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ABSTRACT
Background  Impairment of Akt signaling has been 
observed in antigen-specific cytotoxic T lymphocytes 
(CTLs) during chronic viral infections or tumor progression. 
Despite numerous studies emphasizing Akt’s role in driving 
CTL effector functions, there is limited exploration of 
using Akt molecules in T-cell engineering to enhance their 
antiviral or antitumor capabilities for therapeutic purposes. 
Some studies even conclude that inhibiting Akt activation 
during the in vitro expansion process can prevent T-cell 
exhaustion and boost the antitumor effector functions of 
chimeric antigen receptor-T cells in vivo. Given the unique 
expression patterns and functions of the three Akt isoforms 
in immune cells, we proposed that Akt isoforms in CTLs 
may regulate effector functions and T-cell exhaustion 
distinctly.
Methods  In this study, we genetically modified tumor/
virus-antigen-specific T-cell receptor tg CTLs to ectopically 
express Akt isoforms via retroviral transduction. We 
subsequently conducted western blotting, flow cytometry, 
and RNA sequencing analysis to assess their Akt 
expression, expression of immune checkpoints, antitumor/
antivirus functionalities, and transcriptome. Additionally, 
we employed a persistent Hepatitis B Virus mouse model 
and a syngeneic hepatocellular carcinoma mouse model 
for further evaluation of their antivirus/antitumor efficacies.
Results  We found that both Akt1 and Akt2 
overexpression enhanced the cytotoxic capabilities 
of mouse CTLs, although with different dynamics. 
Specifically, Akt2 signaling in CTLs accelerated effector 
functions, leading to a rapid attack on tumor cells. 
Conversely, Akt1 signaling triggered calcium influx 
and subsequent nuclear factor of activated T cells 
(NFAT) activation, while Akt2 signaling suppressed 
calcium influx, preventing excessive NFAT expression 
and nuclear translocation. This repression of NFAT 
transcriptional activity by Akt2 signaling during prolonged 
antigen stimulation subsequently led to reduced 
expression of transcription factors associated with T-
cell exhaustion, such as Egr2, Nr4a, Tox, and immune 
checkpoints. Consequently, Akt2-overexpressed CTLs 

displayed reduced T-cell exhaustion within the tumor 
microenvironment and efficiently eradicated tumors.
Conclusion  These findings highlight the essential role of 
Akt signaling in enabling tumor-specific CTLs to eliminate 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Sustained Akt activation drives terminal effector 
CD8+ T-cell differentiation and limits central mem-
ory formation, but Akt signaling also supports dif-
ferentiation of effector-like memory CD8+T cells. 
Although Akt1, Akt2, and Akt3 share 80% amino 
acid similarity, they have distinct functions in mac-
rophage polarization, dendritic cell function, and T-
cell differentiation. However, their specific roles in 
T-cell exhaustion remain unclear.

WHAT THIS STUDY ADDS
	⇒ This study demonstrates that Akt2, but not Akt1, 
prevents T-cell exhaustion by modulating calcium 
mobilization and nuclear factor of activated T cells 
activation in mouse cytotoxic T lymphocytes and a 
human T-cell line. We provide evidence that Akt2 
suppresses prolonged calcium signaling, leading 
to reduced expression of exhaustion markers in cy-
totoxic T cells within the tumor microenvironment. 
These findings uncover a previously unrecognized 
mechanism by which Akt2 enhances antitumor 
immunity.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our findings suggest that targeting Akt2 signaling 
could improve T cell-based cancer immunotherapy 
by reducing T-cell exhaustion. This study provides 
a potential strategy to optimize chimeric antigen 
receptor-T cell and T-cell receptor-T cell therapies 
for solid tumors by fine-tuning calcium signaling. 
Future research could explore the therapeutic mod-
ulation of Akt2 to enhance T-cell persistence and 
functionality in cancer treatment.
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cancer cells in the solid TME, with Akt isoforms differentially regulating the 
calcium–calcineurin–NFAT signaling pathway. This discovery suggests the 
potential of AKT2 in T-cell engineering technology to enhance the survival 
and effector functions of adoptively transferred T cells for treating liver 
malignancies or chronic viral infections.

BACKGROUND
During T-cell activation, protein kinase B also known 
as Akt is phosphorylated at the threonine 308 and the 
serine 473 by phosphoinositide-dependent protein 
kinase 1 (PDK1) and mTOR Complex 2, respectively.1–3 
Akt has a great influence on T-cell growth, proliferation, 
and survival and is a signal integrator for T-cell differen-
tiation through Foxo, mTOR and Wnt/β-catenin path-
ways.4–6 Akt activation is indispensable for induction of 
effector functions of cytotoxic T lymphocytes (CTLs) 
during acute viral infection and is impaired in Ag-specific 
T cells during chronic viral infections or in malignan-
cies.7 Sustained Akt activation tends to promote terminal 
differentiation of effector CD8+ T cells and impair the 
development of central memory T cells.5 However, a 
recent report indicated that Akt signaling facilitated the 
development and survival of CXCR3loCD43lo effector-
like memory CD8+T cells.8 Virus or tumor-specific CD8+ 
T cells undergo T-cell exhaustion due to persistent T-cell 
receptor (TCR) signaling and lack of suitable co-stim-
ulation7 9 10 in the context of chronic viral infection or 
malignancies, including Hepatitis B Virus (HBV)-specific 
T cells.11 12 T-cell exhaustion features the gradual loss of 
proliferative capability, impaired cytokine production, 
poor cytotoxicity, surface expression of various immune 
checkpoints and increase of apoptotic rate.9 10 13 Signaling 
through immune checkpoints on T cells could further 
change metabolic reprogramming during T-cell activa-
tion and differentiation.14 15 The ligation of programmed 
cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) on T cells is shown to 
suppress Akt activation on TCR stimulation.16 17

Although the three existing Akt isoforms (Akt1, Akt2, 
Akt3) share 80% similarity in amino acid structure, they 
show non-redundant physiological properties and also 
exhibit distinctive functions in several immune cells.18 
Akt1 and Akt2 differentially regulate macrophage differ-
entiation toward M2 and M1 phenotypes, respectively,19 as 
well as the development and function of dendritic cells.20 
There are also reports showing that Akt isoforms differen-
tially regulate Th1/Th17 responses during experimental 
autoimmune encephalomyelitis disease progression and 
Th1‐regulatory T cell (Treg) generation in autoimmune 
diseases.21 22 Pharmacological inhibition of Akt1 and Akt2 
has been shown to enhance the central memory pheno-
type of CD8+ T cells while preventing terminal differen-
tiation.23 However, their Akt1 and Akt2 knockout studies 
suggested that Akt1 and Akt2 differentially influence 
T-cell differentiation.23 These findings led us to hypothe-
size that Akt isoforms differentially regulate CTLs during 
chronic viral infection and tumor progression and that 

ectopic Akt expression may enhance their antiviral or 
antitumor effector functions.

In this study, we initially investigated the cell expansion, 
antiviral or antitumor functionalities and differentiation 
of intrahepatic and intratumoral antigen (Ag)-specific 
CTLs in HBV-infected liver or tumor microenvironment 
(TME) of hepatocellular carcinoma (HCC). Our results 
clearly demonstrated that ectopic expression of Akt1 
or Akt2 in virus-specific CTLs enhanced their antiviral 
efficacy with strong cell expansion and cytotoxicity in 
response to intrahepatic viral Ag stimulation and clear 
viral infection. Although both Akt1 or Akt2 signaling 
prevented the expression of immune checkpoints, espe-
cially lymphocyte-activation gene 3 (LAG-3) and T-cell 
immunoreceptor with Ig and ITIM domains (TIGIT) on 
CTLs, only Akt2-OE CTLs but not Akt1-OE CTLs were 
able to eliminate tumor cells in the setting of the HCC 
mouse model. These Akt2-OE CTLs showed a greater 
capability to proliferate, to release cytokines and to kill 
tumor cells in comparison with Akt1-OE or control CTLs. 
Martin et al previously reported that Akt2 activation regu-
lated the duration of calcium mobilization by reducing the 
time of calcium release from the endoplasmic reticulum 
without affecting the initial calcium amplitude, thereby 
inhibiting nuclear factor of activated T cells (NFAT) acti-
vation in a chicken B-lineage lymphoma cell line and in 
Jurkat T-cell line.24 Similarly, our study found that Akt2 
signaling suppressed calcium influx and subsequently 
inhibited NFAT activation in CTLs on TCR stimulation. 
Furthermore, we demonstrated that ectopic expression 
of Akt2 prevented T-cell exhaustion caused by hyperac-
tivation of NFAT signaling. These findings highlight that 
Akt2 signaling is indispensable for tumor-specific CTLs 
to effectively eliminate cancer cells in the solid TME, 
and also reveal that Akt isoforms differentially regulate 
the calcium–calcineurin–NFAT signaling pathway. This 
underscores the potential of Akt2 in T-cell engineering to 
enhance the survival and effector functions of adoptively 
transferred T cells, offering promising therapeutic strat-
egies for liver malignancies and chronic viral infections.

METHODS
Animal studies
Male C57BL/6J mice aged 5–6 weeks were purchased 
from the National Laboratory Animal Center in Taipei, 
Taiwan, and housed at the NHRI laboratory animal center, 
accredited by AAALAC International. HBc93-100-specific 
TCR transgenic (HBc TCR tg) mice (B6.Cg-Ptprca Pepcb Tg 
(TcraBC10,TcrbBC10)3Chi/J) were generously provided 
by Dr Francis V Chisari from The Scripps Institute, La 
Jolla, USA.25 The purchased mice were used 1 week after 
arrival at the NHRI Laboratory Animal Center.

For the establishment of a persistent HBV mouse model, 
C57BL/6J mice were intravenously injected with 1–3×108 
infectious units of recombinant adenovirus carrying the 
HBV genome (AdHBV) to induce intrahepatic persistent 
viral infections.26 HBV carrier mice with hepatitis B e 
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antigen (HBeAg) titer above 100 S/CO were grouped 
evenly and served as recipients for adoptive T-cell transfer 
1-month post-infection. The details of the induction of 
the HCC mouse model were described previously27 and 
in online supplemental methods. Photon emission from 
transduced hepatocytes or tumor cells was monitored 
periodically using an In Vivo Imaging System (IVIS) 
imaging system (Caliper Life Sciences, Massachusetts, 
USA). HCC-bearing mice with a total photon flux from 
IVIS imaging exceeding 1×108 photons/s were grouped 
evenly and used as recipients for adoptive T-cell transfer, 
while those with a total flux exceeding 3×1010 photons/s 
or experiencing a ≥20% weight loss were humanely eutha-
nized to prevent suffering from large liver tumors.

Plasmid constructs for viral production
Plasmids used to produce recombinant retroviruses 
carrying mouse Akt1, Akt2, Akt3 or control Cd90.1, respec-
tively, were generated through PCR cloning linking 
myristoylation sequence, mouse Akt1, Akt2 or Akt3, 
p2A peptide sequence, mouse CD90.1 and woodchuck 
hepatitis virus post-transcriptional regulatory element in 
mouse stem cell virus vector. CA-RIT-NFAT1 (Addgene 
#85181), DBDmut-CA-RIT-NFAT1 (Addgene #63669) 
and the mouse stem cell virus vector (MSCV) plasmids 
carrying Akt1-CD90.1, Akt2-CD90.1, Akt3-CD90.1 and 
control CD90.1 open reading frames, respectively, were 
transfected to platinum-E retroviral packaging cell line 
(Cell Biolabs, San Diego, USA) to produce ecotropic 
retroviruses for the transduction of mouse CTLs.

