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Regulatory T cells overwhelm conventional T cells in the tumor
microenvironment (TME) thanks to a FOXP3-driven meta-
bolic program that allows them to engage different metabolic
pathways. Using a melanoma model of adoptive T cell therapy
(ACT), we show that FOXP3 overexpression in mature CD8
T cells improved their antitumor efficacy, favoring their
tumor recruitment, proliferation, and cytotoxicity. FOXP3-
overexpressing (Foxp3UP) CD8 T cells exhibited features of tis-
sue-resident memory-like and effector T cells, but not suppres-
sor activity. Transcriptomic analysis of tumor-infiltrating
Foxp3UP CD8 T cells showed positive enrichment in a wide va-
riety of metabolic pathways, such as glycolysis, fatty acid (FA)
metabolism, and oxidative phosphorylation (OXPHOS). Intra-
tumoral Foxp3UP CD8 T cells exhibited an enhanced capacity
for glucose and FA uptake as well as accumulation of intracel-
lular lipids. Interestingly, Foxp3UP CD8 T cells compensated
for the loss of mitochondrial respiration-driven ATP produc-
tion by activating aerobic glycolysis. Moreover, in limiting
nutrient conditions these cells engaged FA oxidation to drive
OXPHOS for their energy demands. Importantly, their ability
to couple glycolysis and OXPHOS allowed them to sustain pro-
liferation under glucose restriction. Our findings demonstrate
a hitherto unknown role for FOXP3 in the adaptation of CD8
T cells to TME that may enhance their efficacy in ACT.

INTRODUCTION
Adoptive T cell therapy (ACT) is a new generation of cancer treatments
that could drastically change clinical strategies. However, the very
biology of T cells and the tumor microenvironment (TME) limits the
efficacy of ACT. Although it is necessary for the efficient control of tu-
mor growth that transferred T cells acquire full effector functions,
terminally differentiated effector T cells (TEF) have a very short half-
life, and the lack of replacement of these cells limits the long-term tu-
mor control by ACT.1 Moreover, during their differentiation into TEF
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cells, T cells start expressing inhibitory receptors as a means to keep the
immune response controlled.2 Concomitantly, tumor cells evolve and
express the respective ligands, thereby evading immune attack. Activa-
tion-induced cell death (AICD) upon antigen encounter also limits the
ability of transferred cells to control tumors.3,4 Alongwith physical bar-
riers and the recruitment of suppressor cells, the metabolic features of
the TME also represent an important hurdle for ACT.5 Like tumor
cells, activated T cells are highly dependent on glycolysis. Competition
for glucose generates a state of glucose restriction in the TME and leads
to the inhibition of T cell glycolysis, which in turn impairs T cell adhe-
sion, proliferation, and effector functions. This not only affects endog-
enous tumor-infiltrating lymphocytes (TILs) but also transferred
T cells. In this context, increased tumor-intrinsic glycolytic activity is
associated with a poor response of melanoma patients to ACT.6 Apart
from glucose restriction, the TME poses other metabolic barriers for
T cells, such as depletion of critical amino acids, lactate released by tu-
mor cells and the resulting acidosis, hypoxia in poorly vascularized tu-
mor areas,5 and high levels of extracellular potassium that impair the
absorption of nutrients.7 All these metabolic pitfalls limit TILs in their
ability to differentiate into fully competent TEF cells.8

Unlike conventional T cells (Tconv), forkhead box P3 (FOXP3) CD4
regulatory T cells (Tregs) can reprogram their metabolism in adverse
conditions, allowing them to optimize nutrients and exploit supple-
mental metabolic routes.9,10 For example, intratumoral CD4 Tregs
).
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upregulate glucose transporter 1 (GLUT1)11 and utilize glucoki-
nase,12 which enables them to capture glucose at high rates. Interest-
ingly, CD4 Tregs are programmed by FOXP3 to be flexible in their
fuel choice, thereby allowing them to adopt a catabolic metabolic pro-
gram with increased capacity for fatty acid (FA) oxidation (FAO)-fu-
eled oxidative phosphorylation (OXPHOS).13 In addition, hypoxia
promotes glycolysis and indirectly fosters the oxidation of FA in
Tregs.14 Furthermore, CD4 Tregs can oxidize lactate and are more
resistant to lactate-mediated impairment of proliferation than
Tconv.15,16 All these metabolic advantages allow Tregs to survive
and proliferate in the hostile TME overwhelming Tconv.

FOXP3+ cells within the CD8 T cell subset have also been described in
human and mouse tumors.17–24 Characterization of FOXP3+ CD8
T cells is difficult owing to their low frequency (0.4% and 0.1% of circu-
lating T cells in humans andmice, respectively) and because their isola-
tion is hamperedby the localization of FOXP3 in the nucleus.Currently,
it is not known how these cells develop in vivo, nor the metabolic pro-
gram that supports them.Within CD8+FOXP3+ T cells in cancer, there
is evidence for an immunosuppressive population,17–20 but also for
effector cells with no suppressor hallmarks.21,22 Recently, in cervical
cancer and melanoma, elevated levels of CD8+FOXP3+ T cells were
observed in responders to anti-PD-1 therapy.23,24 This subset was char-
acterized by an early effector memory phenotype with intermediate
PD-1 levels and co-expressionof several inhibitory receptors, but, rather
than being exhausted, they produced higher levels of granzyme-B
(GzmB) and effector cytokines as compared with their CD8+FOXP3�

counterparts.23 Similarly, activated Tconv transiently express some
FOXP3 yet show no suppressive properties.25,26 The fact that other fac-
tors are necessary to support FOXP3 in generating regulatory proper-
ties27,28 could explain why FOXP3 expression is not always associated
with suppressor functions.21–24,29

Given the ability of CD4 Tregs to adapt their metabolism to survive
and proliferate in the hostile TME,11 with FOXP3 driving this adap-
tation,13 and the suggestive findings about the putative role of
FOXP3+ CD8 T cells as tumor-specific effector T cells,21,22 we decided
to overexpress FOXP3 in mature CD8 T cells and study how this
Figure 1. FOXP3 overexpression in CD8 T cells improved their antitumor effica
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affected their metabolic competences and antitumor efficacy in adop-
tive immunotherapy for melanoma.

RESULTS
FOXP3 overexpression in CD8 T cells improved their tumor

recruitment and therapeutic efficacy in ACT

To determine whether FOXP3 overexpression in mature CD8 T cells
affected their antitumor properties, murine CD8 T cells were infected
with an empty or FOXP3-encoding retrovirus (RV) to generate mock
(modified with empty vectors) and Foxp3UPCD8 T cells, respectively
(Figure 1A). Expression of FOXP3 in CD8 T cells impaired their
expansion in vitro (Figure 1B), mainly due to a lower survival capacity
under standard T cell culture conditions (Figures S1A–S1D), resem-
bling behavior of CD4 Tregs in similar settings.30

To evaluate the behavior of Foxp3UP CD8 T cells in ACT schedules,
mock (CD90.1+) and Foxp3UP (GFP+) OT-I cells were mixed (1:1)
and transferred into B16OVA tumor-bearing mice (Figure 1C). Before
transfer, Foxp3UP OT-I cells exhibited similar size (forward scatter
[FSC] values) but slightly higher complexity (side scatter [SSC] values)
than mock cells. However, after transfer, Foxp3UP CD8 T cells showed
larger size and complexity than their mock counterparts in the tumor,
whereas in the spleen they both exhibited similar FSC and SSC values
(Figure 1D). This suggested that Foxp3UPCD8T cells were likelymore
activated than mock cells in the tumor. Notably, overexpression of
FOXP3 markedly increased the number of Foxp3UP CD8 TILs from
day 5 onward (Figures 1E and 1F). To further evaluate the effect of
FOXP3 overexpression on the therapeutic efficacy of CD8 T cells,
4-day in vitro-expanded Foxp3UP or mock OT-I cells were adoptively
transferred to B16OVA tumor-bearing mice. Notably, Foxp3UP CD8
T cells significantly restrained tumor growth and enhanced overall sur-
vival (Figures 1G–1I). The enhanced antitumor efficacy of FOXP3-
overexpressing CD8 T cells was also verified using Pmel cells in
B16F10 tumor-bearing mice (Figures 1J–1L). As previously
described,31 prolonged culture cells (7-day in vitro-expanded cells) ex-
hibitedmodest long-term tumor control, but even then Foxp3UP Pmel
cells were more efficient at controlling early tumor growth
(Figures S1E–S1G).
cy in ACT
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Figure 2. Transcriptomic signature of Foxp3UP TILs

