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Abstract
Adoptive cell therapy (ACT) using autologous tumor-inﬁltrating lymphocytes (TIL) results in complete regression of
advanced cancer in some patients, but the efﬁcacy of this potentially curative therapy may be limited by poor persistence of TIL
after adoptive transfer. Pharmacologic inhibition of the serine/
threonine kinase Akt has recently been shown to promote immunologic memory in virus-speciﬁc murine models, but whether this
approach enhances features of memory (e.g., long-term persistence) in TIL that are characteristically exhausted and senescent is
not established. Here, we show that pharmacologic inhibition of

Akt enables expansion of TIL with the transcriptional, metabolic,
and functional properties characteristic of memory
T cells. Consequently, Akt inhibition results in enhanced persistence of TIL after adoptive transfer into an immunodeﬁcient
animal model and augments antitumor immunity of CD8 T cells
in a mouse model of cell-based immunotherapy. Pharmacologic
inhibition of Akt represents a novel immunometabolomic
approach to enhance the persistence of antitumor T cells and
improve the efﬁcacy of cell-based immunotherapy for metastatic
cancer. Cancer Res; 75(2); 296–305. 2014 AACR.

Introduction

(4). This notion has also been corroborated by ﬁndings from
murine models of ACT in which there is a progressive loss of
antitumor function as T cells mature toward terminal differentiation (5). Therapeutic TIL isolated for ACT, however, are characterized by a terminally differentiated phenotype that is associated
with diminished antitumor activity and poor capacity for longterm persistence (Supplementary Fig. S1; ref. 6). Collectively,
these ﬁndings suggest that promoting immunologic memory in
TIL may enhance antitumor immunity and the curative potential
of ACT for advanced cancer.
Recent ﬁndings have highlighted the importance of the
PI3K–Akt–mTOR pathway in regulating CD8 T-cell differentiation and memory formation (7–11). Akt coordinates transcriptional programs triggered by activation of the T-cell receptor
(TCR) and interleukin-2 (IL2) to drive expression of key adhesion
and cytolytic molecules that distinguish effector versus memory T
cells (12). Despite the canonical role of Akt in controlling glucose
metabolism in diverse cell types (13), there is emerging evidence
that it is not an obligate regulator of CD8 T-cell metabolism
(10, 14). It has been shown that constitutively active Akt promotes
cell growth and survival of CD4 T cells, but not CD8 T cells
(15–17). More recently, it was shown that loss or reduction of Akt
signaling does not compromise T-cell proliferation or survival,
but causes differentiated cytotoxic T cells to transcriptionally
reprogram from an effector to memory phenotype (10).
The observation that Akt inhibition does not signiﬁcantly alter
metabolism and proliferation of CD8 T cells, but promotes a
transcriptional program that drives memory may be therapeutically important because response to ACT not only correlates with
features of immunologic memory, but also absolute number of

Adoptive cell therapy (ACT) using autologous tumor-inﬁltrating lymphocytes (TIL) is emerging as a curative therapy for
advanced cancer (1, 2). In previous ACT trials for patients with
metastatic melanoma, the following features of TIL have been
associated with objective response: long telomeres of infused
cells, expression of the memory-marker CD27, and persistence
of cells in circulation 1 month after transfer (3). These ﬁndings
suggest that transfer of TIL with features characteristic of memory
T cells may improve the efﬁcacy of ACT for advanced melanoma
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adoptively transferred TIL. We were therefore interested in exploring whether inhibition of Akt could promote features of memory
in tumor-inﬁltrating cytotoxic T cells without signiﬁcantly modulating metabolism or cell proliferation.
To evaluate this, we expanded TIL in the presence of a wellcharacterized allosteric inhibitor of Akt (18) that has previously
been used in murine cytotoxic T cells (10). We found that human
TIL cultured in Akt inhibitor demonstrate enhanced features of
immunologic memory that correlate with improved long-term
persistence after adoptive transfer. Although Akt inhibition did
not compromise TIL proliferation, we were somewhat surprised to
ﬁnd that it signiﬁcantly modulated the metabolic proﬁle of TIL.
Importantly, in a murine model of ACT, we show that Akt
inhibition improved antitumor immunity of cytotoxic T cells.
Taken together, these ﬁndings support the use of pharmacologic
approaches to enhance cell-intrinsic qualities of TIL that may
potentially augment antitumor immunity and improve the efﬁcacy of cell-based immunotherapy for advanced cancer (Supplementary Fig. S1).