The MSCV plasmids carrying Akt1-CD90.1, Akt2-CD90.1 
and control CD90.1 open reading frames, respectively, 
together with pMD.G (The RNAi Core, Taipei, Taiwan) 
were transfected to the 293-GP retroviral packaging cell 
line to produce VSV-G-pseudotyped retroviruses for the 
transduction of the Jurkat cell line.

A 7-copy NFAT binding DNA sequence (GGAG-
GAAAAACTGTTTCA), DNA sequences of minimal cyto-
megalovirus promoter and aequorea coerulescens green 
fluorescent protein (AcGFP1) open reading frame were 
synthesized and subcloned into lentiviral pLVX vector 
to result in pLVX-NFAT BS-miniP-AcGFP plasmid. The 
resultant plasmid together with pCMV-ΔR8.91 (The 
RNAi Core, Taipei, Taiwan) and pMD.G plasmids were 
transfected into 293T packaging cells to produce VSV-
G-pseudotyped lentivirus for the establishment of NFAT 
reporter Jurkat cell line following the protocol provided 
by the RNAi core.

T-cell preparation, retroviral transduction and adoptive 
transfer
All primary CD8+ T cells used in this study were derived 
from HBc TCR tg mice. Splenic CD8+ T cells from 
CD45.1+ HBc TCR tg mice were isolated via immuno-
magnetic separation using CD8 microbeads (STEMCELL 
Technologies, Vancouver, Canada). Purified CD8+ T cells 
were activated with anti-CD3/CD28-labeled T-activator 
Dynabeads (Thermo Fisher Scientific, Waltham, USA) 

in RPMI 1640 medium supplemented with 8% FCS, 
50 µM 2-mercaptoethanol, glutamine, and antibiotics. 
1-day post-stimulation, the activated CD8+ T cells were 
transduced with recombinant MSCV retroviruses as per 
the manufacturer’s instructions (Clontech Laboratories, 
Mountain View, California, USA). The transduced CTLs 
were used for adoptive transfer or underwent in vitro 
re-stimulation at day 3 post-primary stimulation for RNA 
isolation or surface marker analysis. Following magnetic 
removal of Dynabeads, live CTLs were separated from 
dead cells using Ficoll-Paque Plus density gradient media 
(GE HealthCare Life Sciences, Illinois, USA), washed 
twice in Dulbecco’s Phosphate Buffered Saline (DPBS) 
and resuspended in DPBS for intravenous injection into 
HBV carrier mice or HCC-bearing mice.

Cell isolation and flow cytometric analysis
Spleens, draining lymph nodes, and liver/tumors were 
harvested from virus-infected or HCC-bearing mice at 
specified time points. The detailed procedures were 
described in online supplemental methods. All antibodies 
used for flow cytometry were obtained from commercial 
sources, and the specific clones, fluorochromes, and 
vendors are listed in online supplemental table S1.

Detection of HBV antigens, anti-HBs, and serum alanine 
aminotransferase
Serum levels of HBeAg were determined using the 
Elecsys HBe Ag system (Roche Diagnostics, Mannheim, 
Germany). Serum alanine aminotransferase (ALT) 
activity was measured using specific bioreaction strips on 
a Reflovet Plus reader (Roche Diagnostics).

In vivo T-cell proliferation assays
HCC-bearing mice receiving T-cell adoptive 
transfer were intravenously administered 1 mg of 
5-ethynyl-2-deoxyuridine (EdU) at indicated time points 
post-adoptive transfer. 1 day after EdU injection, tumor-
infiltrating leukocytes, splenocytes, and lymph node cells 
were harvested and subjected to surface marker staining. 
Additionally, EdU incorporation was detected using the 
Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit 
(Thermo Fisher Scientific) followed by flow cytometric 
analysis.

In vitro T-cell assays
Genetically modified HBc93-100-specific CTLs were 
harvested at day 3 post-activation and used directly in 
Western blot and flow cytometric analysis or re-stimu-
lated by anti-CD3/anti-CD28 beads for 6~24 hours and 
then used in FACS analysis for analyzing the expression 
of surface molecules or western blot. For detection of 
perforin and granzyme B in the adoptively transferred 
CTLs, the tumor-infiltrating leukocytes (TILs) were 
harvested from tumor tissue of HCC-bearing mice at indi-
cated time points post-adoptive transfer and subjected 
directly to surface marker staining followed by intracel-
lular staining of perforin and granzyme B. For flow cyto-
metric analysis of the percentage of cytokine-secreting 
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CTLs in tumors, the TILs were re-stimulated with HBc93-

100 peptides (MGLKFRQL) for 6 hours in the presence of 
Brefeldin A (5 µg/mL; BioLegend) and Monensin (2 µM; 
BioLegend) for 5 hours and subjected to surface marker 
staining followed by intracellular staining of interferon 
(IFN)-γ and tumor necrosis factor (TNF)-α. CD8+CD45.1+ 
cells were gated and defined as transferred CTLs.

Calcium mobilization assay
The genetically modified HBc93-100-specific CTLs, at day 
4 post-activation, were initially labeled with 520 AM dye 
(Abcam, Cambridge, UK) in the assay buffer provided 
in the kit at 37°C for 30 min, spun down to remove the 
dye, and resuspended in 0.4 mL Hank's Buffer with Hepes 
(also provided in the kit) for further αCD3 or ionomycin 
stimulation and flow cytometric analysis to detect intra-
cellular calcium mobilization (as illustrated in online 
supplemental figure S1).

NFAT reporter assay
The Jurkat cell line was transduced with VSV-G-
pseudotyped lentivirus carrying NFAT BS-miniP-AcGFP 
gene sequence. 1 week after transduction, transduced 
single cells were cultured individually and expanded into 
clones. A reporter clone was selected based on the low 
GFP background and high responsiveness to turn into 
GFP-positive toward TCR triggering. The selected NFAT 
reporter cells were transduced with VSV-G-pseudotyped 
retroviruses carrying Akt1, Akt2 or control Cd90.1, respec-
tively. The transduction efficiency of each group was 
greater than 95%. 5 days post transduction, until the 
transgenes were stably expressed by the reporter cells, the 
reporter cells were restimulated with plate-bound anti-
CD3 (Ab clone: OKT3; at indicated concentration) and 
anti-CD28 (Ab clone: CD28.2; 1 mg/mL for coating) for 
the indicated time period. The percentage or the absolute 
cell numbers of GFP+ cells were analyzed by flow cytom-
etry or by IncuCyte S3 live-cell analysis system (Sartorius, 
Germany).

Immunohistochemistry study
Paraffin-embedded liver/tumor tissue sections were depa-
raffinized, rehydrated, followed by heat-induced antigen 
retrieval and then incubated with primary antibodies as 
listed in online supplemental table S1. The signals were 
visualized using horseradish peroxidase-conjugated 
secondary Abs and 3,3′-Diaminobenzidine (DAB) peroxi-
dase substrate kit as described in the online supplemental 
methods.

RNA sequencing and bioinformatics
RNA sequencing (RNA-seq) was performed on 18 RNA 
samples belonging to six groups (ctrl, Akt1-OE, Akt2-
OE, Re-ctrl, Re-Akt1-OE, and Re-Akt2-OE) with three 
samples in each group. Transcriptome library construc-
tion and sequencing were conducted on RNAs from each 
group (Biotools, New Taipei City, Taiwan). The Illumina 
sequencer generated raw data that was transformed into 
sequenced reads using CASAVA software (V.1.8), followed 

by the removal of bad reads and adaptors. Clean reads were 
mapped to the murine genome (mm10) using TopHat2 
(V.2.0.12). HTSeq software (V.0.6.1, union mode) was 
used to quantify gene expression levels and represent 
them as fragments per kilobase of transcript per million 
mapped reads. The R package limma (V.3.52.2) was 
employed to identify differentially expressed genes from 
the normalized expression matrices, and visualization was 
achieved using R pheatmap (V.1.0.12). To identify biolog-
ical pathways enriched in the Akt1-OE and Akt2-OE CTLs, 
Gene Set Enrichment Analysis (GSEA)28 29 was performed 
on the expression matrix of the restimulated group (n=9) 
against a custom gmt matrix comprising 86 selected gene 
sets of the C7 immunologic signature database along with ​
Mouse_​Gene_​Symbol_​Remapping_​Human_​Orthologs_​
MSigDB.​v2024.​1.​Hs.​chip as chip platform.

Statistical analysis
All statistical analyses were performed using GraphPad 
Prism V.7 or V.10 (GraphPad Software, La Jolla, USA). 
Data are presented as mean±SD unless otherwise speci-
fied. For comparisons between two groups, an unpaired 
two-tailed Student’s t-test was used. For longitudinal 
tumor growth comparisons, a mixed-effects model anal-
ysis was applied to account for repeated measurements 
over time. The specific statistical tests and sample sizes (n) 
for each experiment are detailed in the corresponding 
figure legends.

RESULT
Akt1 and Akt2 isoform signaling in CTLs orchestrate similar 
antiviral but divergent antitumor responses in the liver
Akt activation is often impaired in antigen-specific T 
cells during chronic viral infections or in tumor antigen-
specific T cells in the TME.16 This observation prompted 
us to explore the impact of Akt signaling on the anti-
viral or antitumor functionalities of CTLs. We generated 
four constructs using PCR cloning and produce retro-
viruses for genetic modification of mouse CD8+ T cells 
(figure  1A construct design and online supplemental 
figure S2A). Following retroviral transduction (figure 1A 
cell preparation scheme), a high proportion (75–95%) 
of CD8+ T cells transduced with Cd90.1, Akt1-Cd90.1, or 
Akt2-Cd90.1 expressed CD90.1 as confirmed by surface 
staining and flow cytometry. However, only 23% of CD8+ 
T cells transduced with Akt3-Cd90.1 expressed CD90.1 
at low levels (online supplemental figure S2B), likely 
reflecting the tissue-specific expression of Akt3 in the 
brain and testes.30 Consistent with previous studies, both 
mouse primary T cells and human Jurkat T cells predom-
inantly express Akt1 and Akt2, with little to no expression 
of Akt3.31 Western blot analysis confirmed the presence 
of exogenous myristoylated Akt isoforms in Akt-OE CTLs, 
which were absent in control T cells. Phosphorylation at 
Ser473 was observed in all Akt isoform-OE CTLs, whereas 
phosphorylation at Thr308 occurred only in Akt1-OE or 
Akt2-OE (online supplemental figures S2C and S3).
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The Akt1-OE or Akt2-OE CTLs specific to HBV core Ag 
93–100 peptide (HBc93-100) were analyzed for memory and 
activation marker expression before adoptive transfer 
into AdHBV-infected mice26 and analyzed their antiviral 
functionalities after adoptive transfer (figure 1A animal 
experiment scheme). Akt1-OE and Akt2-OE CTLs before 
adoptive transfer showed reduced CD62L levels but 
elevated CD69 expression compared with control CTLs 
(figure 1B,C). Both Akt1-OE and Akt2-OE CTLs but not 

control CTLs completely cleared persistent HBV infec-
tion within 14 days (figure  1D,E) and exhibited robust 
cell expansion in the liver and spleen after transfer 
(figure 1F,G). Leukocytes from the liver and spleen were 
re-stimulated with HBc93-100 peptides 19 days after transfer. 
Akt1-OE and Akt2-OE CTLs exhibited significantly 
enhanced IFN-γ and TNF-α production compared with 
control CTLs (figure 1H,I). Building on previous findings 
that Akt signaling promotes CD8+ T-cell differentiation 