(A–D) TBI 10-day B16OVA-bearing BL6 (CD45.2+) mice (n = 5) received an i.v. injection of amix containing 4-day in vitro-expandedmock (CD90.1+) and Foxp3UP (GFP+) (1:1

ratio) OT-I (CD45.1+) cells. Five days later, Foxp3UP (GFP+CD45.1+) and mock (CD90.1+CD45.1+) CD8 T cells infiltrating the tumor were separately isolated by FACS and

used for RNA-seq. Differentially expressed gene (DEG) analysis using Foxp3UP and mock CD8 T cells from four independent experiments was performed. (A) Volcano plot

(legend continued on next page)
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FOXP3-overexpressing CD8 T cells exhibited a diverse

metabolic transcriptional programand a TEF cell gene signature

within the tumor

To explore the effect of FOXP3 in the transcriptional program of trans-
ferred CD8 T cells, we isolated tumor-infiltrating Foxp3UP and mock
OT-I cells at day 5 of ACT and analyzed them by RNA sequencing
(RNA-seq). The two most upregulated genes in Foxp3UP CD8 TILs
were Ccr3 andMmp9 (Figures 2A and 2B). Genes involved in cytotox-
icity, such as GzmB, GzmK, and Prf1, were also upregulated in these
cells.Notably, Itgae andEntpd1, encoding forCD103 andCD39, respec-
tively, were also upregulated in Foxp3UP CD8 TILs. Co-expression of
CD103 and CD39 identifies tumor-reactive CD8 TILs with tissue-resi-
dent memory T (TRM) cell features.32 Enrichment analysis comparing
CD39+CD103+CD8+ TIL signature (GSE114944)32 with our dataset
portrayed significant similaritieswith Foxp3UPCD8TILs (Figure S2A).
Importantly, gene set enrichment analysis (GSEA) using clusterProfiler
showed positive enrichment of metabolic pathways, such as glycolysis,
FA metabolism, adipogenesis, and OXPHOS in Foxp3UP CD8 TILs
(Figure 2C). The genetic signatures related to T cell proliferation,
chemotaxis, leukocyte migration, cell adhesion, hypoxia, PI3K-AKT
and cAMP signaling, and tolerance induction were also positively en-
riched in Foxp3UP CD8 TILs. In contrast, genes involved in mTORC1
signaling, Myc targets, tumor necrosis factor a (TNFa) signaling, and
ribosome biogenesis were negatively enriched. Consequent with down-
regulation ofTcf7, Id3, andBach2 (Figures 2A and 2B), theWNT b-cat-
enin signaling pathway and other pathways regulating the pluripotency
of stem cells appeared negatively enriched in Foxp3UP CD8 TILs (Fig-
ure 2C). Notably, the GSEA of the Foxp3UP/mock cell comparison
prior to infusion and after ACT in the spleen did not reveal significant
enrichment in any of these pathways (Table S1).

Given the positive enrichment in cell migration, adhesion and prolif-
eration gene signatures, and the negative enrichment in WNT b-cat-
enin signaling in Foxp3UP CD8 TILs, we hypothesized that FOXP3
could promote TEF cell differentiation within the TME. Comparing
the GSEA of our Foxp3UP/mock dataset with published immuno-
logic signature gene set collections from the Molecular Signatures
Database (MSigDB) revealed that gene transcripts associated with
TEF cells were significantly enriched in Foxp3UP cells infiltrating
the tumors (Figure 2D) but not in cells prior to transfer (Figure S2B),
nor in transferred cells isolated from the spleen (Figure S2C).

The expression of FOXP3 in CD8 T cells did not endow themwith

suppressive activity

RNA-seq data indicated that genes related to tolerance induction,
mainly CD4 Treg hallmark genes (such as Il10 and Ctla4), were en-
riched in Foxp3UP CD8 TILs (Figures 2A–2C). To find out whether
overexpression of FOXP3 in CD8 T cells conferred suppressive prop-
erties, we performed a classic suppression assay by activating CD8
depicting DEGs of interest (cutoff log2 fold change > 1, padj < 0.05). (B) Heatmap represen

clusterProfiler illustrates gene sets positively (normalized enrichment score [NES] > 0) or

reached the false discovery rate <0.05 cutoff. (D) GSEA enrichment score curve of “Effec

in Fox3UP versus mock TILs presented as the NES.
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T cells (CD45.2+) in the presence of Foxp3UP or mock CD8 T cells
(CD45.1+), either expanded in vitro (Figures 3A and 3B) or isolated
from tumors after ACT (Figures 3C and 3D). As shown in Figure 3,
Foxp3UP CD8 T cells did not differ frommock cells in their suppres-
sive activity on recently activated CD8 T cells.

To further confirm that Foxp3UP CD8 T cells were devoid of sup-
pressive properties, we injected mock GFP+ OT-I cells together
with mock CD90.1+ OT-I cells or Foxp3UP CD90.1+ OT-I cells
(mix 1:1) into B16OVA tumor-bearing mice and analyzed the num-
ber of mock GFP+ OT-I cells in the tumor at day 7 of ACT. As de-
picted in Figure 3E, the number of mock GFP+ OT-I cells was similar
regardless of whether they had been injected with mock CD90.1+

OT-I cells or with Foxp3UP CD90.1+ OT-I cells. In addition, we as-
sessed the effect of Foxp3UP CD8 T cells on endogenous tumor-spe-
cific T cells. To this end, we analyzed the frequency of T cells specific
for the p15E antigen, a tumor-associated antigen of B16F10-derived
cell lines.33We chose this T cell population because it did not compete
with the transferred OT-I cells for the antigen. The percentage of
endogenous TILs specific for the H-2Kb-restricted p15E(604–611)
epitope was similar (as shown by tetramer staining) regardless of
whether or not mice had received Foxp3UP OT-I cells (Figure 3F).
The same was observed when tumor cell suspensions were stimulated
with p15E(604–611) peptide and the production of interferon-g
(IFNg) andTNFawas analyzed in endogenous CD8TILs (Figure 3G).
Taken together, these data clearly indicate that FOXP3 expression on
CD8 T cells does not confer suppressive activity.

The increased number of Foxp3UP CD8 T cells in the tumor

infiltrate may be due to their enhanced ability to migrate and

proliferate within the tumor

Since transcriptomic data showed upregulation of genes related to
T cell proliferation (Figure 2C), we sought to investigate the prolifer-
ative capacity of transferred Foxp3UP CD8 T cells. Thus, Foxp3UP
(GFP+) and mock (CD90.1+) OT-I cells were mixed (1:1), labeled
with cell trace violet (CTV), and adoptively transferred into tumor-
bearing mice. On day 3 of ACT, they were analyzed in tumors and
the spleen (Figure 4A). In agreement with our previous data
(Figures 1E and 1F), overexpression of FOXP3 markedly increased
the presence of transferred CD8 T cells within the tumor
(Figures 4B–4D, S3A, and S3B). However, this difference was not
seen in the spleen. As depicted by the CTV dilution assay, at day 3
of ACT transferred cells infiltrating the spleen have proliferated
more than those in the tumor (lower CTVmedian fluorescence inten-
sity [MFI] values, or higher reverse MFI [1/CTV] values, in spleen
than in tumor) (Figures 4E and S3C). The recent in vitro activation
and/or homeostatic signals after ACT may have driven the prolifera-
tion of transferred cells in the spleen, while the antigen encounter and
TME signals may also have influenced their proliferation in the
tation of hierarchical clustering of highly significant DEGs (padj < 10�10). (C) GSEA by

negatively (NES < 0) enriched in Foxp3UP versus mock TILs. All depicted pathways

tor versus memory CD8 T cell” upregulated (UP) and downregulated (DN) gene sets
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tumor. Interestingly, Foxp3UP OT-I cells exhibited a significantly
more extensive proliferation than mock cells in the tumor but not
in the spleen, where mock OT-I proliferated slightly better
(Figures 4E and S3C). Ki-67 staining of OT-I cells on day 7 confirmed
the data observed with the CTV dilution assay (Figure 4F). Interest-
ingly, on this day OT-I cells from the spleen showed a lower level of
Ki-67 expression than their counterparts in the tumor, indicating that
the extensive proliferation seen outside the tumor on day 3 had
slowed.