Patients and Methods
Patient cell samples
Human cells used in this study were isolated from patients with
metastatic melanoma receiving treatment under institutional
review board–approved clinical protocols (NCT01319565 or
NCT00670748) in the Surgery Branch of the National Cancer
Institute. Informed consent was obtained from all subjects.
Tumor-inﬁltrating T lymphocyte (TIL) cultures were expanded to
clinical-scale as previously described (19). Brieﬂy, tumor fragments
or digests were cultured in 6,000 IU/mL IL2 for 2 weeks, and
subsequently expanded with a rapid expansion protocol using
30 ng/mL OKT3 (anti-CD3) antibody (Miltenyi Biotec) and
6,000 IU/mL IL2 in the presence of irradiated (50 Gy) allogeneic
feeder cells at a 200:1 ratio of feeder cells to TIL. TIL culture media
was supplemented with 1 umol/L Akt inhibitor (PubChem Compound Identiﬁcation: 10196499, also called Akt inhibitor VIII or
Akti-1/2) purchased from Calbiochem. TIL were harvested for
myriad assays 30 days after initiation of culture, including FACS
analysis, coculture with tumor targets, microarray analysis, adoptive-transfer into NSG mice, and metabolomic analysis.
Mice and tumor lines
Thy1.1 and Ly5.1 Pmel-1TCR-transgenic (Pmel) mice have been
described previously (20). NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
mice and C57BL/6 N (B6) mice were purchased from The Jackson
Laboratory and NCI Frederick. Mice were housed in the NIH
Clinical Research Center vivarium and maintained in compliance
with the NIH Animal Care and Use Committee. Mice were excluded
from analysis if less than 6 weeks old and not age- and gendermatched with experimental cohort. Mice were randomized to
treatment group and investigators blinded when measuring outcomes of tumor size, survival after adoptive transfer, and histopathologic analysis. Splenocytes from Pmel mice were stimulated
with hgp10025-33 peptide (1 mmol/L) and 100 IU/mL recombinant
human IL2 (rhIL-2; Novartis) in the presence or absence of 1 mmol/
L AktI-1/2 (Akti; Calbiochem) and CD8þ T cells were harvested at
day 5. Secondary stimulation was performed using peptide-pulsed
irradiated B6 feeder cells. The B16F10 tumor line (B16) was
obtained from the National Cancer Institute tumor repository and
tested for mycoplasma contamination.
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Gene expression analysis and cytokine production assays
For real-time RT-PCR, RNA was extracted with RNeasy Kits
(Qiagen) and cDNA was generated using High Capacity RNAto-cDNA Kits (Applied Biosystems). Real-time RT-PCR was
performed on a CFX96 thermal cycler (Bio-Rad) using primer/probe sets for indicated genes and ACTB (Applied Biosystems). For cytokine production assays, coculture of TIL with
autologous tumor was performed and supernatants assessed for
the presence of gamma-interferon (IFNg) by enzyme-linked
immunosorbent assay (ELISA) in accordance with the manufacturer's protocol.
Adoptive cell transfer
Tumor therapy was performed as described previously (20).
Brieﬂy, Pmel splenocytes were stimulated with hgp10025–33
peptide and expanded in rhIL-2 (1,000 IU/ml) to model clinical
protocol of expanding human TIL in high-dose IL2. Expanded
splenocytes (2  106) were subsequently transferred into irradiated (6 Gy) B6 mice with established subcutaneous B16
melanoma tumor and VVhgp100(1e7pfu) was administered
upon transfer. Intraperitoneal injections of rhIL-2 were administered twice daily for 3 days after transfer. To measure engraftment and homeostatic proliferation of murine Pmel CD8þ T
cells, 1  106 cells were adoptively transferred with coadministration of VVhgp100 (1e7pfu) into irradiated (6 Gy) B6 mice
after ex vivo stimulation (with hgp10025–33 peptide) and expansion in 100 IU/ml rhIL-2. Transferred cells were enumerated
with hemocytometer and FACS staining with conjugated antibodies (all from BD Pharmingen) with speciﬁcity against the
following: CD8 (catalog number 557654), CD27 (560691),
CD62L (553151), Thy1.1 (557266), and Ly5.1 (553775). To
measure engraftment and homeostatic proliferation of human
TIL, 1  107 cells were adoptively transferred into NSG mice
after ex vivo expansion as described above. Intraperitoneal injections of rhIL-2 were administered twice daily for 3 days after
transfer. Transferred cells were enumerated with hemocytometer
and FACS staining with conjugated antibodies with speciﬁcity
against the following: hCD3 (BD Biosciences 557694), hCD4
(Biolegend 317428), hCD8 (BD Biosciences 560179), and
hCD62L (Biolegend 304822).
Microarray analysis
Human TIL from 3 patients were isolated and expanded ex
vivo as described above. After 30 days expansion, T lymphocytes
were enriched for the CD8þ population by Miltenyi magnetic
column separation (order no. 130-096-495) according to the
manufacturer's instructions. RNA (100 ng) was extracted from
CD8þ TILs using Ovation Pico WTA System V2 (NuGEN)
according to the manufacturer's instructions. Brieﬂy, ﬁrst-strand
cDNA was synthesized using the SPIA tagged random and oligo
dT primer mix in 10-mL reactions after denaturation and incubated at 65 C for 2 minutes and priming at 4 C followed by
extension at 25 C for 30 minutes, 42 C for 15 minutes and
77 C for 15 minutes. Second-strand cDNA synthesis of fragmented RNA was performed using DNA polymerase at 4 C for 1
minute, 25 C for 10 minutes, 50 C for 30 minutes, and 80 C for
20 minutes. 50 double stranded cDNA was used as the template
for isothermal single-strand cDNA ampliﬁcation following a
cycle of DNA/RNA primer binding, DNA replication, strand
displacement, and RNA cleavage at 4 C for 1 minute, 47 C for
75 minutes, and 95 C for 5 minutes in a total 100-mL reaction.
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Figure 1.
Inhibition of Akt promotes expansion
of human TIL with enhanced
expression of the memory-marker
CD62L. A, FACS histogram and
quantiﬁcation of phosphorylation at
indicated residues during acute time
points after CD3 stimulation of human
TIL either in presence or absence of
pharmacologic inhibition of
Akt. Gray shading, unstimulated TIL. B,
FACS histogram and quantiﬁcation of
þ
þ
CD62L expression on CD4 and CD8
TIL isolated from three patients and
expanded ex vivo at clinical-scale with
agonistic anti-CD3 (OKT3) antibody
and irradiated allogeneic feeders with
high dose IL2 in the presence or
absence of Akt inhibitor. C, scatter
plot showing fold expansion at
clinical-scale of human TIL from three
patients cultured independently in
triplicate. D, bar graph showing IFNg
release by ELISA when either Aktitreated TIL or vehicle were cocultured
for 12 hours under following
conditions: no tumor cells (TC),
allogeneic tumor cells, autologous
tumor cells, autologous tumor cells
with MHC-I blocking antibody
(W6/32), and OKT3 alone.  , P < 0.05;

, P < 0.01;    , P < 0.001;     , P <
0.0001. Center bar, mean; error bars,
SEM.