Figure 1  Akt signaling in CTLs promoted antiviral responses against HBV in a persistent HBV mouse model. (A) Schematic 
representation of the MSCV retroviral constructs encoding Akt1, Akt2, and Cd90.1 reporter genes used for T-cell engineering. 
The timeline of experimental procedures is illustrated. (B) Representative flow cytometry plots show the expression of 
CD62L and CD44 in control, Akt1-OE, and Akt2-OE CTLs before adoptive transfer. Percentages indicate the proportion of 
CD44+CD62L+ cells in each group. (C) The mean fluorescence intensity (MFI) of CD69 in control, Akt1-OE, and Akt2-OE CTLs 
before adoptive transfer detected by flow cytometry. (D) Kinetics of serum HBeAg levels of HBV carrier mice receiving the 
adoptive transfer of 5×105 control- or Akt1-OE CTLs. (n=4 per group) (E) Kinetics of serum HBeAg levels of HBV carrier mice 
receiving the adoptive transfer of 5×105 control or Akt2-OE CTLs. (n=5 per group) (F) Gating and (G) cell numbers of CD45.1+ 
transferred CTLs in livers and spleens of HBV carrier mice as in D and E at day 19 post adoptive transfer. (H, I) Cytokine 
production of control, Akt1-OE, or Akt2-OE CTLs isolated from the liver and spleen of HBV carrier mice on day 19 post-transfer. 
CTLs were stimulated ex vivo with HBc93-100 peptide for 6 hours, and intracellular IFN-γ and TNF-α levels were analyzed by flow 
cytometry. Zebra plots show representative data, and bar graphs display the percentages of IFN-γ+ CTLs or double-positive 
(IFN-γ+TNF-α+) CTLs among CD45.1+CD8+ T cells. Statistical analysis was performed using unpaired Student’s t-test, and 
significance is indicated as *p<0.05, **p<0.01, and ***p<0.001. AdHBV, adenovirus carrying the HBV genome; HBV, hepatitis B 
virus; CTLs, cytotoxic T lymphocytes; HBeAg, hepatitis B e antigen; ICS, intracellular staining; IFN, interferon; i.v., intravenous; 
pMSCV, post in mouse stem cell virus vector; TNF, tumor necrosis factor.
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into effector cells,5 23 our study further demonstrates 
that Akt overexpression effectively consolidates antiviral 
T-cell immunity within the immunosuppressive liver 
microenvironment.

We then investigated whether Akt1 or Akt2 signaling 
also enabled the tumor-specific CTLs to overcome TME 
in the oncogene-induced HCC mouse model. This model 
was established through the hydrodynamic injection of 
plasmids carrying genes encoding transposase, human 
Akt1, N-Ras, surrogate tumor antigens (HBc93-100) and 
luciferase.27 The progression of liver cancers in mice 
before (day −1) and after T-cell transfer could be moni-
tored using the IVIS (figure 2A). We observed a reduc-
tion in tumor size in the group of mice receiving Akt2-OE 
CTLs, but no significant change was seen in the groups 
receiving control or Akt1-OE CTLs (figure 2B,C and online 
supplemental figure S4). Mice receiving Akt2-OE CTLs 
exhibited higher serum ALT levels on day 7 compared 
with mice receiving control or Akt1-OE CTLs. However, 
some mice receiving Akt1-OE CTLs displayed extremely 
elevated ALT levels on day 10, despite no decrease in 
tumor burden (figure  2D). Histological examination 
of liver/tumor tissues revealed extensive infiltration of 
mononuclear cells in tumors of mice receiving Akt2-OE 
CTLs, while tumors of mice receiving control or Akt1-OE 
CTLs showed fewer mononuclear cells (figure 2E, H&E). 
Immunohistochemical staining confirmed the presence 
of CD45.1+ transferred T cells, showing that Akt2-OE CTLs 
could penetrate the tumor core, while control or Akt1-OE 
CTLs were primarily confined to the stroma (figure 2E, 
CD45.1 staining in brown, indicated by yellow arrow). 
Tumors of mice receiving Akt2-OE CTLs exhibited both 
tumor cell apoptosis and substantial macrophage infiltra-
tion (figure 2E, cleaved caspase 3 and F4/80 staining in 
brown), in contrast to the other groups. These findings 
suggest that Akt2 signaling induces prompt cytotoxicity in 
CTLs, allowing them to penetrate the tumor core, while 
Akt1 signaling in CTLs enhances delayed cytotoxicity in 
CTLs that remain in the stroma and the liver, leading to 
non-specific liver damage.

Most mice receiving Akt2-OE CTLs did not experi-
ence HCC recurrence within 98 days (figure 2F, online 
supplemental figure S5). Importantly, Akt2-OE CTLs only 
induced an acute antitumor response without causing 
chronic liver damage, as evidenced by the transient 
serum ALT elevation in HCC mice receiving Akt2-OE 
CTLs (figure 2D,G). Akt1-OE and Akt2-OE CTLs display 
distinct antitumor functionalities, indicating that Akt1 
and Akt2 signaling confer varying degrees of resistance 
to the immunosuppressive TME. Therefore, it is worth 
investigating whether Akt isoforms differentially regu-
late T-cell fitness in the HCC TME and its underlying 
mechanism.

Akt2 signaling enhances the Ag-specific expansion of CTLs in 
the HCC microenvironment
Leukocytes from tumors and spleens of HCC-bearing 
mice receiving control, Akt1-OE, or Akt2-OE CTLs 

were analyzed on day 4, day 7, and day 14 post-adoptive 
transfer. Intratumoral and splenic transferred T-cell 
numbers were similar across all groups on day 4. However, 
Akt2-OE CTLs expanded significantly in the tumor by day 
7, surpassing control and Akt1-OE CTLs and this trend 
persisted through day 14 (figure 3A, online supplemental 
figure S6). Splenic Akt2-OE CTLs also showed significant 
expansion by day 14 compared with control or Akt1-OE 
CTLs (figure 3B, online supplemental figure S6). While 
proliferative capacity did not differ among intratumoral 
CTLs on day 4, proliferation declined in control and 
Akt1-OE CTLs by day 7, correlating with the sustained 
expansion of Akt2-OE CTLs (figure  3C, online supple-
mental figure S6). Despite moderate proliferative capabil-
ities, Akt1-OE CTLs failed to expand or eliminate tumors, 
suggesting that Akt2 signaling promotes T-cell expansion 
and survival through mechanisms beyond proliferation 
alone.

To explore the role of antigen stimulation, Akt2-OE 
CTLs were transferred into mice with either antigen-
positive (Ag+) or antigen-negative (Ag−) HCC. In Ag- 
HCC mice, Akt2-OE CTLs showed minimal proliferation 
and expansion in tumor, spleen, or lymph nodes across all 
time points (figure 3D,E, online supplemental figure S7). 
In contrast, in Ag+ HCC mice, Akt2-OE CTLs displayed 
robust proliferation as evidenced by EdU incorporation 
on days 4 and 7 and significant expansion in tumor tissues 
from day 4 to day 11 (figure 3D,E, online supplemental 
figure S7). These findings demonstrate that Akt2 signaling 
alone is insufficient to drive CTL proliferation without 
antigen-dependent TCR stimulation, emphasizing the 
safety of Akt2-modified T cells in immunotherapy.

Further, we investigated the functional importance of 
Akt2 kinase activity by introducing a threonine for alanine 
substitution at amino acid 309 of Akt2, which abolishes 
kinase activity.32 Sorted Akt2T309A-OE CTLs exhibited 
impaired antitumor activity, as evidenced by sustained 
bioluminescence signals and a lack of tumor regression, 
in contrast to the robust tumor clearance observed with 
Akt2-OE CTLs (figure  3F, online supplemental figure 
S7). Moreover, ALT levels in mice receiving Akt2T309A-OE 
CTLs were markedly lower than in mice receiving Akt2-OE 
CTLs, further supporting the functional importance of 
Akt2’s kinase activity (figure 3G). These findings confirm 
that Akt2 signaling promotes CTL expansion and anti-
tumor activity through its kinase-dependent mechanisms, 
highlighting the critical role of Akt2 kinase activity in 
enhancing the efficacy of CTL-based immunotherapies.

Akt2 signaling rapidly induces effector functions of CTLs in 
the TME
Approximately 20% of the adoptively transferred CTLs in 
the TME expressed perforin, and less than 5% expressed 
granzyme B at day 4 after infusion, with few cells co-ex-
pressing both molecules and no difference among the 
three groups (figure  4A, online supplemental figure 
S9A). By day 7, Akt2-OE CTLs rapidly increased perforin 
and granzyme B expression, while Akt1-OE CTLs reached 
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Figure 2  Akt2-OE tumor-specific CTLs exhibited superior anti-HCC capability. (A) Schematic representation of the animal 
experimental workflow for generating HCC-bearing mice and adoptive cell transfer. (B) In vivo bioluminescence of HCC-bearing 
mice receiving 2×105 control, Akt1-OE or Akt2-OE CTLs. (n=5 or 6 per group). (C) Liver images of HCC-bearing mice receiving 
2×105 control, Akt1-OE or Akt2-OE CTLs at day 19 post-adoptive transfer. (D) Kinetics of serum ALT in mice receiving 2×105 
control, Akt1-OE or Akt2-OE CTLs. (E) H&E staining and immunohistochemical staining of the tumor/liver sections for the 
congenic marker of adoptively transferred CTLs (CD45.1), cleaved caspase 3 and F4/80. (F) In vivo bioluminescence of long-
term follow-up of HCC-bearing mice receiving 2×105 control or Akt2-OE CD8+ T cells. (G) Serum ALT levels of long-term follow-
up of HCC-bearing mice as in F. Statistical analysis was performed using unpaired Student’s t-test, and significance is indicated 
as *p<0.05, **p<0.01, and ***p<0.001. ALT, alanine aminotransferase; CTLs, cytotoxic T lymphocytes; HCC, hepatocellular 
carcinoma; i.v., intravenous; IVIS, In Vivo Imaging System.
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Figure 3  Akt2-CTLs proliferated and expanded vigorously in response to tumor Ag stimulation in the tumor microenvironment. 
(A) Time kinetics of cell number of adoptively transferred CD45.1+ CTLs in the tumor (A) or in the spleen (B) of HCC-bearing 
mice receiving 2×105 control, Akt1-OE or Akt2-OE CTLs at days 4, 7 and 14 post-adoptive transfer. (C) Percentage of EdU-
incorporated CD45.1+CTLs in the tumor of mice as in A. 1 mg of EdU was given intravenously at day 3 or day 6 post-adoptive 
transfer. The leukocytes were purified from the tumor masses of the mice harvested at day 4 or day 7 post the adoptive transfer 
and subjected to surface marker staining and EdU detection followed by flow cytometric analysis. (D) Adoptively transferred 
CD45.1+ Akt2-OE CTLs (5×10⁵) were infused into HBc93-100-expressing (Ag+) or HBc93-100-negative (Ag−) HCC-bearing mice. 
The numbers of CD45.1+ CTLs in tumors, spleens (SPLN), and draining lymph nodes (LN) were quantified on days 4, 7, and 
11 post-transfer. (E) Proliferation of adoptively transferred CD45.1+ CTLs in tumors, SPLN, and draining LN was assessed on 
days 4, 7, and 11 post-transfer. EdU was injected intravenously on days 3, 6, and 10, and EdU incorporation was analyzed by 
flow cytometry. (F) Tumor growth was monitored in HCC-bearing mice receiving adoptive transfer of FACSorted 3.3×105 Akt2-
OE CTLs (n=9) or Akt2T309A-OE CTLs (n=5). Total tumor flux (photons/second) was measured by In Vivo Imaging System over 
25 days post-transfer. (G) Serum alanine aminotransferase levels in HCC-bearing mice as described in F, measured at days 
3, 6, 10, and 13 post-transfer. Statistical analysis was performed using unpaired Student’s t-test (A–E) or two-way analysis 
of variance (F), and significance is indicated as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Ag, antigen; CTLs, cytotoxic T 
lymphocytes; EdU, 5-ethynyl-2-deoxyuridine; HCC, hepatocellular carcinoma.
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comparable levels by day 14 (figure 4B,C, online supple-
mental figure S9A). On ex vivo re-stimulation with the 
HBc93-100 peptide, a small percentage of Akt1-OE and 
Akt2-OE CTLs secreted IFN-γ at day 4, but Akt2-OE CTLs 
showed significantly higher IFN-γ and TNF-α production 
compared with control or Akt1-OE CTLs at days 7 and 14 
(figure 4D–F, online supplemental figure S9B). Akt1-OE 
CTLs displayed delayed cytokine production, with only 
a small fraction expressing these cytokines by day 14 
(figure  4F, online supplemental figure S9B). Control 
CTLs showed minimal cytotoxic molecule expression or 
cytokine production during the 4–14 days post-infusion. 
These findings highlight the superior efficiency of 
Akt2 signaling in inducing rapid effector functions and 
enhancing antitumor cytotoxicity compared with Akt1 
signaling.