Viability between Foxp3UP and mock CD8 T cells did not differ in
tumors and the spleen (Figure S4A). Because the ingestion of
apoptotic cells by macrophages could potentially impair the detection
of dead cells in vivo, we decided to study apoptosis in vitro. Interest-
ingly, forced FOXP3 expression in CD8 T cells protected them from
AICD (Figure S4B). Upregulation of FAS ligand (FASL) is intimately
associated with AICD in TEF cells.34 Notably, in vitro restimulation
induced higher levels of FASL expression on the surface of mock
CD8 T cells as compared with Foxp3UP CD8 T cells (Figure S4C).
Cytokine-withdrawal-induced cell death also compromises survival
of TEF cells.35 Viability of activated CD8 T cells in vitro was seriously
compromised in the absence of interleukin-2 (IL-2), with Foxp3UP
CD8 T cells being more affected by IL-2 withdrawal (Figure S4D).
Interestingly, Foxp3UP CD8 T cells had higher expression levels of
CD25 (IL-2Ra) than their mock counterparts (Figure S4E).

Consistent with the enrichment of gene sets related to cell chemotaxis
and leukocyte migration (Figure 2C), high expression of genes coding
for chemokine receptors was found in Foxp3UP CD8 TILs (Fig-
ure S5A). To confirm RNA-seq data, we analyzed the expression of
various chemokine receptors before and after ACT by flow cytometry
(fluorescence-activated cell sorting [FACS]). Prior to transfer, no dif-
ferences in the expression of CCR3, CCR7, CXCR3, and CX3CR1
were observed between Foxp3UP and mock CD8 T cells (Figure S5B).
However, Foxp3UP CD8 T cells exhibited higher expression levels of
CCR4 (Figure 4G). CCR4 is normally expressed in CD4 Tregs and
Figure 3. The expression of FOXP3 in CD8 T cells did not lead to suppressive a

(A and B) In vitro T cell proliferation suppression assay. CD8+ splenocytes were isolated

CD28 mAb-coated beads and cultured either alone or in the presence of 7-day in

(CD45.1+):effector (CD45.2+) cell ratios (5 replicates/condition). After 72 h, proliferation

proliferation suppression assay. Eight-day B16OVA tumor-bearing BL6 (CD45.2+) mice

and Foxp3UP (GFP+) OT-I (CD45.1+) (1:1 ratio) cells. Seven days later, Foxp3UP (GF

separately isolated by FACS and tested ex vivo in a suppression assay as described in (A)

CTV MFI (1/CTV MFI). High 1/CTV MFI values signify higher proliferation of CD8 CD45.2

showing 1/CTV MFI values at different cell ratios. (A and C, right) Histograms of CTV

experiments. In (A–D), CD4 Tregs (CD45.1+CD4+CD25+) were used as positive control

mock CD90.1+ OT-I cells or Foxp3UPCD90.1+ OT-I cells (total 4� 106 cells) was injected

TILs were analyzed at day 7 of transfer. (E) Number of mockGFP+OT-I TILs per mg of tum

by tetramer staining. Representative dot plots are shown on the left. Cells were gated on

restimulated ex vivo with or without p15E(604–611) peptide, and production of IFNg an

gated on CD45.2+CD8+ (endo CD8) T cells. Right: percentage of IFNg+TNFa+ cells withi

and G graphs) and mean ± SD (A and C). Symbols represent individual mice (E, F, a

determined using two-way ANOVA for multiple comparisons (B and D) or unpaired t tes

three (A and C) experiments.
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mediates their immigration to tumors in response to the chemokine
C-C motif ligand 22 (CCL22).36 Similarly, Foxp3UP CD8 T cells
migrated more efficiently in response to CCL22 than mock CD8
T cells (Figure 4H). Notably, after ACT, Foxp3Up CD8 T cells infil-
trating tumors and draining lymph nodes (dLNs) expressed even
higher levels of CCR4 than their mock counterparts (Figure 4I).
The same was observed for CCR3. Compared with mock cells,
Foxp3UP CD8 T cells expressed higher levels of CXCR3 in the
dLNs, whereas they expressed less CX3CR1 in tumors. No differences
were observed between Foxp3UP and mock cells regarding CCR7
expression. Given the role of CCR4 and CCR3 in recruiting T cells
and other immune cells to the tumor,37 the enhanced expression of
these chemokine receptors on transferred Foxp3UP CD8 T cells
may also explain their increased numbers in the tumors.

Foxp3UP-overexpressing CD8 T cells exhibited intense

cytotoxic activity

Foxp3UP CD8 TILs displayed increased expression of key cytotoxic
genes (Figure 5A). FACS analysis confirmed that transferred
Foxp3UP CD8 T cells expressed higher levels of GzmB than mock
CD8 T cells in the tumor (Figure 5B). However, before transfer (Fig-
ure S6A) and after transfer in the spleen and dLNs (Figure 5B), their
GzmB content was similar to that of mock cells. GzmB expression in
Foxp3UP CD8 TILs was also higher than in endogenous TILs (Fig-
ure 5B). It was previously reported that hypoxia promotes the expres-
sion of GzmB in CD8 T cells.38 Interestingly, Foxp3UP CD8 T cells
produced higher levels of GzmB than their mock counterparts when
cultured in vitro under hypoxic conditions (Figure S6B). Furthermore,
incubation with tumor cells expressing the cognate antigen increased
GzmB expression in CD8 T cells, especially in Foxp3UP CD8 T cells
(Figure S6C). Finally, Foxp3UPCD8T cells exhibited greater killing ac-
tivity against tumor cells naturally expressing their cognate antigen
(Figures 5C and 5D) and unrelated syngeneic tumor cells pulsed
with the cognate epitope (Figure 5E). Only at a saturated concentration
of the cognate antigen (peptide-pulsed B16OVA cells) did mock CD8
T cells reach the killing activity of Foxp3UP cells (Figure 5E). Strikingly,
ctivity

from BL6 (CD45.2+) mice and labeled with CTV. Cells were activated with anti-CD3/

vitro-expanded Foxp3UP or mock (CD45.1+) OT-I cells at different “suppressor”

of CD45.2+CD8+ cells was determined by FACS analysis. (C and D) Ex vivo T cell

received an i.v. injection of a mix containing 4-day in vitro-expandedmock (CD90.1+)

P+CD45.1+) and mock (CD90.1+CD45.1+) CD8 T cells infiltrating the tumor were

and (B) (3 replicates/condition). (A–D) Data in the graphs are plotted as the reverse of
+ cells and therefore less suppressive activity of CD45.1+ cells. (A and C, left) Graphs

MFI values at ratio 1:3. In (B) and (D), data were compiled from three independent

(3 replicates/condition). (E–G) A mixture (1:1) of mock GFP+ OT-I cells together with

into B16OVA tumor-bearing BL6mice andmockGFP+OT-I, and endogenous CD8

or. (F) Percentage of p15E(604–611)-specific endogenous CD8 TILs, as determined

CD45.2+CD8+ (endo CD8) T cells. (G) At day 7 of ACT, total cells from tumors were

d TNFa was assessed 5 h later by FACS. Left: representative dot plots. Cells were

n endogenous CD8 TILs after peptide stimulation. Data are presented as mean (E, F,

nd G graphs) or independent experiments (B and D). Statistical significance was

t (E, F, and G graphs). *p < 0.05. One experiment was representative of two (E–G) or
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despite their TEF cell gene signature and high cytotoxic activity,
Foxp3UP CD8 T cells isolated from tumors and dLNs rendered signif-
icantly less IFNg+TNFa+-producing cells when restimulated ex vivo
with the cognate antigen (Figure 5F). When stimulated with peptide,
anti-CD3 monoclonal antibody (mAb), or phorbol 12-myristate
13-acetate (PMA) in vitro, Foxp3UP CD8 T cells produced similar or
even lower levels of IFNg and TNFa than their mock counterparts (un-
der both normoxic and hypoxic conditions) (Figures S6D and S6E).
Together, these observations indicated that FOXP3 overexpression in
CD8 T cells amplified their cytotoxic activity while impairing produc-
tion of IFNg and TNFa. However, the enhanced intratumoral accumu-
lation of Foxp3UP CD8 T cells (Figures 1E and 1F) counteracted the
negative effect of FoxP3 overexpression on cytokine production and re-
sulted in a higher number of IFNg+ TNFa+ CD8 T cells within the tu-
mor (Figure 5G).