Samples were fragmented and biotinylated using the Encore
Biotin Module (NuGEN) according to the manufacturer's
instructions. Biotinylated cDNA was then hybridized to Human
Gene 1.0 ST arrays (Affymetrix) overnight at 45 C and stained
on a Genechip Fluidics Station 450 (Affymetrix), according to
the respective manufacturer's instructions. Arrays were scanned
on a GeneChip Scanner 3000 7G (Affymetrix). Global gene
expression proﬁles were rank ordered by relative fold-change
values and analyzed by using Gene Set Enrichment Analysis
(GSEA) software (Broad Institute, MIT). P values were calcu-
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lated using the Student t test using Partek Genomic Suite after
Robust Multiarray Average normalization.
Metabolism assays
Oxygen consumption rate (OCR) was measured at 37 C using
an XF24 extracellular analyzer (Seahorse Bioscience) as previously
described (21). Brieﬂy, TIL were initially plated with XF media
(nonbuffered RPMI-1640 containing 25 mmol/L glucose,
2 mmol/L L-glutamine, and 1 mmol/L sodium pyruvate) and
incubated in a non-CO2 incubator for 30 minutes at 37 C. Using
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Metabolomics
After 30 days expansion, TIL were enriched using Miltenyi
magnetic column CD8þ separation (order no. 130-096-495)
according to the manufacturer's instructions. Five replicates per
treatment group (Akti vs. vehicle) from one patient were analyzed
on multiple platforms, including gas and liquid chromatographymass spectrometry with electron ionization according to protocols of Metabolon, Inc. For murine analysis, splenocytes from
Pmel mice were stimulated with hgp10025-33 peptide (1 mmol/L)
and 100 IU/mL rhIL-2 (Novartis) in the following treatment

Effector
Enrichment score

Enrichment score

Naïve
0.30

Seahorse XF-24 proprietary software, we measured OCR under
basal conditions and in response to injection port-administration
of the following compounds at indicated time points: 1 mmol/L
oligomycin, 1.5 mmol/L ﬂuorocarbonyl cyanide phenylhydrazone (FCCP), 100 nmol/L rotenone, and 1 mmol/L antimycin A.
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Figure 2.
Inhibition of Akt promotes expansion of
human TIL with transcriptional signature of
memory T cells. Human TIL isolated from
three patients with advanced melanoma
were stimulated ex vivo with agonistic antiCD3 (OKT3) antibody and irradiated
allogeneic feeders and expanded to
therapeutic scale with high dose IL2 in the
presence or absence of Akt inhibitor. A,
principle component analysis of microarray
þ
data (GSE accession no. 60977) from CD8
TIL of three patients (in quadruplicate) either
cultured with or without Akti. B, hierarchical
cluster analysis of 2,602 identiﬁed
differentially expressed genes (pFDR < 0.05)
in TIL isolated from three patients and
cultured in indicated treatment groups. C,
bar graph showing fold expression of
canonical "memory" and "effector"associated genes from microarray analysis.
D, enrichment plots designated as "na€ve"
and "effector" from GSEA showing enhanced
expression of genes upregulated in human
þ
þ
na€ve (CD62L CD45RA ) versus effector
þ
memory (CD62L- CD45RO ) CD8 T cells.
NES, normalized enrichment score. FDR,
false discovery rate.

Akti
Veh

0.10
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−0.10
−0.20

NES = −3.07
FDR q < 0.0

groups: 0 mmol/L, 1 mmol/L, and 2.5 mmol/L AktI-1/2 (Akti;
Calbiochem). Splenocytes were harvested on day 10 and CD8þ
T cells were enriched using a MACS Negative Selection Kit (Miltenyi Biotec order no. 130-104-075).
Statistical analysis
A sample size of ﬁve mice per treatment group was used to detect
an effect size in all experiments unless otherwise indicated. Data
assumed to have a normal distribution and differences between
two groups were assessed with unpaired, two-tailed t tests. Comparisons involving more than two groups were assessed using an
ANOVA. P values less than 0.05 were considered signiﬁcant. The
measure of central tendency is mean and variation is SEM unless
otherwise stated. All experiments were replicated at least twice in
laboratory with the exception of the histopathologic analysis of
NSG mice receiving either Akti-treated or conventional CTL.
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Figure 3.
Global metabolomic analysis shows
that Akt inhibition is associated with
enhanced fatty-acid oxidation in
human TIL. A, principle component
analysis of metabolome (362
biochemicals) of Akti-treated TIL that
were stimulated ex vivo using agonistic
anti-CD3 (OKT3) antibody and
irradiated allogeneic feeders and
expanded to clinical scale for 30 days
with high dose IL2 in the presence or
absence of Akt inhibitor. TIL were then
isolated to analyze basal metabolic
proﬁle (in absence of restimulation)
under basal cell culture conditions. B,
relative abundance of key metabolites
in glycolytic pathway. G-1-P,
glucose-1-phosphate; G-6-P,
glucose-6-phosphate; 3-PGC,
3-phosphoglycerate. C, relative
abundance of key metabolites involved
in lipid metabolism are shown. EPA,
eicosapentaenoate 20:5n3. D,
relative abundance of lysolipids in
Akti-treated TIL versus vehicle. GPC,
glycerophosphorylcholine; GPE,
glycerophosphoethanolamine; GPS,
glycerophosphatidylserine.

, P < 0.05;   , P < 0.01;    , P < 0.001;

, P < 0.0001. Center bar, mean;
error bars, SEM.

Study approval
All procedures were approved by the NIH Animal Care and Use
Committee and were compliant with the Guide for Care and Use of
Laboratory Animals (NIH publication no. 85-23; revised 1985). All
human subjects were either healthy donors or patients with
metastatic melanoma receiving treatment under institutional
review board–approved protocols in the Surgery Branch of the
National Cancer Institute. Informed consent was obtained from
all human subjects.