Differential regulation of immune responses and checkpoint 
expression by Akt1 and Akt2 signaling in CTLs
To gain a deeper understanding of the mechanisms under-
lying how Akt2 signaling enables CTLs to overcome the 
immunosuppressive HCC TME, we conducted an analysis 
of global gene expression levels in control CTLs, Akt1-OE 

CTLs, and Akt2-OE CTLs, both at rest and after re-stim-
ulation, using RNA-seq analysis.33 Principal component 
analysis of the six sets of RNA-seq data revealed higher 
similarities between resting Akt1-OE and resting Akt2-OE 
CTLs compared with control CTLs. After 24-hour anti-
CD3/anti-CD28 bead restimulation, the gene expression 
patterns of control, Akt1-OE, and Akt2-OE CTLs tended to 
become more similar (figure 5A). Further analysis of the 
three resting CTLs and three re-stimulated CTLs, respec-
tively, unveiled differential gene expression patterns in 
Akt-OE CTLs compared with control CTLs under resting 
conditions or after re-stimulation (figure 5B,C). Akt1 or 
Akt2 signaling also induced slightly diverse gene expres-
sion patterns (figure 5B,C). The majority of differentially 
expressed genes, with at least a onefold change between 
Akt1-OE CTLs and Akt2-OE CTLs, were upregulated in 
Akt1-OE CTLs (4,217 genes), with only 500 genes upreg-
ulated in Akt2 CTLs (figure 5D). GSEA analysis revealed 
that both Akt1-OE and Akt2-OE CTLs were enriched in the 
effector T-cell gene signature of gene set-GOLDRATH_
EFF_VS_MEMORY_CD8_TCELL_UP34 compared with 
control CTLs, consistent with the observed decrease in 

Figure 4  Akt2 signaling rapidly enhanced effector functions of CTLs in the tumor microenvironment. (A~C) Percentage of 
perforin and granzyme B expressing cells among CD45.1+ CTLs isolated from the tumor masses of HCC-bearing mice receiving 
2×105 control, Akt1-OE or Akt2-OE CTLs at day 4 (A), day 7 (B) and day 14 (C) post-adoptive transfer. (D~F) Percentage of 
cytokine-producing cells among CD45.1+ CTLs isolated from the tumor masses of HCC-bearing mice receiving 2×105 ctrl, 
Akt1-OE or Akt2-OE CTLs at day 4 (D), day 7 (E) and day 14 (F) post-adoptive transfer. CTLs were stimulated ex vivo with 
HBc93-100 peptide for 6 hours, and intracellular IFN-γ and TNF-α levels were analyzed by flow cytometry. Bar graphs display the 
percentages of IFN-γ+, TNF-α+ or double-positive (IFN-γ+TNF-α+) CTLs among CD45.1+CD8+ T cells. Statistical analysis was 
performed using unpaired Student’s t-test, and significance is indicated as *p<0.05, **p<0.01, and ***p<0.001. CTLs, cytotoxic T 
lymphocytes; HCC, hepatocellular carcinoma; IFN, interferon; TNF, tumor necrosis factor.
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the memory marker CD62L and the high expression 
of CD44 in Akt-OE CTLs (figures 1B and 5E). Akt1-OE 
and Akt2-OE CTLs, compared with control CTLs, were 
enriched in the effector CD8+ T-cell gene signature from 
gene set GSE41867,35 rather than the exhausted CD8+ 
T-cell signature (figure 5F). Further comparison between 
Akt1-OE and Akt2-OE CTLs revealed that the gene 
expression profile of Akt2-OE CTLs more closely resem-
bled the KLRG-1-intermediate memory precursor gene 
signature from GSE1023936 or the CD103+ tissue-resident 
memory T-cell gene signature from GSE39152,37 consis-
tent with the higher CD69 expression on Akt2-OE CTLs 
(figures  1C and 5G,H). RNA-seq data revealed higher 

expression of granzyme A (Gzma) and granzyme B (Gzmb) 
in both Akt1-OE CTLs and Akt2-OE CTLs compared with 
control CTLs, especially after re-stimulation, although 
there was less variation in perforin (Prf1), granzyme K 
(Gzmk), and interferon-γ (Ifng) messenger RNA (mRNA) 
expression levels among the three groups (figure  5I). 
This validates the expression pattern of cytotoxic mole-
cules by the adoptively transferred CTLs, with all three 
types of CTLs consistently expressing perforin, while only 
Akt2-OE CTLs exhibited preferential upregulation of 
granzyme B, contributing to their superior cytotoxic func-
tion against cancers (figure 4A–C, online supplemental 
figure S9A).

Figure 5  Akt2 overexpression alleviated T-cell exhaustion and promoted tissue resident memory differentiation. (A) Principal 
component analysis of transcriptomic data from control, Akt1-OE, and Akt2-OE CTLs before (Ctrl, AKT1, AKT2) or after 24-hour 
restimulation with anti-CD3/anti-CD28 beads, including un-stimulated/resting (B) and restimulated (C) conditions. (D) Heatmap 
showing 4217 genes downregulated and 500 upregulated genes in Akt2-OE CTLs compared with Akt1-OE CTLs after 24-
hour stimulation with anti-CD3/anti-CD28 beads. (E–H) Gene Set Enrichment Analysis of restimulated Akt1-OE and Akt2-OE 
CTLs compared with control CTLs (E, F) or Akt2-OE versus Akt1-OE CTLs (G, H) using indicated gene sets. (I, J) Heatmaps 
showing differential expression of genes associated with T-cell effector functions (I) and inhibitory receptors (J) among control, 
Akt1-OE and Akt2-OE CTLs. (K) Expression levels of immune checkpoints on adoptively transferred CTLs at days 4, 7, and 
14 post-transfer. (L) Heatmap showing differential expression of genes associated with T-cell exhaustion and differentiation 
among control, Akt1-OE and Akt2-OE CTLs. All CTLs analyzed in panels (A–J, L) were collected and analyzed before adoptive 
transfer. Statistical analysis was performed using unpaired Student’s t-test, and significance is indicated as *p<0.05, **p<0.01, 
and ***p<0.001. CTLs, cytotoxic T lymphocytes; FDR, false discovery rate; LAG-3, lymphocyte-activation gene 3; MFI, mean 
fluorescence intensity; NES, normalized enrichment score; PD-1, programmed cell death protein 1; TIGIT, T-cell immunoreceptor 
with Ig and ITIM domains.
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Furthermore, the RNA-seq results revealed that Akt1 
and Akt2 signaling prevented the transcriptional expres-
sion of immune checkpoint molecules Ctla4, Lag3, and 
Tigit after TCR re-stimulation (figure  5J). The protein 
expression levels of these immune checkpoints in adop-
tively transferred CTLs encountering tumors in the TME 
were more dynamic and varied. Intratumoral Akt1-OE 
and Akt2-OE CTLs expressed higher levels of PD-1 
compared with control CTLs on day 4 post-infusion and 
gradually reduced PD-1 expression from day 4 to day 
14, while control CTLs increased their PD-1 expression 
during this period (figure 5K, PD-1). Both Akt1-OE and 
Akt2-OE CTLs showed reduced expression of LAG-3 and 
TIGIT compared with control CTLs, starting from day 
4 post-infusion (figure 5K, LAG-3 and TIGIT). Akt2-OE 
CTLs maintained lower expression of PD-1 and TIGIT 
compared with Akt1-OE CTLs at days 7 and 14 (figure 5K, 
PD-1 and TIGIT).

The regulation of immune checkpoint expression 
and T-cell exhaustion is typically controlled by T-cell 
exhaustion-related transcription factors.38–40 We there-
fore analyzed the mRNA expression levels of a panel of 
transcription factors in the three groups of CTLs from 
in vitro culture. Results showed that Akt1-OE CTLs and 
Akt2-OE CTLs reduced the mRNA expression of several 
T-cell exhaustion-related transcription factors, such as 
Tox2, Nr4a2, Nr4a3, and Egr2, compared with control 
CTLs when they were in a resting state (figure 5L, upper 
panel). On TCR stimulation, the expression patterns of 
these transcription factors changed, with Akt2-OE CTLs 
having lower mRNA levels of Tox, Tox2, Nr4a1, Nr4a2, 
Nr4a3, Egr2, and Foxo3 compared with Akt1-OE CTLs or 
control CTLs (figure 5L, lower panel).

Akt2 signaling modulates cytosolic calcium levels to prevent 
NFAT hyperactivation and T-cell exhaustion
From the RNA-seq data, we observed notable differences 
in the mRNA levels of genes belonging to the NFAT family 
between Akt2-OE CTLs and Akt1-OE CTLs following 
restimulation (figure  5L, lower panel). NFAT signaling 
serves a pivotal role in T-cell activation on TCR trig-
gering, but it becomes involved in T-cell exhaustion when 
persistent antigen stimulation occurs. Consequently, we 
conducted an analysis of the protein levels of NFAT1 and 
NFAT2 in these CTLs at various time points following 
TCR restimulation through western blotting. In the initial 
stages of TCR activation (6 hours), most of the NFAT1 
and NFAT2 proteins were found inside the cell nucleus 
rather than in the cytoplasm of CTLs and both Akt1-OE 
and Akt2-OE CTLs showed an increased expression of 
NFAT1 and NFAT2 when compared with control CTLs 
(figure  6A, online supplemental figure S10). However, 
as the time period progressed from 6 hours to 24 hours 
following TCR re-stimulation, both control and Akt1-OE 
CTLs continued to elevate the levels of nuclear NFAT1 
and NFAT2. Conversely, Akt2-OE CTLs exhibited a 
decline in the nuclear levels of NFAT1 and NFAT2 during 
this same period (figure 6A, online supplemental figure 

S10). The NFAT signaling pathway plays a critical role in 
regulating the expression of transcription factors associ-
ated with T-cell exhaustion. This includes Egr2, which acts 
as a potent activator of LAG-3 expression.41 Our observa-
tions indicate that Akt signaling, particularly Akt2, led to 
a reduction in both the nuclear protein and mRNA levels 
of Egr2 (figures  6A and 5L) from 6 hours to 24 hours 
post-re-stimulation. This provides an explanation for the 
prevention of LAG-3 expression observed in CTLs over-
expressing Akt1 and Akt2 (figure 5K). Additionally, Akt 
signaling also resulted in decreased nuclear expression of 
FoxO1, a crucial transcription factor involved in the regu-
lation of PD-1 transcription, from 6 hours to 24 hours 
post-re-stimulation (figure 6A, online supplemental figure 
S10). To further prove that Akt2 signaling suppresses 
NFAT transcriptional activity to prevent T-cell exhaustion, 
we established three stable cell lines expressing CD90.1 
(control Jurkat), Akt1-CD90.1 (Akt1-OE Jurkat), and 
Akt2-CD90.1 (Akt2-OE Jurkat) based on an NFAT-GFP 
reporter Jurkat cell line (figure 6B). Before stimulation, 
all three cell lines were negative for GFP expression as 
detected by flow cytometry (figure 6C, no stimulation). 
Using ionomycin (a Ca2+ ionophore) and phorbol 
12-myristate 13-acetate (PMA, a protein kinase C acti-
vator) as positive controls for the NFAT reporter assay, 
we found that nearly all cells became GFP-positive after 
stimulation with PMA and ionomycin (figure  6C, P+I). 
When using plate-bound anti-CD3 and anti-CD28 anti-
bodies, fewer Akt2-OE Jurkat cells turned GFP-positive 
compared with control or Akt1-OE Jurkat cells under two 
different stimulation conditions (figure 6C). We used the 
IncuCyte live cell imaging system to detect the kinetics 
of NFAT transcriptional activity under anti-CD3 and anti-
CD28 stimulation (figure 6B). The results revealed that 
Akt1 signaling enhanced NFAT transcriptional activity, 
whereas Akt2 signaling inhibited it under three different 
stimulation conditions (figure 6D,E).