Foxp3UP CD8 T cells outnumbered mock cells and exhibited a

greater ability to control tumor growth in the late phase of ACT,

at the expense of becoming highly differentiated and exhausted

RNA-seq data indicated that Foxp3UP CD8 TILs expressed some
characteristic markers of TRM cells. On the other hand, these cells
also exhibited a TEF cell gene signature. To assess the differentiation
and exhaustion state of these cells, we analyzed the expression of
several surface markers related to T cell memory,39 activation, and
exhaustion by FACS. Prior to infusion, Foxp3UP CD8 T cells ex-
hibited slightly higher expression levels of CD62L and CD69, and,
most markedly, CD103 (Figures S7A and S7B). At day 7 of ACT,
the bulk of Foxp3UP CD8 T cells infiltrating dLNs and tumors
showed higher expression levels of CD62L, CD27, and CD103
compared with mock cells. However, Foxp3UP CD8 T cell in the tu-
mor exhibited a more activated and differentiated phenotype with
higher expression of CD43 (130-kD), CD69, CD39, and KLRG1 (Fig-
ure S7C). Strikingly, while Foxp3UP CD8 TILs expressed more
TIM-3 than mock cells, the opposite was true for LAG-3. No differ-
ences in PD-1 levels were observed.

CD103 is one of the most characteristic markers of TRM cells.40

Other markers, such as CD69, CD39, and CD49a, may also be co-ex-
Figure 4. Effect of FOXP3 overexpression on the proliferation and chemotactic

(A–E) Four-day in vitro-expanded Foxp3UP (GFP+) and mock (CD90.1+) OT1 (CD45.1

B16OVA-bearing BL6 (CD45.2+) mice (n = 3). Foxp3UP (GFP+CD45.1+) and mock (C

Schematic diagram of the experimental approach. (B) Graphs and representative dot p

(GPF+ plus CD90.1+) CD45.1+ cells in tumor (TUM) and the spleen (SPL). (C) Total nu

Foxp3UP andmock CD8 T cells normalized to mg of tumor. (E) Graphs showing prolifera

in tumor and the spleen, with representative histogram on the right. (F) Foxp3UP and

expression of Ki-67 was assessed (FACS) in Foxp3UP and mock CD8 T cells from splee

and mock OT-I cells. Left: representative histogram. As negative control, fluorescence m

Dotted line indicates FMO values. (H) Transwell migration assay. Left: percentage of m

after 3 h of incubation. Right: Compiled data from four independent experiments. (I) Fou

into 10-day B16OVA-bearing BL6 mice. The expression of different chemokine recepto

tumors at day 7 of ACT. Graphs showMFIs of each receptor. Dotted lines indicate FMO

as mean (bars in B–F and I) and mean ± SD (H, left). Symbols represent individual mice

using paired t test (B–F, G, and H [right]) and two-way ANOVA for multiple comparisons

experiments (B–F and I).
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pressed with CD103, defining this population.40 Interestingly,
compared with mock cells, Foxp3UP CD8 T cells had a higher pro-
portion of CD103+ cells in spleens, dLNs, and tumors and a higher
proportion of CD103+CD69+CD39+ cells in tumors (Figure S7D).
KLRG1 has been postulated to be a marker of highly differentiated
T cells.39 The percentage of KLRG1+ cells was also higher within
the Foxp3UP CD8 TIL population (Figure S7D). Notably, KLRG1
and CD103 identified almost mutually exclusive populations in
OT1 TILs, with CD103+ cells dominating over KLRG1+ cells at day
7 of ACT (Figures S7E and S7F). KLRG1+ Foxp3UP CD8 TILs ex-
pressed lower levels of CD103 than their KLRG1� counterparts (Fig-
ure S7F). Moreover, KLRG1+ cells in both Foxp3UP and mock TIL
subsets expressed lower levels of CD62L and CD27, and higher levels
of PD-1, TIM-3, and LAG-3 compared with KLRG1� cells, indicating
that they were more differentiated and exhausted (Figure S7G).
Within Foxp3UP CD8 TILs, KLRG1+ cells also expressed higher
levels of the activation markers CD69 and CD43 (130-kD). By
contrast, hardly any differences were observed in the expression of
these markers when CD103+ and CD103� cells were compared
(Figures S7F and S7H). These results indicated that two populations
co-existed within FOXP3 CD8 TILs: a population expressing CD103,
CD62L, and CD27 (also present in dLNs although much less acti-
vated), and a more differentiated and exhausted subset expressing
KLRG1.

We also addressed the differentiation state of FoxP3UP CD8 T cells at
day 25 of ACT. We chose this day because at this time point mock
group tumors began to grow, while in the Foxp3UP group tumors
were still contained (Figures 1H and S8A). At day 25, Foxp3UP
CD8 T cells outnumbered mock cells in the tumor, while both popu-
lations were barely detectable in spleen and dLNs (Figure S8B). Inter-
estingly, Foxp3UP CD8 TILs still expressed higher levels of CCR3
than their mock counterparts (Figure S8C), but no difference was
observed in terms of CCR4 expression (data not shown). At this
time point, the bulk of Foxp3UP CD8 TILs exhibited a more differen-
tiated and exhausted phenotype (Figure S8C), and the frequency of
CD103+ and KLRG1+ cells was more balanced (Figure S8D). Strik-
ingly, these highly differentiated and exhausted populations
properties of CD8 T cells
+) cells were mixed (1:1 ratio), labeled with CTV dye, and injected (i.v.) into 10-day

D90.1+CD45.1+) CD8 T cells were analyzed in tumor and the spleen at day 3. (A)
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mock OT1 cells were injected (i.v.) into 10-day B16OVA-bearing BL6 mice. The
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inus one (FMO) is shown. Right: compiled data from four independent experiments.

igrated cells in response to increasing concentrations of mouse CCL22 chemokine

r-day in vitro-expanded Foxp3UP and mock OT1 cells were injected (i.v.) separately
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(B–F and I) or experiments (G and H [right]). Statistical significance was determined
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Figure 5. Enforced FOXP3 expression increased cytotoxicity in CD8