Results
Inhibition of Akt promotes expression of CD62L in human
tumor-speciﬁc cytotoxic lymphocytes without compromising
cell expansion
Akt is known to control lymphoid homing behavior of T cells
through regulation of the adhesion molecule CD62L (10). To test
whether Akt inhibition affects expression of CD62L on the surface
of human TIL, we used a well-characterized allosteric inhibitor of
all three isoforms of Akt (hereafter Akti; ref. 18). We ﬁrst sought to
conﬁrm whether Akti inhibits phosphorylation of Akt and downstream targets in human TIL. When measured at acute time points
after TCR stimulation, we found that phosphorylation of Akt is
inhibited at both the serine 473 and threonine 308 residues,
resulting in decreased phosphorylation of its downstream substrates ribosomal protein S6 (Fig. 1A) and glycogen synthase
kinase 3 beta (GSK3b; Supplementary Fig. S2). We then isolated
TIL from 3 patients with metastatic melanoma as previously
described (19), expanded them at clinical-scale in the presence
or absence of Akti, and measured surface expression of CD62L on
CD4þ and CD8þ T cells. We found that Akti-expanded TIL had
signiﬁcantly increased expression of CD62L (Fig. 1B). Strikingly,
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however, we did not observe an effect of Akt inhibition on the
expansion of TIL (Fig. 1C). Finally, we sought to determine if Akt
inhibition compromises tumor speciﬁcity or capacity to release
IFNg when cocultured with autologous tumor cells. Akti-treated
TIL released similar levels of IFNg compared with conventional
TIL that was restricted in an MHC class I–dependent manner
(Fig. 1D). Thus, pharmacologic inhibition of Akt enables expansion of TIL expressing elevated levels of CD62L without affecting
their expansion or capacity to release IFNg upon recognition of
tumor targets.
Inhibition of Akt in human TIL promotes a transcriptional
signature of memory T cells
Expression of CD62L distinguishes antigen-experienced cells
with a central memory phenotype (22). In addition to their
lymphoid homing capacity, these cells exhibit enhanced capacity for cell survival and proliferation (5, 23, 24). Given elevated
expression of CD62L on the surface of Akti-expanded TIL, we
asked whether Akt inhibition causes global changes in gene
transcription that are characteristic of memory cells. To visualize the transcriptome of CD8þ TIL, we performed principle
component analysis (PCA) of microarray data and observed
segregation of treatment groups among the 3 patients under
study (Fig. 2A) Whole-transcriptome analysis revealed differential expression of 2,602 genes (P < 0.05) in Akti-treated TIL
compared with vehicle and hierarchical clustering analysis of
the expression of these genes enabled unsupervised segregation
of vehicle- and Akti-expanded TIL (Fig. 2B). It was particularly
striking that na€ve/memory-associated genes such as IL7R,
SELL, CD28, and CD27 were upregulated with Akt inhibition,
whereas effector-associated genes such as IFNG and KLRG1
were suppressed (Fig. 2C; ref. 25). To extend our interpretation
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Figure 4.
Therapeutic TIL isolated from patients with melanoma have poor mitochondrial spare respiratory capacity that is augmented with pharmacologic inhibition of
Akt. Human TIL isolated from indicated patients were stimulated ex vivo using agonistic anti-CD3 (OKT3) antibody and irradiated allogeneic feeders and
expanded to clinical-scale for 30 days with high dose IL2 in the presence or absence of Akt inhibitor. An XF24 extracellular analyzer (Seahorse Bioscience) was used
to measure OCR of Akti-treated and vehicle TIL in real time under basal cell culture conditions (after 30 days in culture) and in response to indicated inhibitors
at acute time points. FCCP, carbonyl cyanide 4-(triﬂuoromethoxy) phenylhydrazone; R&A, rotenone and antimycin A. Spare respiratory capacity is maximal
respiration (after FCCP) minus basal respiration. Data are representative of three independent experiments for each patient.

beyond single-gene analysis, we performed GSEA using genes
upregulated in human na€ve (CD62Lþ CD45RAþ) compared
with effector memory (CD62L CD45ROþ) CD8þ T cells
isolated from healthy donors. We found that Akti-treated TIL
have enhanced expression of na€ve-associated genes and
decreased expression of effector memory-associated genes (Fig.
2D). Taken together, these ﬁndings indicate that pharmacologic
inhibition of Akt enables expansion of CD8þ TIL with transcriptional properties characteristic of memory cells.
Akt inhibition is associated with enhanced fatty-acid oxidation
in human cytotoxic TIL
There is increasing evidence that memory T cells have metabolic qualities such as reduced glycolysis (26) and enhanced
mitochondrial fatty acid oxidation (FAO) that support longterm survival and effector function (27). Having shown that
pharmacologic inhibition of Akt in CD8þ TIL promotes a
transcriptional proﬁle characteristic of memory T cells, we
asked whether Akt inhibition affects metabolism of human
CD8þ TIL. Using a well-established gas chromatography–mass
spectrometry and liquid chromatography–mass spectrometrybased approach (28–29), we observed that pharmacologic
inhibition of Akt modulates several metabolic pathways as
evidenced by clear segregation of treatment groups in principal
component analysis of more than 360 detected metabolites
(Fig. 3A). It has previously been reported in a murine model
that Akt is largely dispensable for glucose metabolism of
cytotoxic T lymphocytes (10). Consistently, we observed a
modest increase in glucose and glucose 6-phosphate in Aktitreated TIL and somewhat diminished 3-phosphoglycerate
levels (Fig. 3B), suggesting relatively little impact of Akt inhibition on glycolytic metabolism. With regard to FAO, however,
Akti-treated CD8þ TIL showed accumulation of both longchain and polyunsaturated fatty acids (Fig. 3C) that may be
a result of membrane lipid turnover used to fuel FAO. This
interpretation is supported by accumulation of phospholipid
catabolites and elevated lysolipid levels (Fig. 3D). Another
possibility is that enhanced lipid accumulation in Akt-treated
TIL was merely due to decreased cell growth and expansion, but
this seems less likely because we did not observe any difference
in absolute cell numbers after culture (Fig. 1A). Thus, although
inhibition of Akt during expansion of TIL does not affect the
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abundance of glycolytic metabolites, it results in changes in
abundance of metabolites involved in FAO.
Inhibition of Akt augments mitochondrial spare respiratory
capacity in human TIL
Spare respiratory capacity (SRC) is a measure of the bioenergetic ability of mitochondria to produce additional energy
under conditions of increased stress or work and is thought
to be vital for the long-term survival and function of diverse
cell types (21, 30–31). Recent work has demonstrated that
mitochondrial spare respiratory capacity (SRC) is critical for
longevity memory CD8þ T cells (32). Because SRC in memory
CD8þ T cells is dependent on mitochondrial FAO, we wondered whether Akt inhibition augments SRC in human TIL.
By using an extracellular ﬂux analyzer, we characterized the
metabolism of therapeutic TIL in real time by measuring O2
consumption rates (OCR), an indicator of oxidative phosphorylation (OXPHOS; ref. 21). We found that Akti-treated TIL had
slightly higher basal OCR when compared with vehicle (Fig.
4A). To further characterize the bioenergetic proﬁle of TIL, we
challenged TIL with a well-established "mitochondrial stress
test" in which oligomycin (to block ATP synthesis) is added
after measurement of basal OCR, followed by ﬂuorocarbonyl
cyanide phenylhydrazone or FCCP (to uncouple ATP synthesis
from the electron transport chain, ETC), and ﬁnally by coadministration of rotenone and antimycin A (to block complex I
and III, respectively, of ETC; refs. 29, 33, 34). Akti-treated TILs
demonstrated a considerably higher mitochondrial SRC compared with vehicle controls as indicated by the difference
between basal OCR and maximal OCR (after FCCP injection;
Fig. 4A). This is consistent with earlier studies in which elevated
FAO fuels enhanced SRC in memory T cells (29). Collectively,
these ﬁndings are consistent with the hypothesis that Akti
induces a metabolic program in human TIL similar to that of
memory T cells whereby increased FAO supports enhanced
mitochondrial SRC.
Inhibition of Akt enhances persistence of human TIL and
improves survival of transferred antitumor T cells in a mouse
model of ACT
Collectively, we observed that TIL cultured in the presence of
Akti possess transcriptional and metabolic characteristics of
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Figure 5.
Akt inhibition enhances persistence of
human TIL and murine cytotoxic T
lymphocytes after adoptive transfer.
A, representative FACS analysis and
quantiﬁcation of human Akti-treated
and vehicle TIL that had been
expanded to clinical-scale ex vivo and
subsequently adoptively transferred
into NSG mice. Human TIL were
isolated from indicated lymphoid and
nonlymphoid organs of NSG mice 30
days after adoptive transfer. Data are
representative of ﬁve biologic
replicates per treatment group. B,
þ
FACS analysis of CD8 T cells from
age- and gender-matched Thy1.1
(Akti) and Ly5.1 (vehicle) Pmel mice
after cotransfer into B6 mice and
spleens were harvested at the
indicated time points. Data are
representative of ﬁve biologic
replicates for each time point. C,
representative FACS analysis of Aktitreated and vehicle T cells in lung and
mesenteric lymph nodes (LN) at day
600.    , P < 0.001. Center bar, mean;
error bars, SEM.