Since NFAT activation during T-cell activation is highly 
dependent on the cytosolic Ca2+ level, we postulate that 
Akt2 signaling may regulate the calcium influx on TCR 
triggering. We labelled the primary mouse control CTLs, 
Akt1-OE CTLs, and Akt2-OE CTLs, as well as control 
Jurkat, Akt1-OE Jurkat, and Akt2-OE Jurkat cells, with 
a calcium-sensitive dye, Cal-520 AM. Additionally, we 
stained the cells with antibodies specific for CD90.1 (a 
transgene expression reporter) and mouse CD8α (only 
for mouse primary CTLs) and analyzed cytosolic calcium 
levels using flow cytometry under each indicated condi-
tion (online supplemental figure S1). We observed that 
Akt2-OE CTLs had a lower basal level of intracellular Ca2+ 
compared to control CTLs and Akt1-CTLs (figure 6F,G). 
Following TCR stimulation, cytosolic Ca2+ levels increased 
in control CTLs or Akt1-OE CTLs but remained low in 
Akt2-OE CTLs, even though the maximum calcium 
import capacity of Akt2-OE CTLs induced by ionomycin 
was similar to the other two CTL types (figure  6F,G). 
Akt2 overexpression also led to a reduction in intracel-
lular Ca2+ level in Akt2-OE Jurkat cells when compared 
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Figure 6  Akt2 signaling prevented T-cell exhaustion of CTLs through regulating calcium influx. (A) Immunoblots showing 
cytosolic and nuclear levels of NFAT1, NFAT2, Egr2, and FoxO1 in control, Akt1-OE, and Akt2-OE CTLs after 6 or 24 hours 
of restimulation with anti-CD3/anti-CD28 beads. β-actin was used as a loading control. (B) Schematic of NFAT-GFP reporter 
assays in Jurkat cells transduced with control, Akt1-OE, or Akt2-OE retroviruses. (C) Percentage of GFP-positive cells in 
control, Akt1-OE, and Akt2-OE NFAT-GFP reporter Jurkat cells after 24 hours stimulation with anti-CD3/anti-CD28 (n=3). (D) 
Representative images of GFP expression in NFAT-GFP reporter Jurkat cells at 0 and 24 hours after stimulation. (E) Kinetics 
of GFP-positive cell counts in NFAT-GFP reporter Jurkat cells stimulated with plate-bound anti-CD3 (10, 15, or 20 µg/mL) 
and anti-CD28 (1 µg/mL). (F) Intracellular calcium flux kinetics of control, Akt1-OE, and Akt2-OE mouse CTLs after anti-CD3 
stimulation followed by ionomycin treatment. (G) Baseline and stimulated intracellular calcium levels in CTLs as in F. (H) Calcium 
flux kinetics of Akt1-OE and Akt2-OE mouse CTLs treated with vehicle or BTP2 after stimulation with anti-CD3 followed by 
ionomycin treatment. (I) Tumor growth kinetics in HCC-bearing mice receiving 1×106 vehicle-treated (n=8) or BTP2-treated (n=6) 
Akt1-OE CTLs. (J) Survival curves of HCC-bearing mice from I. Statistical analysis was performed using unpaired Student’s 
t-test or Kaplan-Meier analysis (J), and significance is indicated as *p<0.05, **p<0.01, and ***p<0.001, ****p<0.0001. CTLs, 
cytotoxic T lymphocytes; GFP, green fluorescent protein; HCC, hepatocellular carcinoma; NFAT, nuclear factor of activated T 
cells.
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with Akt1-OE Jurkat cells (online supplemental figure 
S11). These findings strongly suggest that Akt2 signaling 
plays a critical role in regulating NFAT activation through 
modulating the influx of calcium ions and also provide a 
plausible explanation for why Akt2-OE CTLs exhibit resis-
tance to T-cell exhaustion and persist in the HCC TME.

We further investigated whether continuous calcium 
signaling in Akt1-OE CTLs was responsible for their 
inability to effectively combat liver cancers. Both Akt1-OE 
and Akt2-OE CTLs were treated with the store-operated 
calcium channel inhibitor, BTP2, for a duration of 
24 hours before adoptive transfer. We observed that 
the BTP2 treatment could block the calcium influx in 
Akt1-OE CTLs to the level observed in Akt2-OE CTLs 
following TCR activation (figure  6H). We then adop-
tively transferred the vehicle-treated or the BTP2-treated 
Akt1-OE CTLs into HCC-bearing mice. Interestingly, the 
BTP2-treated Akt1-OE CTLs exhibited a more efficient 
elimination of HCC compared with their vehicle-treated 
counterparts (figure 6I, online supplemental figure S12). 
Mice that received the vehicle-treated Akt1-OE CTLs had 
a median survival period of 30 days, while those receiving 
the BTP2-treated Akt1-OE CTLs significantly extended 
their median survival to over 60 days (figure  6J, online 
supplemental figure S12).

We have demonstrated that Akt2 signaling plays a role 
in regulating calcium mobilization, thus influencing 
NFAT activation and preventing T-cell exhaustion in 
primary mouse CTLs and in a human T-cell line. Whether 
a similar mechanism also operates in primary human 
CD8+ T cells requires further investigation.

We further manifested whether the suppression of 
NFAT activation is a crucial mechanism in Akt2-mediated 
antitumor functionality. In addition to Akt2 overexpres-
sion, we engineered mouse CTLs using retroviruses 
encoding constitutively active Nfat1 (CA-RIT-NFAT1) or 
a mutant incapable of binding to DNA (DBDmut-CA-RIT-
NFAT1), as previously described.38 The reporter proteins 
used were CD90.1 for Akt expression and GFP for NFAT1 
expression. Flow cytometry analysis revealed the expres-
sion of Akt2-CD90.1 and NFAT1-GFP on engineered 
CTLs (figure 7A: left panel for Akt2 transduction, central 
panel for Akt2+NFAT1 co-transduction, right panel for 
Akt2+NFAT1 mutant co-transduction).

We measured the expression of immune check-
points on resting CTLs incubated in the presence of 
interleukin (IL)-2 or on CTLs on restimulation for 24 
hours. NFAT1OEAkt2-OE CTLs (CD90.1+ GFP+) exhib-
ited minimal or no differences in the levels of LAG-3, 
TIGIT, and PD-1 compared to NFAT1mutOEAkt2-OE 
CTLs in the resting state (figure  7B,D, IL-2) or on 
restimulation (figure  7C,D, αCD3/αCD28). We sorted 
engineered CD90.1+CTLs (Akt1-OE or Akt2-OE CTLs) 
or CD90.1+GFP+ CTLs (NFAT1OEAkt2-OE CTLs) from 
the in vitro CTL culture and adoptively transferred 
them into HCC-bearing mice. Akt2-OE CTLs efficiently 
eliminated HCC within 14 days, as expected. However, 
NFAT1OEAkt2-OE CTLs, like Akt1-OE CTLs, failed to 

eliminate HCC (figure  7E, online supplemental figure 
S13). NFAT1OEAkt2-OE CTLs exhibited delayed cytotox-
icity, as indicated by lower serum ALT levels compared 
with Akt2-OE CTLs at day 7 post-infusion (figure 7F). In 
another independent experiment, it was observed that 
NFAT1mutOEAkt2-OE CTLs, like Akt2-OE CTLs displayed 
a notable ability to rapidly initiate cytotoxic responses and 
effectively eliminate HCC (figure  7G,H, online supple-
mental figure S14). Furthermore, NFAT1OEAkt2-OE 
CTLs demonstrated significantly reduced effector func-
tions, with lower granzyme B and perforin expression and 
diminished IFN-γ and TNF-α production compared with 
NFAT1mutOEAkt2-OE CTLs (figure  7I,J, online supple-
mental figure S15). These results suggest that NFAT1 
overexpression impairs the effector functions of Akt2-OE 
CTLs, highlighting the critical balance between NFAT 
activity and cytotoxic potential in maintaining effective 
T-cell responses against HCC.

These findings collectively illustrate that both Akt1 
and Akt2 overexpression enhance the functional capabil-
ities of mouse CTLs, although with different dynamics. 
Akt2 signaling, in particular, accelerates these effector 
functions for a rapid attack on tumor cells. Concur-
rently, Akt1 signaling, as anticipated, triggers calcium 
influx and subsequent NFAT activation, whereas Akt2 
signaling curbs calcium influx, preventing excessive 
NFAT expression and nuclear translocation. This inhibi-
tion of NFAT’s transcriptional activity by Akt2 signaling 
during prolonged antigen stimulation subsequently leads 
to reduced expression of transcription factors associated 
with T-cell exhaustion, such as Egr2, Nr4a2, Tox, and 
immune checkpoints. Consequently, this prevents T-cell 
exhaustion within the TME and results in efficient tumor 
eradication.

DISCUSSION
The PI3K/Akt signaling pathway plays a crucial role in 
inducing the effector function of CTLs, particularly in 
activating CD8+ T cells and promoting the expression of 
cytotoxic molecules.1 42 On phosphorylation and activa-
tion, Akt moves from the membrane to the cytosol and 
nucleus and then phosphorylates FoxO1/2 transcrip-
tion factors, leading to their degradation. This inhibits 
the expression of homing adhesion molecules such as 
CD62L and CCR7, transcriptionally regulated by FoxO1, 
thereby preventing the differentiation of central memory 
T cells.43 44 Additionally, activated Akt phosphorylates and 
inactivates GSK3β, which stabilizes and relocates NFATs 
to the nucleus.45 Translocated NFAT proteins, along with 
other transcription factors like AP1, FOXP3, and BATF, 
regulate gene expression controlling cytokine produc-
tion, cytotoxicity, or T-cell differentiation.46 47 However, 
NFAT proteins, especially NFAT1, NFAT2, and NFAT4, 
have been implicated in T-cell exhaustion when not part-
nered with other transcriptional factors.38 40 48 Although 
NFAT5 differs structurally and functionally from other 
isoforms, recent evidence suggests its involvement in 
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Figure 7  NFAT1 reactivation dampened the antitumor capability of Akt2-OE CTLs. (A) Gating strategies of Akt2-OE CTLs (left), 
NFAT1OEAkt2-OE CTLs (middle) and NFAT1mutOEAkt2-OE CTLs (right). (B, C) Histograms showing LAG-3, TIGIT, and PD-1 
expression on indicated CTLs cultured with interleukin-2 (50 IU/mL) for 24 hours (B) or restimulated with anti-CD3/anti-CD28 
beads for 24 hours (C). (D) MFI of LAG-3, TIGIT, and PD-1 expression on CTLs from B to C. (E, F) Tumor burden (total flux) 
(E) and serum ALT levels (F) in HCC-bearing mice receiving 4×105 FACSorted Akt1-OE (n=4), Akt2-OE (n=7) or NFAT1OEAkt2-
OE CTLs (n=3). (G, H) Tumor burden (G) (total flux) and serum ALT levels (H) in HCC-bearing mice receiving 4×105 FACSorted 
NFAT1OEAkt2-OE CTLs or NFAT1mutOEAkt2-OE CTLs. (n=4). (I) Percentage of perforin and granzyme B expressing cells among 
CD45.1+ CTLs isolated from the tumor masses of HCC-bearing mice receiving 4×105 FACSorted NFAT1OEAkt2-OE CTLs 
or NFAT1mutOEAkt2-OE CTLs at day 7. (J) Percentage of cytokine-producing cells among CD45.1+ CTLs isolated from the 
tumor masses of HCC-bearing mice as described in I. Statistical analysis was performed using unpaired Student’s t-test, and 
significance is indicated as *p<0.05, **p<0.01, and ***p<0.001. ALT, alanine aminotransferase; CTLs, cytotoxic T lymphocytes; 
HCC, hepatocellular carcinoma; IFN, interferon; LAG-3, lymphocyte-activation gene 3; MFI, mean fluorescence intensity; NFAT, 
nuclear factor of activated T cells; PD-1, programmed cell death protein 1; TIGIT, T-cell immunoreceptor with Ig and ITIM 
domains; TNF, tumor necrosis factor.