T cells

(A and B) Foxp3UP (GFP+) and mock (CD90.1+) OT-I (CD45.1+) cells were

co-injected at a 1:1 ratio as in Figure 2. (A) Normalized counts from an

RNA-seq analysis of key cytotoxic genes in Foxp3UP (GFP+CD45.1+)

and mock (CD90.1+CD45.1+) CD8 T cells isolated from tumors. (B) The

graph on the left shows GzmB median fluorescent intensity (MFI) in

endogenous (CD45.2+) CD8 T cells (Endo) and transferred Foxp3UP

(GFP+CD45.1+) and mock (CD90.1+CD45.1+) CD8 T cells in the spleen

(SPL), dLNs, and tumor (TUM). Histogram on the right depicts GzmB

expression in endogenous and transferred TILs. (C–E) mock or Foxp3UP

Pmel cells were co-cultured with B16OVA or MC38 tumor cells that had

been previously pulsed or not (unpulsed) with Pmel peptide, at different

ratios of effector cells to tumor cells (E:T ratio). As a control, tumor cells

were cultured alone (medium). The percentage of dead tumor cells

(7AAD+CD45�) in total tumor cells (CD45�) was analyzed 12 h later by

FACS. (C) Representative histograms showing percentage of dead

B16OVA cells at different E:T ratios. (D and E) Killing activity of Pmel cells

against unpulsed (D) or pulsed (E) tumor cells depicted as the

percentage of specific lysis, as described in materials and methods. (F

and G) Mice were treated as in (B). At day 5 of ACT, total cells from the

spleen, dLNs, and tumors were restimulated ex vivo with or without OVA

peptide, and production of IFNg and TNFa was assessed 5 h later

by FACS. (F) Representative dot plots of cells stimulated with or without

peptide (left). The graph on the right shows the percentage of

IFNg+TNFa+ cells within Foxp3UP (GFP+CD45.1+) and mock

(CD90.1+CD45.1+) CD8 T cells in spleen, dLNs, and tumor upon peptide

restimulation. (G) Number of IFNg+TNFa+ Foxp3UP and mock OT-I TILs

normalized to mg of tumor. Data are presented as mean (A, F, and G),

mean + SEM (B), and mean ± SD (D and E). Symbols represent

individual mice (F and G) or experiments (A). Statistical significance was

determined using unpaired t test (A), paired t test (B, F, and G) and

two-way ANOVA for multiple comparisons (D and E). ****p < 0.00005,

***p < 0.0005, **p < 0.005, *p < 0.05. Compiled data from four

different experiments (A) or one experiment representative of two

experiments (B–G) are shown.
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coincided with a reduced expression of the target antigen ovalbumin
(OVA) in the tumor (Figure S8E), suggesting that Foxp3UP OT-I
cells had more efficiently eliminated OVA-expressing tumors. The
loss of the target antigen, and the state of differentiation/exhaustion
of transferred cells, may explain why tumors finally escaped the action
of Foxp3UP CD8 T cells.

FOXP3 overexpression in CD8 T cells allowed them to tailor their

metabolism according to energy demand and nutrient

availability

Gene sets related to glycolysis, lipid metabolism, and OXPHOS were
positively enriched in Foxp3UP CD8 T cells as compared with mock
CD8 T cells in tumor but not in the spleen (Figures 6A and 6B), sug-
gesting that in the TME these cells had a higher capacity to engage
different metabolic pathways. Interestingly, Foxp3UP CD8 TILs ex-
pressed higher levels of GLUT1 (Figure 6C) and were more efficient
in taking up glucose (Figure 6D). Moreover, expression of CD36 (FA
translocator) was borderline significantly higher in Foxp3UP CD8
TILs (Figure 6E), and these cells exhibited an enhanced FA uptake ca-
pacity (Figure 6F). Extracellular FA is stored by TEF cells in lipid
droplets, which play a critical role in energy storage.41 Interestingly,
Foxp3UP CD8 TILs also showed higher lipid accumulation
Figure 6G).

We further assessed the capacity of CD8 T cells to use aerobic glycol-
ysis upon inhibition of mitochondrial ATP production by measuring
the glycolytic proton efflux rate (GlycoPER), which correlates with
lactate accumulation. When the mitochondria were operative, the
glycolytic rate was slightly lower in Foxp3UP CD8 T cells than in
mock CD8 T cells (Figure 6H). However, while inhibition of mito-
chondrial functions hardly affected the glycolytic rate of mock CD8
T cells, it markedly increased that of Foxp3UP CD8 T cells. This
enhanced GlycoPER was fully abrogated by 2-deoxy-D-glucose (2-
DG), indicating that it was dependent on glucose uptake. These
data demonstrated an improved ability of Foxp3UP CD8 T cells to
compensate for energy production through glycolysis after blockage
of mitochondrial ATP production. The ability of T cells to use FAO
to fuel OXPHOS allows them to survive when short of glucose.42

To determine the effect of FOXP3 on the metabolic adaptation capac-
ity of CD8 T cells, the oxygen consumption rate (OCR) and its regu-
Figure 6. FOXP3-overexpressing CD8 T cells exhibited improved glycolytic an

(A and B) Foxp3UP (GFP+) andmock (CD90.1+) OT-I (CD45.1+) cells were co-injected at

and mock (CD90-1+CD45.1+) CD8 T cells isolated from tumor and the spleen at day 5

expressed (p < 0.05) from hallmark glycolysis, KEGG long-chain FA metabolism, an

FA metabolism, and OXPHOS pathway in Foxp3UP versus mock TILs presented as the

OT-I (CD45.1+) cells were separately injected into B16OVA tumor-bearing BL6 (CD45.2+

histograms and graphs showing GLUT1 expression (C), ex vivo 2-NBDG uptake (D), CD3

and intracellular lipid droplet staining with Bodipy-493 (BP-493) (G) of Foxp3UP and moc

average MFI of mock CD8 T cells). (H) GlycoPER assay. Before the assay, Foxp3UP an

anti-CD3 mAb. GlycoPER was measured at baseline and following injections with ro

Foxp3UP and mock CD8 T cells were preconditioned (overnight) in substrate-limited g

Seahorse assay. OCR was measured at baseline and in response to Omy, FCCP, Eto,

represent individual mice (C–G). Statistical significance was determined using unpaired t

four different experiments (A and B) or one experiment representative of two (C–G) or t
lation by FAO was monitored in CD8 T cells under starving condi-
tions. As depicted in Figure 6I, the rate of baseline and maximal
OXPHOS was higher in Foxp3UP CD8 T cells than in mock cells.
Importantly, etomoxir (Eto), which is a specific inhibitor of FAO,
substantially reduced the maximum OCR of Foxp3UP CD8 T cells
to the levels exhibited by mock cells, suggesting that when nutrients
are limiting, Foxp3UP CD8 T cells engaged FAO to drive OXPHOS.

FOXP3-overexpressing CD8 T cells exhibited enhanced

proliferation under restricted metabolic conditions

Glycolysis supports the energy demand necessary for proliferation of
TEF cells43 and Tregs.10 To determine the effect of glycolysis on the
proliferation of Foxp3UP CD8 T cells, we restimulated them in
serum-supplemented media with either normal or low glucose con-
centrations (2 and 0.3 g/L, respectively). Importantly, while both
cell types proliferated similarly in the presence of normal glucose con-
centrations, Foxp3UP CD8 T cells did so more efficiently in the low-
glucose medium (Figure 7A). Proliferation was affected by 2-DG but
not by Eto (Figure 7A), and Foxp3UP CD8 T cells were similarly or
somewhat more sensitive to 2-DG inhibition, especially in the low-
glucose medium (Figure 7B). Interestingly, the effect of the
OXPHOS inhibitor oligomycin (Omy) on proliferation varied ac-
cording to the availability of glucose. While Omy hardly affected pro-
liferation in the normal-glucose medium, it greatly inhibited CD8
T cell proliferation under glucose shortage (Figure 7B). These results
suggested that when glucose was available, glucose oxidation to
lactate was sufficient to generate the energy necessary to drive CD8
T cell proliferation. However, under glucose deprivation, glycolysis
and OXPHOS must couple to support the energy demand necessary
for proliferation of activated CD8 T cells. Strikingly, Foxp3UP CD8
T cells were more sensitive to Omy inhibition than mock CD8
T cells in the low-glucose medium, suggesting a more important
role for OXPHOS in these cells (Figure 7B). In general, a similar pic-
ture was observed in hypoxia (Figure 7C) except that Eto, curiously,
increased T cell proliferation when glucose was low.