Ly5.1

Time (days)

long-lived memory T cells. We therefore hypothesized that
Akti-treated TIL may be capable of enhanced long-term persistence. To test this, we performed a clinical-scale expansion
of conventional and Akti-treated TIL. At the end of ex vivo
expansion, both treatment groups were comprised of a similar
proportion of CD8þ T cells, and Akti-treated TIL had enhanced
expression of CD62L (Supplementary Fig. S3). We transferred
conventional and Akti-expanded human TIL into NOD.CgPrkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Fig. 5A) and observed
superior engraftment and persistence of Akti-treated cells 30
days after transfer in both lymphoid and nonlymphoid organs
(Fig. 5A). Thus, in a humanized mouse model, Akti-treated
human TIL have enhanced persistence and this correlates
with phenotypic, metabolic, and transcriptional features of
memory.
Previous studies have demonstrated that CD8þ T cells with
the capacity to persist after adoptive transfer mediate more
effective antitumor responses in both mice and humans receiving ACT (3, 23, 26, 35). Accordingly, we endeavored to evaluate
the persistence and antitumor function of Akti-expanded
tumor-speciﬁc T cells using the Pmel-1 mouse model in which
transgenic T cells express a T-cell receptor speciﬁc for the
melanoma-associated antigen, hgp100, widely expressed in
B16 melanoma (20). Consistent with our ﬁndings in TIL from
patients with melanoma, we found that Akt phosphorylation is
inhibited at both the serine 473 and threonine 308 residues,
resulting in decreased phosphorylation of its downstream
target ribosomal protein S6 (Supplementary Fig. S4). Akti-
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treated Pmel-1 T cells showed a gene-expression proﬁle (Supplementary Fig. S5) and surface phenotype (Supplementary
Fig. S6) reminiscent of long-lived memory T cells. Moreover,
global metabolomic analysis showed that Akti-treated Pmel
CD8þ T cells possessed a distinct metabolic signature characterized by augmented FAO (Supplementary Fig. S7).
To evaluate the effect of Akt inhibition on the cell-intrinsic
capacity of tumor-speciﬁc CD8þ T cells to engraft and persist
following adoptive transfer, we cotransferred a 1:1 mixture of
vehicle and Akti-expanded Pmel-1 TCR-tg cells that can be distinguished using congenic markers and tracked their kinetics
following adoptive transfer into mice. Strikingly, Akti-treated cells
expanded to greater numbers and persisted to form a long-lived
population of memory cells that could be detected in lymphoid
and nonlymphoid organs 600 days following adoptive transfer
(Fig. 5B and C).
To test whether Akti-treated CD8þ T cells are capable of superior antitumor immunity, we individually transferred vehicle or
Akti-expanded Pmel-1 CD8þ T cells into sublethally ablated
recipients bearing established B16 melanoma tumors and measured tumor growth and survival following transfer. Consistent
with human TIL, Akti-treated Pmel-1 T cells exhibited superior
persistence and trafﬁcking to the tumor microenvironment (Fig.
6A) and produced similar levels of IFNg compared with vehicle
(Fig. 6B) that correlated with decreased tumor growth (Fig. 6C)
and improved survival (Fig. 6D). Thus, consistent with their
transcriptional and metabolic characteristics, Akti-expanded cells
exhibit enhanced persistence upon adoptive transfer that
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Figure 6.
Akt inhibition of cytotoxic T cells improves antitumor immunity of adoptively transferred T cells in mouse model of cell-based immunotherapy for melanoma. A,
þ
representative FACS analysis and enumeration of Ly5.1 Pmel CD8 T cells isolated from spleen and tumor microenvironment 5 days after adoptive transfer
into B16 melanoma-bearing mice. Donor T cells were stimulated in vitro with cognate peptide and cultured in IL2. After 5 days, cells were restimulated with cognate
peptide and irradiated B6 feeders for an additional 5 days before transfer. Akti was supplemented in media for entirety of in vitro culture. Data are representative of
four biologic replicates per treatment group. B, representative FACS analysis of IFNg and TNFa intracellular cytokine staining of adoptively transferred Ly5.1 Pmel
þ
6
þ
CD8 T cells isolated from spleen of tumor-bearing mice. C, treatment response of 2  10 Pmel CD8 T cells adoptively transferred (after same in vitro culture
conditions described above) into mice bearing established B16 melanomas. Recipient mice were pretreated with 6 Gy total body irradiation, adjuvant vaccine, and IL2
in conjunction with cell therapy. Serial tumor measurements were obtained and tumor area calculated. Data are representative of ten biologic replicates per
treatment group. D, Kaplan–Meier analysis of survival in tumor-bearing mice receiving adoptively transferred cells treated with
Akti (32 days) versus control (22 days; P < 0.0001).   , P < 0.01;     , P < 0.0001. Center bar, mean; error bars, SEM.