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at H
elm

h
o

ltz Z
en

tru
m

 M
u

en
ch

en
 

o
n

 M
ay 12, 2025

 
h

ttp
://jitc.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

26 M
arch

 2025. 
10.1136/jitc-2024-009827 o

n
 

J Im
m

u
n

o
th

er C
an

cer: first p
u

b
lish

ed
 as 

http://jitc.bmj.com/


15Chen W-L, et al. J Immunother Cancer 2025;13:e009827. doi:10.1136/jitc-2024-009827

Open access

regulating T-cell exhaustion in the TME, but not in 
chronic viral infection.49 There is evidence showing that 
the PI3K/Akt/mTOR pathway has a great influence on 
epigenetic reprogramming through regulation of DNA 
methylation50–53 and histone modifications.53–55 Our find-
ings indicate that Akt2 activation in CTLs reduces the 
expression of NFATs, particularly NFAT2, NFAT4, and 
NFAT5. It would be intriguing to investigate whether Akt1 
and Akt2 differentially affect epigenetic machinery such 
as DNA methyltransferases, histone acetylases, or ten-
eleven translocation methylcytosine dioxygenases to regu-
late the expression of genes related to T-cell exhaustion.

We observed differential antitumoral abilities between 
Akt2-OE CTLs and Akt1-OE CTLs, with no variance in 
their antiviral capabilities. In this HBV mouse model, HBV 
virions produced from the AdHBV infection in hepato-
cytes were unable to infect surrounding hepatocytes due 
to the limitation of host range,26 confirming the strong 
intrahepatic cytotoxic capability of Akt1-OE CTLs on 
one-round Ag stimulation. However, in the HCC mouse 
model,27 Akt1-OE CTLs exhibited delayed effector func-
tion compared with Akt2-OE CTLs and failed to eliminate 
tumor cells initially. As tumor cells proliferated rapidly, 
the tumor Ag load increased, repeatedly stimulating 
Akt1-OE CTLs and triggering NFAT pathway activation. 
NFAT activation in immune cells is typically regulated 
by cytosolic Ca2+ levels enhanced by store-operated Ca2+ 
entry through activated CRAC channels.56 Short-duration 
Ca2+ signal transduction rapidly influences T-cell motility 
and degranulation,57 58 while long-duration types are asso-
ciated with new gene expression, regulating lymphocyte 
proliferation, cytokine or chemokine production, T-cell 
differentiation, and anergy.56

On reactivation, both Akt1 and Akt2 signaling rapidly 
enhance NFAT1 and NFAT2 nuclear translocation, 
boosting the effector functions of Akt1-OE and Akt2-OE 
CTLs in vivo and in vitro (data not shown). This suggests 
that both efficiently trigger short-duration Ca2+ signaling, 
leading to NFAT activation, CTL degranulation, and 
tumor cell killing. However, only Akt2-OE CTLs, not 
Akt1-OE CTLs, effectively eliminate tumor cells in vivo, 
accompanied by distinct exhaustion-related gene expres-
sion. We speculate that Akt2, but not Akt1, prevents T-cell 
exhaustion in the HCC TME by suppressing long-duration 
Ca²+ signals, consistent with prior findings showing that 
Akt2 regulates calcium mobilization and NFAT activa-
tion by limiting ER calcium release.24 Previous studies 
have demonstrated that inhibiting calcium signaling can 
enhance the function of human chimeric Ag receptor 
(CAR)-T cells.59 While our data are derived from mouse 
CTLs and a human T-cell line, further studies are needed 
to confirm whether Akt2 exerts similar regulation on 
calcium signaling and NFAT activation in primary human 
CD8+ T cells, which is essential for its application in 
human T-cell therapy.

Recently, T-cell-based immunotherapy has garnered 
significant attention in the field of cancer treatment, 
particularly with the emergence of CAR-T technology. 

While CAR-T therapy has shown promising therapeutic 
efficacy in hematological malignancies, there remains 
ample room for improvement in its effectiveness for 
treating solid tumors.60 61 The dysfunction of effector 
immune cells, including CAR-T cells, within solid tumors 
is attributed to various factors such as poor cell trafficking 
and tumor infiltration, immunosuppressive cell popula-
tions, and tumor-derived suppressive factors, all of which 
contribute to T-cell exhaustion. Strategies aimed at alle-
viating T-cell suppression, including the use of soluble 
decoys and single-chain variable fragments targeting 
immune checkpoints, dominant negative receptor 
decoys, knockdown or knockout of inhibitory genes, and 
interference with inhibitor signaling, are actively under 
development.62 Transcription factors that regulate T-cell 
activation, differentiation, and T-cell exhaustion have also 
been shown to significantly influence the antitumor effi-
cacy of CAR-T cells in the treatment of solid tumors.39 63–66

It has been suggested that inhibition of Akt signaling 
during the initial CAR-T cell preparation helps to main-
tain a T-cell memory phenotype and enhance the in 
vivo antitumor efficacy of CAR-T cells.67 68 However, 
the allosteric Akt inhibitor MK-2206, used in the study, 
only transiently suppresses Akt activation/phosphoryla-
tion, and phosphorylated Akt reappears in CAR-T cells 
before they are adoptively transferred to tumor-bearing 
mice; thus, the real status of Akt activation in CTLs within 
the TME is not addressed.68 Akt activation by PDK-1 is 
crucial for effector-like memory CD8+ T-cell development 
and tumor immune surveillance.8 Previous studies have 
shown differential effects on CD44 and CD62L expres-
sion in Akt1 and Akt2 knockout CD8+ T cells, with Akt1 
knockout CD8+ T cells showing a higher proportion of 
CD44+CD62L+ memory cells, whereas Akt2 knockout 
CD8+ T cells exhibited a proportion of CD44+CD62L+ 
memory cells only slightly higher than that of wild-type 
CD8+ T cells, suggesting Akt1 primarily drives terminal 
differentiation of CD8+ T cells.23

Under normal conditions, T cells predominantly 
express Akt1, crucial for TCR signaling and activation,31 
while Akt2 is mainly expressed in non-immune tissues like 
the liver and muscle, regulating glucose homeostasis.69 In 
our study, ectopic expression of Akt1 and Akt2 resulted 
in similar protein levels, but Akt2 exhibited significantly 
higher T308 and S473 phosphorylation, potentially due 
to its regulation of glucose homeostasis affecting PI3K 
and mTORC2 activity, enhancing Akt phosphorylation 
and T-cell effector functions. Akt3, primarily expressed in 
the brain and testes, showed minimal relevance in T cells, 
lacking T308 phosphorylation but activating downstream 
targets like S6 kinase. This suggests Akt3 may regulate T 
cells through alternative mechanisms, including potential 
negative feedback loops that attenuate PI3K activity and 
Akt phosphorylation,70 warranting further investigation.

Our study clearly demonstrates that although both 
Akt1 and Akt2 signaling can induce CTL differentiation 
toward the effector stage and promote their effector 
functions, only Akt2 signaling enables CTLs to resist 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at H
elm

h
o

ltz Z
en

tru
m

 M
u

en
ch

en
 

o
n

 M
ay 12, 2025

 
h

ttp
://jitc.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

26 M
arch

 2025. 
10.1136/jitc-2024-009827 o

n
 

J Im
m

u
n

o
th

er C
an

cer: first p
u

b
lish

ed
 as 

http://jitc.bmj.com/


16 Chen W-L, et al. J Immunother Cancer 2025;13:e009827. doi:10.1136/jitc-2024-009827

Open access�

the immunosuppressive TME due to its ability to induce 
prompt cytotoxicity and suppress long-duration calcium 
influx. These findings highlight the isoform-specific roles 
of Akt signaling in T-cell differentiation and function, 
emphasizing the need to carefully consider the activa-
tion or inhibition of specific Akt isoforms in therapeutic 
applications. Further studies focusing on Akt2 signaling 
in CD8+ T-cell differentiation could uncover additional 
mechanisms that enhance T-cell persistence, memory 
potential, and antitumor efficacy, thereby broadening its 
therapeutic applicability in cancer immunotherapy.

Author affiliations
1National Health Research Institutes, Institute of Molecular and Genomic Medicine, 
Miaoli, Taiwan
2National Health Research Institutes, National Institute of Cancer Research, Miaoli, 
Taiwan
3Institute of Virology, Technical University of Munich/ Helmholtz Munich, School of 
Medicine and Health, Munich, Germany
4Department of Virology II, National Institute of Infectious Diseases, Tokyo, Japan
5National Taiwan University Graduate Institute of Microbiology, Taipei City, Taiwan
6National Taiwan University Graduate Institute of Clinical Medicine, Taipei City, 
Taiwan
7Division of Gastroenterology and Hepatology, Department of Internal Medicine, 
National Taiwan University Hospital, Taipei, Taiwan

Acknowledgements  We thank Core Instrument Center of NHRI for providing 
services for FACSorting and histological/pathological examinations and Laboratory 
Animal Center of NHRI for the animal management. We also thank Dr Francis V 
Chisari (The Scripps Institute, La Jolla) for providing the HBc TCR tg mice and 
Professor Pei-Jer Chen (The National Taiwan University, Taipei, Taiwan) for critical 
and helpful suggestions.

Contributors  W-LC, Y-LC and S-FL: acquisition of data; analysis and interpretation 
of data; statistical analysis. UP, MI and H-CY: material support. L-RH: concept and 
design of the study; acquisition of data; analysis and interpretation of data; drafting 
of the manuscript; statistical analysis; obtaining funding; study supervision. L-RH is 
the guarantor of the study and takes full responsibility for the integrity of the work 
as a whole. We used ChatGPT 4o to check the grammar of the manuscript and to 
translate the Chinese sentences into English ones.

Funding  The work was supported by grants from the National Science and 
Technology Council (104-2320-B-400-017-MY3, 107-2628-B-400-002, 108-2628-
B-400-002, 109-2628-B-400-007, 109-2326-B-400-007, 110-2326-B-400-004, 
111-2326-B-400-004 and 112-2326-B-400-002), the National Health Research 
Institutes intramural funding and the Gilead Research Scholars Program in Liver 
Disease Asia to L-RH.

Competing interests  None declared.

Patient consent for publication  Not applicable.