Since serum itself contains a certain amount of glucose, we repeated
the same experiment but with dialyzed serum-supplemented me-
dium. Under these more extreme culture conditions, the differences
between Foxp3UP and mock CD8 T cells were further exacerbated
d lipidic metabolism

1:1 ratio as described in Figure 2. Transcriptomic profile of Foxp3UP (GFP+CD45.1+)

of ACT. (A) Heatmap representation of hierarchical clustering of genes differentially

d OXPHOS gene set. (B) GSEA enrichment score curve of glycolysis, long-chain

normalized enrichment score (NES). (C–G) Foxp3UP (CD90.1+) and mock (CD90.1+)

) mice, and CD90.1+CD45.1+ TILs were analyzed at day 5 upon ACT. Representative

6 expression (E), ex vivo uptake of palmitate analog Bodipy-FL-C16 (BP-FL-C16) (F),

k cells. Data are presented as relative MFI values (MFI of studied cells divided by the

d mock CD8 T cells were restimulated in vitro (2 h) with soluble anti-IgG-crosslinked

tenone/antimycin A (Rot/AA) and 2-DG. (I) OCR assay under starving conditions.

rowth medium and maintained in poor-nutrient Seahorse medium throughout the

and Rot/AA. Data are presented as mean (C–G) and mean ± SD (H and I). Symbols

test (C–I). ****p < 0.00005, ***p < 0.0005, **p < 0.005, *p < 0.05. Compiled data from

hree (H and I) experiments are shown.
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Figure 7. Advantage of FOXP3-overexpressing CD8 T cells in low-glucose conditions

(A and B) Eight-day in vitro-expanded Foxp3UP andmock (both GFP+) CD8 T cells were labeled with CTV dye and restimulated in vitro (72 h) with plate-bound anti-CD3mAb

in IL-2- and glucose-free DMEM supplemented with normal or low glucose concentration and FCS in the presence or absence of 2-DG, Eto, or Omy. (A) Graphs showing the

percentage of proliferating cells in transduced (GPF+) cells and representative histograms of the CTV dilution assay. As reference, cells left without stimulation (Ctr) are shown

(dotted histogram). (B) Proliferation inhibition index calculated as CTV MFI of inhibitor-treated cells/CTV MFI of inhibitor-free cells. (C) CTV-labeled cells cultured as in (A) and

(B), but in hypoxia (1% O2). Percentage of proliferating cells in transduced (GPF+) cells. Data are presented as mean ± SD. One experiment was representative of two

experiments (A–C).
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(Figure S9). Notably, only Foxp3UP CD8 T cells were proliferating
under conditions of low glucose and normoxia. In hypoxia, prolifer-
ation was only observed in the presence of normal glucose levels.
2-DG, but not Eto, inhibited the proliferation of both cell types under
all conditions. Confirming our previous result in normoxia (Fig-
ure 7B), Omy only impaired proliferation when the glucose concen-
tration was low (Figure S9). More importantly, Omy totally abrogated
Foxp3UP cell proliferation in normoxia and low glucose, highlighting
the importance of OXPHOS in driving proliferation when glucose
was deficient. Strikingly, using dialyzed serum-supplemented me-
dium, proliferation inhibition by Omy was also evident in the pres-
ence of normal glucose levels and hypoxia. Taken together, these re-
sults indicate that enforced FOXP3 expression enhanced CD8 T cell
60 Molecular Therapy Vol. 31 No 1 January 2023
proliferation under glucose deprivation, likely by more efficient
glucose usage and the coupling of glycolysis and OXPHOS.

DISCUSSION
In this study, we show that FOXP3 overexpression in mature CD8
T cells improved their therapeutic efficacy in ACT. Importantly, tran-
scriptomic analysis of Foxp3UP CD8 TILs showed positive enrich-
ment in a wide variety of metabolic pathways, such as glycolysis,
FA metabolism, adipogenesis, and OXPHOS. This metabolic gene
signature resembles that of tumor-infiltrating CD4 Tregs.11 FACS an-
alyses confirmed that Foxp3UP CD8 TILs exhibited an enhanced ca-
pacity for glucose and FA uptake as well as accumulation of intracel-
lular lipids. Metabolic studies demonstrated that Foxp3UP CD8
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T cells had an improved ability to compensate for the loss of mito-
chondrial ATP production through the activation of glycolysis. More-
over, in limiting nutrient conditions, these cells were able to engage
FAO to fuel OXPHOS to meet their energy demands. The ability of
Foxp3UP CD8 T cells to employ both glycolysis and FAO provides
them with flexibility in fuel choice within the tumor, which may ac-
count for their enhanced antitumor properties. This is consistent
with previous research showing that increasing FAO in CD8 T cells
enhances their antitumor efficacy.44,45

FOXP3 expression in CD8 T cells favored their accumulation within
the tumor. Interestingly, Foxp3UPCD8 T cells proliferatedmore than
their mock counterparts in the tumor but not in the spleen. Notably,
under extreme culture conditions that severely affect T cell prolifera-
tion (such as low glucose and hypoxia, both common features of the
TME), Foxp3UP CD8 T cells had a proliferative advantage, which was
impaired in the presence of inhibitors of glycolysis and OXPHOS,
suggesting that both metabolic pathways were contributing. This re-
sembles CD4 Tregs during their proliferative and migratory phase, in
which a substantial proportion of glucose is used for mitochondrial
oxidation.12,46 Our findings suggest that a more efficient glucose us-
age and the ability to couple glycolysis and OXPHOS give Foxp3UP
CD8 T cells a metabolic advantage that allows them to sustain their
proliferation under metabolic restrictions, which would explain their
proliferative superiority in the TME.

CCR4 mediates tumor migration of CD4 Tregs in response to
CCL22,36 highly expressed in melanoma.47 Moreover, ectopic
CCR4 expression in CD8 T cells enhances their tumor migration
and therapeutic efficacy in ACT.48 Remarkably, CCR4 expression
was increased in Foxp3UP CD8 T cells, and in transwell assays these
cells exhibited enhanced migration toward CCL22, which suggests
that the CCL22/CCR4 axis may play a role in their tumor recruit-
ment.47 Ccr3 is expressed by CD4 Tregs specifically among
T cells.49 It is known that hypoxia increases the production of
CCR3 ligands50 and that CD4 Tregs selectively accumulate in hypoxic
areas.51 Interestingly, Ccr3 was the most expressed gene in Foxp3UP
CD8 TILs, and CCR3 remained upregulated in these cells even in the
late phase of ACT. These data suggest a role for the hypoxia-CCR3
axis in regulating the tumor migration of Foxp3UP CD8 T cells
that warrants further study. Moreover, Foxp3UP CD8 TILs exhibited
increased expression of tissue-remodeling-related genes (Mmp9) and
cell-adhesion-related genes (Itgb7, Itgae, and Itgam) that may have
facilitated their mobility through the tumor stroma.52 Taken together,
our data suggest that the increased intratumoral accumulation of
Foxp3UP CD8 T cells may be due to their enhanced migration and
proliferation within the tumors.

Importantly, Foxp3UP CD8 TILs exhibited increased GzmB levels.
This was conditioned by TME-derived signals, since Foxp3UP and
mock CD8 T cells did not differ in GzmB content either before or after
transfer in the spleen or dLNs. Interestingly, hypoxia increased GzmB
expression more markedly in Foxp3UP than in mock CD8 T cells.
This finding, together with the positive enrichment of hypoxia
response genes in Foxp3UP CD8 TILs, supports the idea that hypox-
ia-derived signals may have favored GzmB expression in these cells.
However, Foxp3UP CD8 T cells exhibited impaired production of
effector cytokines, such as IFNg and TNFa, which could be explained
in part by the suppressive action of FOXP3 on the Ifng locus.53

Foxp3UP CD8 T cells exhibited increased expression of the high-af-
finity IL-2 receptor (CD25), which may account for their high depen-
dence on IL-2. It has been suggested that high CD25 levels may act as
a sink absorbing IL-2 from the local environment, which has been
proposed as one of the possible mechanisms of immunosuppression
by CD4 Tregs.54 Foxp3UP CD8 T cells also expressed the hallmark
Treg suppressor gene Il10. However, the suppressive action of IL-10
is somewhat contradictory,55 and more recently IL-10 has been
shown to improve the expansion, cytotoxic functions, and therapeutic
activity of CD8 TILs by promoting OXPHOS.56 CD4 Tregs can also
induce Tconv cell death via granzymes and perforins, or suppress
Tconv priming by downregulating co-stimulatory molecules on den-
dritic cells via CTLA-4.57 However, despite expressing several sup-
pressive features of CD4 Tregs, Foxp3UP CD8 T cells did not exhibit
suppressive activity.