correlates with augmented tumor regression and survival following ACT.

Discussion
The principle aim of this study was to determine if pharmacologic inhibition of Akt promotes features of memory T cells in
TIL isolated from patients with advanced cancer. Because there is
considerable evidence in animal models and human trials that
memory T cells mediate superior regression of tumor (5), we also
wanted to evaluate if inhibition of Akt enhances antitumor
immunity of adoptively transferred CD8þ T cells. We found that
Akt inhibition promotes a gene expression signature and metabolic proﬁle characteristic of long-lived memory T cells, and this
was associated with enhanced persistence and antitumor immunity. Enhancing "memory" of adoptively transferred TIL has been
a long-standing therapeutic goal of cell-based immunotherapy for
metastatic cancer. Although the reasons for this observation
remain speculative, it is thought that sheer bulk of tumor in
patients with advanced cancer requires transfer of TIL with a
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capacity—much like long-lived memory T cells—to persist long
after their initial encounter with antigen (36, 37).
After antigen activation, diverse signals from the TCR and
costimulatory receptors converge on the Akt signaling pathway
to drive effector differentiation (8). Cytokine signaling such as
IL2 further sustain Akt activity (12), driving CD8 T cells toward
terminal differentiation at the expense of memory formation.
It has previously been shown in a murine model that exposure
to Akt inhibitor 48 hours after TCR activation promotes
memory-associated gene expression and lymph node-homing
of CD8þ T cells (10). Here, we wanted to further characterize
the impact of Akt inhibition on bona ﬁde cytotoxic T cells
isolated from the tumor microenvironment of patients with
advanced cancer.
We used a variety of approaches—metabolomic, transcriptomic, and phenotypic—to characterize the global effect of Akt
inhibition on human cytotoxic T cells. Consistent with earlier
studies in murine virus-speciﬁc CD8 T cells (8, 10), we observed
that Akt inhibition signiﬁcantly alters the transcriptome of
human TIL and promotes a global signature enriched for genes
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in memory and na€ve T cells. This ﬁnding is especially intriguing in light of recent evidence that CD8þ T cells from the tumor
microenvironment have been characterized as terminally differentiated and exhausted (6). The ﬁnding in this study that
Akti-treated TIL demonstrate enhanced expression of na€veassociated genes raises the possibility that characteristically
exhausted and senescent TIL (6) may undergo "reprogramming," at least at a population level, that endows a renewed
capacity for long-lived persistence.
Akt inhibition is known to promote immunologic memory
in virus-speciﬁc murine T cells (10). It is also known that
memory T cells rely on fatty-acid oxidation (38) and mitochondrial spare respiratory capacity (29) for long-term survival
and function. It remains unclear, however, whether Akt itself
plays a role in the metabolic fate of antigen-experienced CD8þ
T cells. In spite of the canonical role of Akt in facilitating
glucose metabolism in diverse cell types (39), a recent study
in cytotoxic T cells shows that Akt is largely dispensable for Tcell metabolism (10). Consistent with these ﬁndings, we
observed little difference in key glycolytic metabolites between
Akti-treated TIL and controls. We performed a global metabolomic analysis, however, that suggests Akt inhibition modulates
fatty acid oxidation in cytotoxic TIL. Further analysis using realtime cellular bioenergetic studies also shows that Akt inhibition
enhanced mitochondrial spare respiratory capacity. Taken
together, ﬁndings from our analysis suggest that pharmacologic
inhibition of Akt may modulate metabolic programs of antigen-experienced T cells.
Although the ﬁndings suggest that pharmacologic inhibition
of Akt may induce considerable plasticity in the metabolic and
transcriptional programs of a population of terminally differentiated cytotoxic T cells, future studies using genetic
approaches are required to validate and further characterize
the role of Akt in T-cell differentiation and metabolism. In
spite of these limitations, the results of the present study show
that pharmacologic inhibition of Akt promotes a gene expression signature and metabolic proﬁle characteristic of longlived memory T cells and this is associated with enhanced
persistence and antitumor immunity. More importantly, these
ﬁndings could form the basis for novel immunometabolomic
approaches to improve cell-intrinsic features of therapeutic TIL
that may enhance the clinical efﬁcacy of cell-based immunotherapy for advanced cancer.

Disclosure of Potential Conﬂicts of Interest
No potential conﬂicts of interest were disclosed.