Ethics approval  All experimental procedures involving mice were conducted in 
accordance with NHRI IACUC-approved protocols (NHRI-IACUC-104048-A, NHRI-
IACUC-106108-A, NHRI-IACUC-109076-AC1).

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available in a public, open access repository. 
The raw and processed RNA-seq data generated in the current study are available 
through the Gene Expression Omnibus (GEO) with accession number GSE151131. 
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131https://www.​
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131. Data and materials are 
available on reasonable request from the corresponding author.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely 
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability 
and responsibility arising from any reliance placed on the content. Where the 
content includes any translated material, BMJ does not warrant the accuracy and 
reliability of the translations (including but not limited to local regulations, clinical 
guidelines, terminology, drug names and drug dosages), and is not responsible 

for any error and/or omissions arising from translation and adaptation or 
otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See https://creativecommons.org/​
licenses/by/4.0/.

ORCID iDs
Yong-Lin Chang http://orcid.org/0000-0001-6647-7440
Su-Fang Lin http://orcid.org/0000-0001-8706-2439
Li-Rung Huang http://orcid.org/0000-0002-2847-4932

REFERENCES
	 1	 Abdullah L, Hills LB, Winter EB, et al. Diverse Roles of Akt in T cells. 

Immunometabolism 2021;3:e210007. 
	 2	 Anderson KE, Coadwell J, Stephens LR, et al. Translocation of PDK-

1 to the plasma membrane is important in allowing PDK-1 to activate 
protein kinase B. Curr Biol 1998;8:684–91. 

	 3	 Sarbassov DD, Guertin DA, Ali SM, et al. Phosphorylation and 
regulation of Akt/PKB by the rictor-mTOR complex. Science 
2005;307:1098–101. 

	 4	 Hedrick SM, Hess Michelini R, Doedens AL, et al. FOXO transcription 
factors throughout T cell biology. Nat Rev Immunol 2012;12:649–61. 

	 5	 Kim EH, Sullivan JA, Plisch EH, et al. Signal integration by Akt 
regulates CD8 T cell effector and memory differentiation. J Immunol 
2012;188:4305–14. 

	 6	 Kim EH, Suresh M. Role of PI3K/Akt signaling in memory CD8 T cell 
differentiation. Front Immunol 2013;4:20. 

	 7	 Staron MM, Gray SM, Marshall HD, et al. The transcription factor 
FoxO1 sustains expression of the inhibitory receptor PD-1 and 
survival of antiviral CD8(+) T cells during chronic infection. Immunity 
2014;41:802–14. 

	 8	 Rogel A, Willoughby JE, Buchan SL, et al. Akt signaling is critical for 
memory CD8+ T-cell development and tumor immune surveillance. 
Proc Natl Acad Sci U S A 2017;114:E1178–87. 

	 9	 Wherry EJ, Ha S-J, Kaech SM, et al. Molecular signature of 
CD8+ T cell exhaustion during chronic viral infection. Immunity 
2007;27:670–84. 

	10	 Wherry EJ. T cell exhaustion. Nat Immunol 2011;12:492–9. 
	11	 Boni C, Fisicaro P, Valdatta C, et al. Characterization of hepatitis B 

virus (HBV)-specific T-cell dysfunction in chronic HBV infection.  
J Virol 2007;81:4215–25. 

	12	 Raziorrouh B, Schraut W, Gerlach T, et al. The immunoregulatory role 
of CD244 in chronic hepatitis B infection and its inhibitory potential 
on virus-specific CD8+ T-cell function. Hepatology 2010;52:1934–47. 

	13	 Wherry EJ, Kurachi M. Molecular and cellular insights into T cell 
exhaustion. Nat Rev Immunol 2015;15:486–99. 

	14	 Patsoukis N, Bardhan K, Chatterjee P, et al. PD-1 alters T-cell 
metabolic reprogramming by inhibiting glycolysis and promoting 
lipolysis and fatty acid oxidation. Nat Commun 2015;6:6692. 

	15	 He W, Zhang H, Han F, et al. CD155T/TIGIT Signaling Regulates 
CD8+ T-cell Metabolism and Promotes Tumor Progression in Human 
Gastric Cancer. Cancer Res 2017;77:6375–88. 

	16	 Parry RV, Chemnitz JM, Frauwirth KA, et al. CTLA-4 and PD-1 
receptors inhibit T-cell activation by distinct mechanisms. Mol Cell 
Biol 2005;25:9543–53. 

	17	 Riley JL. PD-1 signaling in primary T cells. Immunol Rev 
2009;229:114–25. 

	18	 Guerau-de-Arellano M, Piedra-Quintero ZL, Tsichlis PN. Akt isoforms 
in the immune system. Front Immunol 2022;13:990874. 

	19	 Arranz A, Doxaki C, Vergadi E, et al. Akt1 and Akt2 protein kinases 
differentially contribute to macrophage polarization. Proc Natl Acad 
Sci U S A 2012;109:9517–22. 

	20	 Park D, Lapteva N, Seethammagari M, et al. An essential role 
for Akt1 in dendritic cell function and tumor immunotherapy. Nat 
Biotechnol 2006;24:1581–90. 

	21	 Kitz A, de Marcken M, Gautron A-S, et al. AKT isoforms modulate 
Th1-like Treg generation and function in human autoimmune disease. 
EMBO Rep 2016;17:1169–83. 

	22	 Ouyang S, Zeng Q, Tang N, et al. Akt-1 and Akt-2 Differentially 
Regulate the Development of Experimental Autoimmune 
Encephalomyelitis by Controlling Proliferation of Thymus-Derived 
Regulatory T Cells. J Immunol 2019;202:1441–52. 

	23	 Abu Eid R, Friedman KM, Mkrtichyan M, et al. Akt1 and -2 
inhibition diminishes terminal differentiation and enhances central 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at H
elm

h
o

ltz Z
en

tru
m

 M
u

en
ch

en
 

o
n

 M
ay 12, 2025

 
h

ttp
://jitc.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

26 M
arch

 2025. 
10.1136/jitc-2024-009827 o

n
 

J Im
m

u
n

o
th

er C
an

cer: first p
u

b
lish

ed
 as 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0001-6647-7440
http://orcid.org/0000-0001-8706-2439
http://orcid.org/0000-0002-2847-4932
http://dx.doi.org/10.20900/immunometab20210007
http://dx.doi.org/10.1016/s0960-9822(98)70274-x
http://dx.doi.org/10.1126/science.1106148
http://dx.doi.org/10.1038/nri3278
http://dx.doi.org/10.4049/jimmunol.1103568
http://dx.doi.org/10.3389/fimmu.2013.00020
http://dx.doi.org/10.1016/j.immuni.2014.10.013
http://dx.doi.org/10.1073/pnas.1611299114
http://dx.doi.org/10.1016/j.immuni.2007.09.006
http://dx.doi.org/10.1038/ni.2035
http://dx.doi.org/10.1128/JVI.02844-06
http://dx.doi.org/10.1128/JVI.02844-06
http://dx.doi.org/10.1002/hep.23936
http://dx.doi.org/10.1038/nri3862
http://dx.doi.org/10.1038/ncomms7692
http://dx.doi.org/10.1158/0008-5472.CAN-17-0381
http://dx.doi.org/10.1128/MCB.25.21.9543-9553.2005
http://dx.doi.org/10.1128/MCB.25.21.9543-9553.2005
http://dx.doi.org/10.1111/j.1600-065X.2009.00767.x
http://dx.doi.org/10.3389/fimmu.2022.990874
http://dx.doi.org/10.1073/pnas.1119038109
http://dx.doi.org/10.1073/pnas.1119038109
http://dx.doi.org/10.1038/nbt1262
http://dx.doi.org/10.1038/nbt1262
http://dx.doi.org/10.15252/embr.201541905
http://dx.doi.org/10.4049/jimmunol.1701204
http://jitc.bmj.com/


17Chen W-L, et al. J Immunother Cancer 2025;13:e009827. doi:10.1136/jitc-2024-009827

Open access

memory CD8+ T-cell proliferation and survival. Oncoimmunology 
2015;4:e1005448. 

	24	 Martin VA, Wang W-H, Lipchik AM, et al. Akt2 inhibits the activation 
of NFAT in lymphocytes by modulating calcium release from 
intracellular stores. Cell Signal 2012;24:1064–73. 

	25	 Isogawa M, Chung J, Murata Y, et al. CD40 activation rescues 
antiviral CD8+ T cells from PD-1-mediated exhaustion. PLoS Pathog 
2013;9:e1003490. 

	26	 Huang L-R, Gäbel YA, Graf S, et al. Transfer of HBV genomes using 
low doses of adenovirus vectors leads to persistent infection in 
immune competent mice. Gastroenterology 2012;142:1447–50. 

	27	 Liu Y-T, Tseng T-C, Soong R-S, et al. A novel spontaneous 
hepatocellular carcinoma mouse model for studying T-cell exhaustion 
in the tumor microenvironment. J Immunother Cancer 2018;6:144. 

	28	 Subramanian A, Tamayo P, Mootha VK, et al. Gene set enrichment 
analysis: a knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci U S A 2005;102:15545–50. 

	29	 Liberzon A, Subramanian A, Pinchback R, et al. Molecular signatures 
database (MSigDB) 3.0. Bioinformatics 2011;27:1739–40. 

	30	 Yang Z-Z, Tschopp O, Hemmings-Mieszczak M, et al. Protein kinase 
B alpha/Akt1 regulates placental development and fetal growth.  
J Biol Chem 2003;278:32124–31. 

	31	 Cheng J, Phong B, Wilson DC, et al. Akt fine-tunes NF-κB-
dependent gene expression during T cell activation. J Biol Chem 
2011;286:36076–85. 

	32	 Dangelmaier C, Manne BK, Liverani E, et al. PDK1 selectively 
phosphorylates Thr(308) on Akt and contributes to human platelet 
functional responses. Thromb Haemost 2014;111:508–17. 

	33	 Huang L, Lin S. Data from: mRNA-seq analysis of mouse cytotoxic T 
lymphocytes (CTLs) over-expressing Akt isoforms. Gene Expression 
Omnibus 2020. Available: https://www.ncbi.nlm.nih.gov/geo/query/​
acc.cgi?acc=GSE151131

	34	 Luckey CJ, Bhattacharya D, Goldrath AW, et al. Memory T and 
memory B cells share a transcriptional program of self-renewal 
with long-term hematopoietic stem cells. Proc Natl Acad Sci U S A 
2006;103:3304–9. 

	35	 Doering TA, Crawford A, Angelosanto JM, et al. Network analysis 
reveals centrally connected genes and pathways involved in CD8+ T 
cell exhaustion versus memory. Immunity 2012;37:1130–44. 

	36	 Sarkar S, Kalia V, Haining WN, et al. Functional and genomic profiling 
of effector CD8 T cell subsets with distinct memory fates. J Exp Med 
2008;205:625–40. 

	37	 Wakim LM, Woodward-Davis A, Liu R, et al. The molecular signature 
of tissue resident memory CD8 T cells isolated from the brain.  
J Immunol 2012;189:3462–71. 

	38	 Martinez GJ, Pereira RM, Äijö T, et al. The transcription factor 
NFAT promotes exhaustion of activated CD8(+) T cells. Immunity 
2015;42:265–78. 

	39	 Chen J, López-Moyado IF, Seo H, et al. NR4A transcription 
factors limit CAR T cell function in solid tumours. Nature New Biol 
2019;567:530–4. 

	40	 Seo H, Chen J, González-Avalos E, et al. TOX and TOX2 transcription 
factors cooperate with NR4A transcription factors to impose CD8+ T 
cell exhaustion. Proc Natl Acad Sci U S A 2019;116:12410–5. 