The T cell differentiation status is very important for successful ACT.
Although the presence of less-differentiated cells in the infused prod-
uct guarantees long-term tumor control,1 these cells must be able to
differentiate into full TEF cells capable of killing tumor cells.58 How-
ever, the nutrient restrictions in the TME constrain the T cell effector
programs.5,7 Interestingly, Foxp3UP CD8 TILs displayed a TEF cell
gene signature within the tumor, but not before transfer, nor when
isolated from the spleen, which suggests that they were capable of
continuing their differentiation program in the tumor. The concur-
rence of the TEF cell gene signature with a diverse metabolic gene
signature suggests that the capacity of Foxp3UP CD8 TILs to
continue their differentiation program may be attributed to their ca-
pacity to metabolically adapt to the TME.

The presence of TRM T cells in tumors is associated with longer sur-
vival in various cancer types.59 Interestingly, Foxp3UP CD8 TILs also
exhibited a gene signature resembling that of previously described tu-
mor-infiltrating TRM.32 Phenotypic FACS studies confirmed the co-
existence of less-differentiated cells expressing CD103 and more-
differentiated cells expressing KLRG1 within Foxp3UP CD8 TILs.
Divergent populations of CD103+ CD8 TRM and KLRG1+ CD8
TEF cells have also been described in the infiltrate of non-small cell
lung cancer (NSCLC).40 Interestingly, while CD103+ cells dominated
over KLRG1+ cells in the early phase, a shift in favor of KLRG1+ cells
was observed in the late phase of ACT. This may be due to the con-
version of CD103+ cells into terminally differentiated TEF cells,
although we cannot exclude the specific loss of CD103+ cells. Further-
more, Foxp3UP CD8 T cells appeared to form a less-differentiated/
memory-like cell compartment in dLNs at earlier times, which could
have replenished the intratumoral Foxp3UP CD8 population and
thus account for the increased number observed in late-stage tumors.
Further studies are needed to determine the evolution of the different
Molecular Therapy Vol. 31 No 1 January 2023 61
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cell subsets over time and between tissues. It is important to note that
the enhanced ability of these cells to control tumor growth came at the
expense of reaching a state of increased differentiation and exhaus-
tion. This, together with the appearance of antigen-loss variants
(due to the immunoediting effect of the ACT), would explain why tu-
mors ultimately escaped the action of Foxp3UP CD8 T cells.

Here, we show that overexpression of FOXP3 in mature CD8 T cells
improved their antitumor efficacy in ACT, favoring their metabolic
adaptation to the TME as well as their recruitment, proliferation,
and cytotoxic activity within tumors. However, in a recent publication
using germline Foxp3 mutated (scurfy) CD8 T cells, we showed that
these cells exhibited superior antitumor activity than their wild-type
counterparts.60 The reasons for these seemingly opposing functions
are not clear and require further study, but suggest that the role of
FOXP3 in CD8 T cells depends on their stage of development and/
or differentiation. Previous studies support our observations that
FOXP3 enhances the effector functions of CD8 T cells within the tu-
mors. Thus, in melanoma,21 NSCLC,22 and cervical cancer23 patients,
CD8+FOXP3+ cells were detected and described as early effector/
effector memory cells. Moreover, elevated levels of CD8+FOXP3+

cells have been associated with response to PD-1 blockade in cervical
cancer23 patients and, more recently, in melanoma24 patients.
CD8+FOXP3+ TILs have also been associated with an effective anti-
tumor response in mouse tumors.21 However, exploiting FOXP3
overexpression to enhance the efficacy of CD8 T cells in ACT may
also have downsides. On one hand, similar to challenges with expand-
ing CD4 Tregs in vitro, which requires high doses of IL-2,61 FOXP3
expression on CD8 T cells impaired their in vitro expansion. On
the other hand, the ability of Foxp3UP CD8 T cells to continue their
differentiation program in tumors might hamper the formation of
long-term memory T cells. Enhanced manufacturing processes and
strategies to favor the persistence of infused cells may be necessary
for the clinical application of Foxp3UP CD8 T cells.

MATERIALS AND METHODS
Mice

OT-I (C57BL/6-Tg(TcraTcrb)1100Mjb/J), Pmel (B6.Cg-Thy1a/Cy
Tg(TcraTcrb)8Rest/J), and CD45.1 (B6.SJL-PtprcaPep3b/BoyJ) mice
were purchased from The Jackson Laboratory. OT-1 mice were
crossed with CD45.1 mice to obtain homozygous OT-1 � CD45.1
mice. These strains were bred in our animal facility under specific
pathogen-free conditions. C57BL/6 (BL6) mice were obtained from
Harlan Laboratories. All animal handling and tumor experiments
were approved by our institutional ethics committee (protocols
012-15 and 019-19) in accordance with Spanish regulations.

Cell lines and plasmids

The retroviral packaging cell line Platinum-E (PLATE) (American
Type Culture Collection) was cultured in PLATE medium
(DMEM-Glutamax, 10% fetal calf serum [FCS], 1% sodium pyruvate,
1% essential amino acids, 10 mM HEPES, 100 U/mL penicillin,
100 mg/mL streptomycin) supplemented with 1 mg/mL puromycin
and 10 mg/mL blasticidin. The mouse melanoma cell line B16F10,
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B16F10 cells expressing OVA (B16OVA), and colon adenocarcinoma
cell line MC38 were obtained from Dr. Melero (Center for Applied
Medical Research, Spain). All tumor cell lines were verified by Idexx
Radil. B16F10, B16OVA, MC38, and primary mouse T cells were
cultured in complete medium (RPMI-1640-Glutamax, 10% FCS,
100 U/mL penicillin, 100 mg/mL streptomycin, 10 mg/mL genta-
micin, 1 mM HEPES, 50 mM 2-mercaptoethanol). Cell lines were
confirmed to be mycoplasma-free by using the MycoAlert Myco-
plasma Detection Kit (Lonza).

Retroviral transduction of mouse CD8 T cells

RV production is described in supplemental methods. CD8+ spleno-
cytes were isolated from mouse spleens using the EasySep Mouse
CD8+ T cell Isolation Kit (STEMCELL Technologies) and activated
in 24-well plates (Cellstar) coated with 2 mg/mL anti-CD3 (145-
2C11) and 1 mg/mL soluble anti-CD28 (37.51) in complete medium
containing 50 U/mL human IL-2 (Proleukin). At day 2 of activation,
cells were resuspended in RV supplemented with 10 mg/mL prot-
amine sulfate and 50 IU/mL human IL-2 and “spin-inoculated” at
2,000� g for 90 min at 32�C. This was repeated with fresh RV super-
natant the next day. Transduction efficiency was evaluated by
measuring reporter protein expression (GFP, CD90.1) by FACS.
For FOXP3 overexpression, CD8 T cells from OT-1 � CD45.1 and
Pmel mice were genetically modified using MSCV-Foxp3-Gfp (or
Thy1.1, coding for CD90.1) RV. CD8 T cells modified with empty vec-
tors were designated as “mock.” Cells were used at day 4 or day 7 of
activation (day 2 or day 5 post transduction, respectively) (4-day or
7-day in vitro-expanded cells, respectively) or at the time indicated
in the figures. Table S2 summarizes all the distinctive phenotypes of
genetically modified CD8 T cells used in this study.

ACT experiments for antitumor efficacy

B16F10 or B16OVA mouse melanoma cells, which are responsive to
the ACT of Pmel and OT1 TCR transgenic CD8 T cells, respectively,
were used. Eight-week-old BL6 mice were subcutaneously implanted
with 5 � 105 tumor cells and, at day 7 or day 9 post tumor implanta-
tion, recipient mice were randomized and total body irradiated (TBI)
with 3 Gy. At day 8 or day 10, therapy was initiated by intravenous
(i.v.) injection of genetically modified CD8 T cells in combination
with intraperitoneal administration of human IL-2 (Proleukin)
(4 � 104 U once daily for 4 consecutive days). The tumor growth
rate was determined by blindly measuring the perpendicular diame-
ters of tumors two or three times per week using digital calipers.
The survival rate was alsomonitored. In line with ethics requirements,
mice were sacrificed when they showed one or more of the following
criteria: mean diameter of the tumor reaching 18 mm, ulcerated/
necrotic tumor, and/or physical impairment (impairedmobility, signs
of lethargy, lack of physical activity, and weight loss).62 The number of
euthanasia cases due to physical impairment was more frequent in tu-
mor-bearing mice not treated with Pmel or OT-1 CD8 T cells.