Authors' Contributions
Conception and design: J.G. Crompton, M. Sukumar, R. Roychoudhuri,
D. Clever, A. Gros, R.L. Eil, L. Gattinoni, P. Muranski, C.A. Klebanoff, S.A.
Rosenberg, N.P. Restifo
Development of methodology: J.G. Crompton, R. Roychoudhuri, D. Clever,
A. Gros, R.L. Eil, S.P. Kerkar, A. Leonardi, N. Acquavella, F.M. Marincola,
L. Gattinoni, P. Muranski, M.S. Sundrud, C.A. Klebanoff, N.P. Restifo
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): J.G. Crompton, D. Clever, R.L. Eil, K. Hanada, Z. Yu,
D.C. Palmer, R.D. Michalek, A. Leonardi, F.M. Marincola, L. Gattinoni, C.A.
Klebanoff, N.P. Restifo
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): J.G. Crompton, M. Sukumar, R. Roychoudhuri,
D. Clever, A. Gros, R.L. Eil, D.C. Palmer, S.P. Kerkar, R.D. Michalek, E. Wang,
F.M. Marincola, L. Gattinoni, C.A. Klebanoff, S.A. Rosenberg, N.P. Restifo
Writing, review, and/or revision of the manuscript: J.G. Crompton, M. Sukumar,
R. Roychoudhuri, E. Tran, S.P. Kerkar, E. Wang, L. Gattinoni, P. Muranski, M.S.
Sundrud, C.A. Klebanoff, S.A. Rosenberg, D.T. Fearon, N.P. Restifo
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): J.G. Crompton, R.L. Eil, S.P. Kerkar, T. Upham,
N.P. Restifo
Study supervision: M. Sukumar, D.T. Fearon, N.P. Restifo

Acknowledgments
The authors thank Toren Finkel and Jie Liu for use and guidance of the XF24
extracellular analyzer (Seahorse Bioscience). The authors also wish to thank
Arnold Mixon and Shawn Farid for assistance with ﬂow cytometry, and Robert
Somerville, Azam Nahvi, Sadik Kassim, John Wunderlich, and Mark Dudley for
help in handling human TIL.

Grant Support
The authors were supported by a generous gift from Li Jinyuan and the Tiens
Charitable Foundation, the NIH-Center for Regenerative Medicine, the Milstein
Family Foundation and by the Intramural Research Program of the NCI (ZIA
BC010763), Center for Cancer Research, NIH (Bethesda, MD). This work was
done in partial fulﬁllment of J.G. Crompton's PhD degree from Cambridge
University, Cambridge, England and he gratefully acknowledges funding support
from the Wellcome Trust Translational Medicine and Therapeutics Programme.
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Received August 5, 2014; revised October 6, 2014; accepted October 24, 2014;
published OnlineFirst November 28, 2014.

References
1. Smyth MJ, Dunn GP, Schreiber RD. Cancer immunosurveillance and
immunoediting: the roles of immunity in suppressing tumor development
and shaping tumor immunogenicity. Adv Immunol 2006;90:1–50.
2. Stagg J, Johnstone RW, Smyth MJ. From cancer immunosurveillance to
cancer immunotherapy. Immunol Rev 2007;220:82–101.
3. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan GQ,
et al. Durable complete responses in heavily pretreated patients with
metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer
Res 2011;17:4550–7.
4. Chodon T, Comin-Anduix B, Chmielowski B, Koya RC, Wu Z, Auerbach M,
et al. Adoptive transfer of MART-1 T-cell receptor transgenic lymphocytes
and dendritic cell vaccination in patients with metastatic melanoma. Clin
Cancer Res 2014;20:2457–65.
5. Klebanoff CA, Gattinoni L, Palmer DC, Muranski P, Ji Y, Hinrichs CS, et al.
Determinants of successful CD8þ T-cell adoptive immunotherapy for large
established tumors in mice. Clin Cancer Res 2011;17:5343–52.

304 Cancer Res; 75(2) January 15, 2015

6. Baitsch L, Baumgaertner P, Devevre E, Raghav SK, Legat A, Barba L , et al.
Exhaustion of tumor-speciﬁc CD8þ T cells in metastases from melanoma
patients. J Clin Invest 2011;121:2350–60.
7. Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al.
mTOR regulates memory CD8 T-cell differentiation. Nature 2009;460:
108–12.
8. Kim EH, Sullivan JA, Plisch EH, Tejera MM, Jatzek A, Peskett E, et al.
Impaired B and T cell antigen receptor signaling in p110delta PI 3-kinase
mutant mice. J Immunol 2012;188:4305–14.
9. Okkenhaug K, Bilancio A, Farjot G, Priddle H, Sancho S, Peskett E, et al.
Impaired B and T cell antigen receptor signaling in p110delta PI 3-kinase
mutant mice. Science 2002;297:1031–4.
10. Macintyre AN, Finlay D, Preston G, Sinclair LV, Waugh CM, Tamas P, et al.
Protein kinase B controls transcriptional programs that direct cytotoxic T
cell fate but is dispensable for T cell metabolism. Immunity 2011;34:
224–36.

Cancer Research

Downloaded from cancerres.aacrjournals.org on January 3, 2020. © 2015 American Association for Cancer Research.

