superior 
antitumor responses. While responding tumors did ulti-
mately relapse, we theorize that this could be due to loss of 
the CAR antigen on constant antigen exposure.

We evaluated in parallel the NT- PGC- 1α because its size 
would facilitate engineering of the cells compared with the 
full length PGC- 1α. However, to our surprise, the transcrip-
tional profiling of these cells was barely different than the 
WT CAR. Additionally, they did not exhibit any increase of 
efficacy in vivo. Although NT- PGC- 1α drove mitochondrial 
benefits in the cells, it is likely that the missing sections of 
PGC- 1α are the ones driving the global alterations in the 
transcriptional program of the cells. These data highlight 
that mitochondrial mass, although important, cannot drive 
benefit by itself, unless it is accompanied by changes in other 
transcriptional and memory states.

Notably, we took advantage here of the wealth of knowl-
edge of PGC- 1α regulation to program superior meta-
bolic sufficiency in solid tumor- targeted, human CAR- T 
cells. We engineered this molecule to lack an inhibitory 

Akt phosphorylation site, a key alteration which would 
render it resistant to regulation by a signaling pathway 
known to be highly upregulated in hypermetabolic in vitro 
cultures as well as due to persistent stimulation in vivo. 
Future studies will seek to further refine our engineering 
approach to generate not only more active constructs, but 
those that may be capable of exogenous control.
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Appendix 

 

>EGFR.CAR scFv (vL-Linker-vH) 

CAAATCCTGCTCACTCAGAGCCCGGTGATTTTGTCCGTCTCCCCCGGCGAGCGCGTATCATTTTCATGTA

GGGCTTCTCAGAGCATCGGCACCAATATTCACTGGTATCAGCAGCGCACAAATGGCAGCCCAAGACTGC

TCATTAAGTATGCCTCAGAATCAATTTCAGGCATCCCAAGCCGCTTCTCCGGCTCAGGCTCCGGGACCGA

CTTTACATTGAGCATTAACTCAGTGGAATCTGAAGACATCGCCGATTACTACTGTCAACAGAATAATAAC

TGGCCGACGACGTTTGGCGCCGGAACTAAACTGGAACTGAAGGGGGGAGGGGGCTCTGGAGGTGGAG

GGTCCGGAGGAGGCGGGTCACAAGTGCAGCTGAAGCAATCTGGACCTGGACTCGTTCAGCCTTCTCAG

AGCCTCTCCATCACTTGCACTGTAAGTGGCTTCTCACTGACCAACTATGGGGTGCACTGGGTGAGACAGT

CCCCCGGAAAGGGGCTGGAATGGCTCGGAGTTATTTGGAGCGGAGGAAATACGGACTACAACACCCCG

TTTACATCCAGACTCTCCATAAATAAGGATAACAGCAAAAGCCAGGTGTTTTTTAAAATGAACAGCCTGC

AGAGCCAAGATACAGCTATCTATTATTGTGCGCGCGCACTGACATACTATGACTACGAGTTTGCATACTG

GGGCCAAGGGACCCTTGTCACAGTCTCATCA 
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