ACT experiments for ex vivo CD8 T cell characterization assays

TBI, 10-day B16OVA-bearing BL6 mice received an i.v. injection of a
1:1 mix containing mock (CD90.1+) and Foxp3UP (GFP+) OT1 cells,



www.moleculartherapy.org
or mock (GFP+CD90.1+) and Foxp3DN (GFP+Cherry+) OT1 cells
(8 � 106 total cell number/mouse). In addition, all mice received IL-2
systemically as already described. In some experiments, cell mixtures
were labeled with CTV dye before injection as detailed in supplemental
methods. In some experiments, genetically modified cells were sepa-
rately injected. On the days indicated, mice were sacrificed and tumors,
spleens, and dLNs were processed as described in supplemental
methods. A single cell suspension was stained for FACS analysis as
detailed below.
FACS and cell sorting

Tissue cell suspensions containing transferred CD8 T cells or in vitro
cultured CD8 T cells were analyzed by FACS as described. The fluoro-
phore-conjugated mAbs or protein used for FACS and cell sorting are
specified in supplemental methods. Transferred CD8 T cells were
distinguished from endogenous CD8 T cells by the surface marker
CD45.1, while CD90.1 and GFP were used to identify and quantify
each genetically modified CD8 T cell population. For FACS sorting,
cells were surface-stained with mAbs against distinctive population
markers (CD8, CD45.1, and/or CD90.1) in the presence of purified
anti-CD16/32 mAb (Fc Block), which was followed by SYTOX Blue
dead dye. Sorting of CD8 T cell subsets was performed with a
FACSAria sorter (BD Biosciences) or a MoFloAstrio EQ (Beckman-
Coulter). Aggregates and dead cells (SYTOX Blue+) were excluded.
Protocols used for surface and intracellular staining, annexin V label-
ing, glucose and FA uptake, and intracellular lipid droplet staining
are detailed in supplemental methods. Cells were acquired using a
FACS CANTO II (BD Biosciences) or Cytoflex (Beckman-Coulter).
Absolute cell numbers were determined using a volumetric cytometer
(Cytoflex). Data were analyzed with FlowJo software (Tree Star).
RNA analysis

For RNA-seq, cells from four independent experiments were analyzed.
In brief, transduced cells isolated from the infusion cellular products
(5� 105) or transferred transduced cells isolated from tumor or spleen
(1–5 � 105) were processed and used to isolate RNA using a Maxwell
16 LEV simplyRNA tissue kit (Promega). A SMART-Seq v4 Ultra Low
Input RNAKit was used to generate cDNA, and the TruSeq RNA Sam-
ple Prep Kit v2 was used to generate RNA-seq libraries. Libraries were
sequenced in a 150 bp paired-end run using NovaSeq6000 (Macrogen,
Korea). FASTQ files were mapped to Mus musculus GRCm38.97
genome using STAR. From the resulting BAM files, raw gene counts
were calculated using Subread (v.1.6.3). Next, differentially expressed
genes were determined by DEseq2 (v.1.26.0) R package. Volcano plots
and heatmaps were plotted using ggplot2 and heatmap R packages,
respectively. GSEA was performed with clusterProfiler (v.3.14.3). The
list of gene IDs with log2 fold changes fromDEseq2 was used as dataset,
and GO_BP, KEGG,WikiPathways, andMSigDBHallmark collections
were used as gene sets. GSEA bar plots were made using ggplot2 R
package. RNA-seq raw data can be accessed at GEO: GSE206987.
Ova and Thy1.1 gene expression in tumor was determined by qRT-
PCR using RNA isolated from total tumor, as described in supple-
mental methods.
Glycolytic rate assay

Two hours before the assay, CD8 T cells were stimulated with
2 mg/mL anti-CD3 mAb (145-2C11) crosslinked with 1 mg/mL
anti-hamster immunoglobulin G (IgG) (MP) Ab in complete me-
dium. They were then harvested, washed, and resuspended in Sea-
horse XF DMEM (pH 7.4) medium (Agilent) supplemented with
10 mM glucose, 1 mM sodium pyruvate, and 2 mM glutamine. Cells
(105 cells/well) were plated onto Seahorse cell plates coated with Cell-
Tak (Corning). The glycolytic rate test was performed by measuring
the glycolytic proton efflux rate (GlycoPER), which correlates with
lactate accumulation, in response to rotenone/antimycin A (0.5 mM
each) and 2-DG (50 mM) (all from Sigma-Aldrich). Measurements
were taken using a Seahorse XFp analyzer (Agilent).

Endogenous FA consumption assay

One day prior to the assay, CD8 T cells were cultured in substrate-
limited growth medium (Seahorse XF DMEM [pH 7.4] medium [Agi-
lent] supplemented with 0.5 mM glucose, 1 mM glutamine, 1% fetal
bovine serum, 0.5 mM L-carnitine, and 5 U/mL human IL-2). On
the day of the assay, cells were washed and resuspended in Seahorse
XF DMEM medium supplemented with 2 mM glucose and
0.5 mM L-carnitine. Cells (105 cells/well) were then plated onto
Cell-Tak-coated Seahorse cell plates. The OCR was measured in
response to Omy (1.5 mM), carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone (FCCP; 1.5 mM) and rotenone/antimycin A
(0.1 mM and 1 mM, respectively) (all from Sigma-Aldrich). Measure-
ments were taken using a Seahorse XFp analyzer (Agilent).

In vitro proliferation in nutrient-limited medium

Genetically modified CD8 T cells were expanded for 7–10 days in
complete medium containing 50 U/mL human IL-2. Cells were
then labeled with 5 mM CTV dye and cultured for 72 h in 1 mg/mL
anti-CD3 coated 96-well plates with high- or low-glucose medium
(glucose-free RPMI medium supplemented with 10% FCS [Sigma],
50 mM 2-mercaptoethanol, 100 mg/mL penicillin/streptomycin, and
2 g/L or 0.3 g/L glucose, respectively). In some experiments, dialyzed
FCS (One Shot; Invitrogen) instead of normal FCS was used. Specific
metabolic inhibitors used were 2-DG (1 mM), Eto (50 mM), and Omy
(3 nM) (all from Sigma). In some experiments, cells were also cultured
under 1% O2 atmosphere in an H35 Hypoxystation (Don Whitley)
incubator. CTV dilution was assayed by FACS.

Assays to assess cytotoxic activity, chemotaxis, immune

suppression, and sensitivity to restimulation-induced and

cytokine-withdrawal-induced cell death

For cytotoxicity assays, geneticallymodifiedPmel cells were co-cultured
(12 h) with 5 � 104 B16OVA and MC38 tumor cells (test wells) in a
96-well plate at different effector cell to tumor cell (E:T) ratios. In
some cases, tumor cells were previously pulsed with 2 mg/mL cognate
Pmel peptide for 1 h and then washed extensively. As a control, tumor
cells were cultured alone (control wells). Next, cells were stained with
anti-CD45 mAb and 7AAD. The percentage of dead tumor cells
(7AAD+CD45�) within total tumor cells (CD45�) was analyzed
by FACS. The percentage of specific lysis was calculated with the
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formula: % specific lysis = ([% 7AAD+ targets test wells] � [mean %
7AAD+ targets control wells])/(100� [mean % 7AAD+ targets control
wells]) � 100. The remaining assays are described in supplemental
methods.

Statistical analysis

Statistical tests were performed using GraphPad Prism (v.8.4.0) or
RStudio (v. 1.2.1335). For more details, see supplemental methods.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2022.08.017.
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