Published OnlineFirst November 28, 2014; DOI: 10.1158/0008-5472.CAN-14-2277

Akt Inhibition Improves T-cell Antitumor Immunity

11. Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T
cell differentiation, function, and metabolism. Immunity 2010;33:
301–11.
12. Kim EH, Suresh M. Role of PI3K/Akt signaling in memory CD8 T cell
differentiation. Front Immunol 2013;4:20.
13. Laplante M, Sabatini DM. mTOR signaling in growth control and disease.
Cell 2012;149:274–93.
14. Finlay DK. mTORC1 regulates CD8þ T-cell glucose metabolism and
function independently of PI3K and PKB. Biochem Soc Trans 2013;41:
681–6.
15. Saibil SD, Jones RG, Deenick EK, Liadis N, Elford AR, Vainberg MG, et al.
CD4þ and CD8þ T cell survival is regulated differentially by protein kinase
Ctheta, c-Rel, and protein kinase B. J Immunol 2007;178:2932–9.
16. Hand TW, Cui W, Jung YW, Seﬁk E, Joshi NS, Chandele A, et al. Differential
effects of STAT5 and PI3K/AKT signaling on effector and memory CD8 Tcell survival. Proc Natl Acad Sci U S A 2010;107:16601–6.
17. Rathmell JC, Elstrom RL, Cinalli RM, Thompson CB. Activated Akt promotes increased resting T cell size, CD28-independent T cell growth, and
development of autoimmunity and lymphoma. Eur J Immunol 2003;
33:2223–32.
18. Calleja V, Laguerre M, Parker PJ, Larijani B. Role of a novel PH-kinase
domain interface in PKB/Akt regulation: structural mechanism for allosteric inhibition. PLoS Biol 2009;7:e17.
19. Dudley ME, Wunderlich JR, Shelton TE, Even J, Rosenberg SA. Generation
of tumor-inﬁltrating lymphocyte cultures for use in adoptive transfer
therapy for melanoma patients. J Immunother 2003;26:332–42.
20. Overwijk WW, Theoret MR, Finkelstein SE, Surman DR, de Jong LA, VythDreese FA, et al. Tumor regression and autoimmunity after reversal of a
functionally tolerant state of self-reactive CD8þ T cells. J Exp Med
2003;198:569–80.
21. Ferrick DA, Neilson A, Beeson C. Advances in measuring cellular bioenergetics using extracellular ﬂux. Drug Discov Today 2008;13:268–74.
22. Graef P, Buchholz VR, Stemberger C, Flossdorf M, Henkel L, Schiemann
M, et al. Serial transfer of single-cell-derived immunocompetence
reveals stemness of CD8(þ) central memory T cells. Immunity 2014;41:
116–26.
23. Klebanoff CA, Gattinoni L, Torabi-Parizi P, Kerstann K, Cardones AR,
Finkelstein SE, et al. Central memory self/tumor-reactive CD8þ T cells
confer superior antitumor immunity compared with effector memory T
cells. Proc Natl Acad Sci U S A 2005;102:9571–6.
24. Klebanoff CA, Gattinoni L, Restifo NP. CD8þ T-cell memory in tumor
immunology and immunotherapy. Immunol Rev 2006;211:214–24.
25. Kaech SM, Cui W. Transcriptional control of effector and memory CD8þ T
cell differentiation. Nat Rev Immunol 2012;12:749–61.

www.aacrjournals.org

26. Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al.,
Inhibiting glycolytic metabolism enhances CD8þ T cell memory and
antitumor function. J Clin Invest 2013;123:4479–88.
27. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al.
Enhancing CD8 T-cell memory by modulating fatty acid metabolism.
Nature 2009;460:103–7.
28. Evans AM, DeHaven CD, Barrett T, Mitchell M, Milgram E. Integrated,
nontargeted ultrahigh performance liquid chromatography/electrospray
ionization tandem mass spectrometry platform for the identiﬁcation and
relative quantiﬁcation of the small-molecule complement of biological
systems. Anal Chem 2009;81:6656–67.
29. van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al.
Mitochondrial respiratory capacity is a critical regulator of CD8þ T cell
memory development. Immunity 2012;36:68–78.
30. Choi SW, Gerencser AA, Nicholls DG. Bioenergetic analysis of isolated
cerebrocortical nerve terminals on a microgram scale: spare respiratory
capacity and stochastic mitochondrial failure. J Neurochem 2009;109:
1179–91.
31. Yadava N, Nicholls DG. Spare respiratory capacity rather than oxidative
stress regulates glutamate excitotoxicity after partial respiratory inhibition
of mitochondrial complex I with rotenone. J Neurosci 2007;27:7310–7.
32. van der Windt GJ, O'Sullivan D, Everts B, Huang SC, Buck MD, Curtis JD,
et al. CD8 memory T cells have a bioenergetic advantage that underlies their
rapid recall ability. Proc Natl Acad Sci U S A 2013;110:14336–41.
33. Gerencser AA, Neilson A, Choi SW, Edman U, Yadava N, Oh RJ, et al.
Quantitative microplate-based respirometry with correction for oxygen
diffusion. Anal Chem 2009;81:6868–78.
34. Nicholls DG, Darley-Usmar VM, Wu M, Jensen PB, Rogers GW, Ferrick DA.
Bioenergetic proﬁle experiment using C2C12 myoblast cells. J Vis Exp
2010;pii:2511.
35. Nolz JC, Harty JT. Protective capacity of memory CD8þ T cells is dictated by
antigen exposure history and nature of the infection. Immunity 2011;
34:781–93.
36. Fearon DT. The expansion and maintenance of antigen-selected CD8(þ) T
cell clones. Adv Immunol 2007;96:103–39.
37. Crompton JG, Sukumar M, Restifo NP. Uncoupling T-cell expansion from
effector differentiation in cell-based immunotherapy. Immunol Rev 2014;
257:264–76.
38. O'Sullivan D, van der Windt GJ, Huang SC, Curtis JD, Chang CH, Buck MD,
et al. Memory CD8(þ) T cells use cell-intrinsic lipolysis to support the
metabolic programming necessary for development. Immunity 2014;41:
75–88.
39. Finlay D, Cantrell DA. Metabolism, migration and memory in cytotoxic T
cells. Nat Rev Immunol 2011;11:109–17.

Cancer Res; 75(2) January 15, 2015

Downloaded from cancerres.aacrjournals.org on January 3, 2020. © 2015 American Association for Cancer Research.

305

Published OnlineFirst November 28, 2014; DOI: 10.1158/0008-5472.CAN-14-2277

Akt Inhibition Enhances Expansion of Potent Tumor-Specific
Lymphocytes with Memory Cell Characteristics
Joseph G. Crompton, Madhusudhanan Sukumar, Rahul Roychoudhuri, et al.
Cancer Res 2015;75:296-305. Published OnlineFirst November 28, 2014.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-14-2277
Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2014/11/27/0008-5472.CAN-14-2277.DC1

This article cites 39 articles, 12 of which you can access for free at:
http://cancerres.aacrjournals.org/content/75/2/296.full#ref-list-1
This article has been cited by 26 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/75/2/296.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/75/2/296.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on January 3, 2020. © 2015 American Association for Cancer Research.