	41	 Williams JB, Horton BL, Zheng Y, et al. The EGR2 targets LAG-3 and 
4-1BB describe and regulate dysfunctional antigen-specific CD8+ T 
cells in the tumor microenvironment. J Exp Med 2017;214:381–400. 

	42	 Macintyre AN, Finlay D, Preston G, 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. 

	43	 Kerdiles YM, Beisner DR, Tinoco R, et al. Foxo1 links homing 
and survival of naive T cells by regulating L-selectin, CCR7 and 
interleukin 7 receptor. Nat Immunol 2009;10:176–84. 

	44	 Kim MV, Ouyang W, Liao W, et al. The transcription factor Foxo1 
controls central-memory CD8+ T cell responses to infection. 
Immunity 2013;39:286–97. 

	45	 Beals CR, Sheridan CM, Turck CW, et al. Nuclear export of NF-ATc 
enhanced by glycogen synthase kinase-3. Science 1997;275:1930–4. 

	46	 Klein-Hessling S, Muhammad K, Klein M, et al. NFATc1 controls the 
cytotoxicity of CD8+ T cells. Nat Commun 2017;8:511. 

	47	 Lee JU, Kim LK, Choi JM. Revisiting the Concept of Targeting NFAT 
to Control T Cell Immunity and Autoimmune Diseases. Front Immunol 
2018;9:2747. 

	48	 Lewis EL, Xu R, Beltra J-C, et al. NFAT-dependent and -independent 
exhaustion circuits program maternal CD8 T cell hypofunction in 
pregnancy. J Exp Med 2022;219:e20201599. 

	49	 Tillé L, Cropp D, Charmoy M, et al. Activation of the transcription 
factor NFAT5 in the tumor microenvironment enforces CD8+ T cell 
exhaustion. Nat Immunol 2023;24:1645–53. 

	50	 Hodge DR, Cho E, Copeland TD, et al. IL-6 enhances the nuclear 
translocation of DNA cytosine-5-methyltransferase 1 (DNMT1) via 
phosphorylation of the nuclear localization sequence by the AKT 
kinase. Cancer Genomics Proteomics 2007;4:387–98.

	51	 Mei C, Sun L, Liu Y, et al. Transcriptional and post-transcriptional 
control of DNA methyltransferase 3B is regulated by 
phosphatidylinositol 3 kinase/Akt pathway in human hepatocellular 
carcinoma cell lines. J Cell Biochem 2010;111:158–67. 

	52	 Zhou W, Tian D, He J, et al. Repeated PM2.5 exposure inhibits 
BEAS-2B cell P53 expression through ROS-Akt-DNMT3B pathway-
mediated promoter hypermethylation. Oncotarget 2016;7:20691–703. 

	53	 Yang Q, Jiang W, Hou P. Emerging role of PI3K/AKT in tumor-related 
epigenetic regulation. Semin Cancer Biol 2019;59:112–24. 

	54	 Lee JV, Carrer A, Shah S, et al. Akt-dependent metabolic 
reprogramming regulates tumor cell histone acetylation. Cell Metab 
2014;20:306–19. 

	55	 Huang WC, Chen CC. Akt phosphorylation of p300 at Ser-1834 is 
essential for its histone acetyltransferase and transcriptional activity. 
Mol Cell Biol 2005;25:6592–602. 

	56	 Feske S. Calcium signalling in lymphocyte activation and disease. 
Nat Rev Immunol 2007;7:690–702. 

	57	 Pipkin ME, Lieberman J. Delivering the kiss of death: progress 
on understanding how perforin works. Curr Opin Immunol 
2007;19:301–8. 

	58	 Lyubchenko TA, Wurth GA, Zweifach A. Role of calcium influx in 
cytotoxic T lymphocyte lytic granule exocytosis during target cell 
killing. Immunity 2001;15:847–59. 

	59	 Shao M, Teng X, Guo X, et al. Inhibition of Calcium Signaling 
Prevents Exhaustion and Enhances Anti‐Leukemia Efficacy of CAR‐T 
Cells via SOCE‐Calcineurin‐NFAT and Glycolysis Pathways. Adv Sci 
(Weinh) 2022;9:e2103508. 

	60	 Daei Sorkhabi A, Mohamed Khosroshahi L, Sarkesh A, et al. 
The current landscape of CAR T-cell therapy for solid tumors: 
Mechanisms, research progress, challenges, and counterstrategies. 
Front Immunol 2023;14:1113882. 

	61	 Albelda SM. CAR T cell therapy for patients with solid tumours: key 
lessons to learn and unlearn. Nat Rev Clin Oncol 2024;21:47–66. 

	62	 Lanitis E, Coukos G, Irving M. All systems go: converging synthetic 
biology and combinatorial treatment for CAR-T cell therapy. Curr 
Opin Biotechnol 2020;65:75–87. 

	63	 Lynn RC, Weber EW, Sotillo E, et al. c-Jun overexpression in 
CAR T cells induces exhaustion resistance. Nature New Biol 
2019;576:293–300. 

	64	 Seo H, González-Avalos E, Zhang W, et al. BATF and IRF4 cooperate 
to counter exhaustion in tumor-infiltrating CAR T cells. Nat Immunol 
2021;22:983–95. 

	65	 Zhang X, Zhang C, Qiao M, et al. Depletion of BATF in CAR-T 
cells enhances antitumor activity by inducing resistance against 
exhaustion and formation of central memory cells. Cancer Cell 
2022;40:1407–22. 

	66	 Bulliard Y, Andersson BS, Baysal MA, et al. Reprogramming T cell 
differentiation and exhaustion in CAR-T cell therapy. J Hematol Oncol 
2023;16:108. 

	67	 Klebanoff CA, Crompton JG, Leonardi AJ, et al. Inhibition of 
AKT signaling uncouples T cell differentiation from expansion 
for receptor-engineered adoptive immunotherapy. JCI Insight 
2017;2:e95103. 

	68	 Zhang Q, Ding J, Sun S, et al. Akt inhibition at the initial stage 
of CAR-T preparation enhances the CAR-positive expression 
rate, memory phenotype and in vivo efficacy. Am J Cancer Res 
2019;9:2379–96.

	69	 Cho H, Mu J, Kim JK, et al. Insulin resistance and a diabetes 
mellitus-like syndrome in mice lacking the protein kinase Akt2 (PKB 
beta). Science 2001;292:1728–31. 

	70	 Harrington LS, Findlay GM, Lamb RF. Restraining PI3K: mTOR 
signalling goes back to the membrane. Trends Biochem Sci 
2005;30:35–42. 

P
ro

tected
 b

y co
p

yrig
h

t, in
clu

d
in

g
 fo

r u
ses related

 to
 text an

d
 d

ata m
in

in
g

, A
I train

in
g

, an
d

 sim
ilar tech

n
o

lo
g

ies. 
.

at H
elm

h
o

ltz Z
en

tru
m

 M
u

en
ch

en
 

o
n

 M
ay 12, 2025

 
h

ttp
://jitc.b

m
j.co

m
/

D
o

w
n

lo
ad

ed
 fro

m
 

26 M
arch

 2025. 
10.1136/jitc-2024-009827 o

n
 

J Im
m

u
n

o
th

er C
an

cer: first p
u

b
lish

ed
 as 

http://dx.doi.org/10.1080/2162402X.2015.1005448
http://dx.doi.org/10.1016/j.cellsig.2012.01.001
http://dx.doi.org/10.1371/journal.ppat.1003490
http://dx.doi.org/10.1053/j.gastro.2012.03.006
http://dx.doi.org/10.1186/s40425-018-0462-3
http://dx.doi.org/10.1073/pnas.0506580102
http://dx.doi.org/10.1093/bioinformatics/btr260
http://dx.doi.org/10.1074/jbc.M302847200
http://dx.doi.org/10.1074/jbc.M302847200
http://dx.doi.org/10.1074/jbc.M111.259549
http://dx.doi.org/10.1160/TH13-06-0484
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE151131
http://dx.doi.org/10.1073/pnas.0511137103
http://dx.doi.org/10.1016/j.immuni.2012.08.021
http://dx.doi.org/10.1084/jem.20071641
http://dx.doi.org/10.4049/jimmunol.1201305
http://dx.doi.org/10.4049/jimmunol.1201305
http://dx.doi.org/10.1016/j.immuni.2015.01.006
http://dx.doi.org/10.1038/s41586-019-0985-x
http://dx.doi.org/10.1073/pnas.1905675116
http://dx.doi.org/10.1084/jem.20160485
http://dx.doi.org/10.1016/j.immuni.2011.01.012
http://dx.doi.org/10.1038/ni.1689
http://dx.doi.org/10.1016/j.immuni.2013.07.013
http://dx.doi.org/10.1126/science.275.5308.1930
http://dx.doi.org/10.1038/s41467-017-00612-6
http://dx.doi.org/10.3389/fimmu.2018.02747
http://dx.doi.org/10.1084/jem.20201599
http://dx.doi.org/10.1038/s41590-023-01614-x
https://pubmed.ncbi.nlm.nih.gov/18204201
http://dx.doi.org/10.1002/jcb.22684
http://dx.doi.org/10.18632/oncotarget.7842
http://dx.doi.org/10.1016/j.semcancer.2019.04.001
http://dx.doi.org/10.1016/j.cmet.2014.06.004
http://dx.doi.org/10.1128/MCB.25.15.6592-6602.2005
http://dx.doi.org/10.1038/nri2152
http://dx.doi.org/10.1016/j.coi.2007.04.011
http://dx.doi.org/10.1016/s1074-7613(01)00233-3
http://dx.doi.org/10.1002/advs.202103508
http://dx.doi.org/10.1002/advs.202103508
http://dx.doi.org/10.3389/fimmu.2023.1113882
http://dx.doi.org/10.1038/s41571-023-00832-4
http://dx.doi.org/10.1016/j.copbio.2020.01.009
http://dx.doi.org/10.1016/j.copbio.2020.01.009
http://dx.doi.org/10.1038/s41586-019-1805-z
http://dx.doi.org/10.1038/s41590-021-00964-8
http://dx.doi.org/10.1016/j.ccell.2022.09.013
http://dx.doi.org/10.1186/s13045-023-01504-7
http://dx.doi.org/10.1172/jci.insight.95103
https://pubmed.ncbi.nlm.nih.gov/31815041
http://dx.doi.org/10.1126/science.292.5522.1728
http://dx.doi.org/10.1016/j.tibs.2004.11.003
http://jitc.bmj.com/

	Differential regulation of calcium-­NFAT signaling pathway by Akt isoforms: unraveling effector dynamics and exhaustion of cytotoxic T lymphocytes in tumor ﻿
﻿microenvironment
	Abstract
	Background﻿﻿
	Methods
	Animal studies
	Plasmid constructs for viral production
	T-cell preparation, retroviral transduction﻿﻿﻿﻿ and adoptive transfer
	Cell isolation and flow cytometric analysis
	Detection of HBV antigens, anti-HBs, and serum alanine aminotransferase
	In vivo T-cell proliferation assays
	In vitro T-cell assays
	Calcium mobilization assay
	NFAT reporter assay
	Immunohistochemistry study
	RNA sequencing and bioinformatics
	Statistical analysis

	Result
	Akt1 and Akt2 isoform signaling in CTLs orchestrate similar antiviral but divergent antitumor responses in the liver
	Akt2 signaling enhances the Ag-specific expansion of CTLs in the HCC microenvironment
	Akt2 signaling rapidly induces effector functions of CTLs in﻿﻿ the﻿﻿ TME
	Differential regulation of immune responses and checkpoint expression by Akt1 and Akt2 signaling in CTLs
	Akt2 signaling modulates cytosolic calcium ﻿﻿levels﻿﻿ to prevent NFAT hyperactivation and T-cell exhaustion

	Discussion
	References


