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Akt inhibition at the initial stage of CAR-T preparation 
enhances the CAR-positive expression rate,  
memory phenotype and in vivo efficacy
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Abstract: The adoptive transfer of chimeric antigen receptor-modified T (CAR-T) cells is a novel cancer treatment 
that has led to encouraging breakthroughs in the treatment of haematological malignancies. The efficacy of in-
fused CAR-T cells is associated with a high CAR-positive expression rate, a strong proliferative response and the 
persistence of CAR-T cells in vivo. Manufacturing CAR-T cells is a process usually associated with the decreased 
CAR-positive expression rate and terminal differentiation of the infused CAR-T cells, which causes decreased prolif-
eration and persistence of CAR-T cells in vivo. Therefore, the preparation of a high CAR-positive expression rate and 
few differentiated CAR-T cells is particularly important for clinical cancer treatment. In this study, we transduced 
and expanded CAR-T cells targeting the epithelial cell adhesion molecule (EpCAM) in the presence of an Akt inhibi-
tor (MK2206) during the initial stage of CAR-T cell preparation. We show that the Akt inhibitor did not suppress 
the proliferation or effector function of the EpCAM-CAR-T cells but increased the CAR-positive expression rate and 
decreased the number of terminally differentiated EpCAM-CAR-T cells. Furthermore, EpCAM-CAR-T cells prepared 
using this protocol appeared to have enhanced antitumor activity in vivo. Taken together, these findings suggest 
that Akt inhibition during the initial stage of CAR-T cell preparation could improve the performance of CAR-T cells.
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Introduction

The adoptive transfer of chimeric antigen 
receptor-modified T (CAR-T) cells is a novel can-
cer treatment that has achieved encouraging 
breakthroughs in the treatment of haemato-
logical malignancies. The efficacy of infused 
CAR-T cells is associated with a high CAR-
positive expression rate, a strong proliferative 
response and the persistence of the gene-mod-
ified T cells in vivo [1]. Manufacturing CAR-T 
cells is a process that involves activation ex 
vivo, CAR gene transfer and expansion in cul-
ture, where these cells grow to a suitable num-
ber for therapeutic use. However, this process 
is usually associated with a decreased CAR-
positive expression rate and suppressed prolif-
eration and persistence in vivo [2].

The CAR-positive expression rate is determined 
by gene transduction and expression efficiency. 
Lentivirus or retroviral infection is the most 
commonly used gene transduction methods for 
preparing CAR-T cells [1]. Both are derived from 
the human immunodeficiency virus-1 (HIV-1). 
The infection efficiency of HIV is modulated by 
the state of the host cell cycle. Cell cycle arrest 
in G2/M can promote the early steps of HIV 
infection [3, 4]. In addition, the results of previ-
ous research showed that the degree of G2/M 
suppression was positively correlated with the 
gene expression efficiency of the infected lenti-
virus [5]. An extended G0/G1 phase can pro-
mote HIV-1 gene expression, which is important 
for improving the ability of lentivirus vectors to 
enter host cells and efficiently express the gene 
of interest [6, 7].
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Inhibiting the Akt pathway can cause cell cycle 
arrest at G0/G1 or G2/M. Pristimerin, an active 
compound isolated from the traditional Chinese 
herbs Celastraceae and Hippocrateaceae, 
induces G1 phase arrest by inhibiting Akt sig-
nalling [8]. Overexpressed desmocollin 3, a 
transmembrane adhesion protein of des-
mosomes, induced G0/G1 cell cycle arrest 
through inhibition of the Akt pathway in colorec-
tal cancer cells [9]. Overexpressed inhibitor of 
growth 3, a tumor-suppressor gene, induced 
cell cycle arrest in G2/M by blocking the Akt 
pathway in gastric cancer cells [10]. DCZ3301, 
an aryl-guanidino inhibitor, induced cell cycle 
arrest in G2/M by suppressing the Akt path- 
way of T-cells in leukaemia/lymphoma [11]. 
Together, these results demonstrate that Akt 
pathway inhibition can induce cell cycle arrest 
in G0/G1 or G2/M. However, whether Akt inhibi-
tors increase the CAR-positive expression rate 
by disrupting the cell cycle is not known.

Terminally differentiated infused CAR-T cells 
have decreased proliferation and persistence 
in vivo [1, 12]. Infusion of less-differentiated 
CAR-T cell subsets is associated with greater 
tumor regression [13, 14]. However, physiologi-
cally, the expansion and differentiation pro-
cesses of CAR-T cells are closely linked. Several 
studies have indicated the importance of the 
Akt pathway in the regulation of T cell differen-
tiation and memory formation [15-17]. Once 
the T cell surface receptors, co-stimulatory 
molecules, and/or cytokine receptors are 
induced, the PI3K-Akt pathway is activated, 
resulting in downstream responses via the 
phosphorylation of a range of intracellular pro-
teins and T cell activation. However, studies 
have confirmed that sustained Akt activation 
progressively drives T cells towards terminal 
differentiation and decreased antitumor activi-
ties [15].

Based on these findings, we speculated that 
inhibited Akt activity during CAR-T cell prepara-
tion may enhance the CAR-positive expression 
rate and enhance the memory phenotype of 
CAR-T cells. To confirm this speculation, we 
transduced and expanded CAR-T cells targeting 
epithelial cell adhesion molecule (EpCAM) in 
the presence of an Akt inhibitor (MK2206) dur-
ing the initial stage of CAR-T cell preparation. 
We show that Akt inhibition did not suppress 
proliferation or effector function but increased 
the CAR-positive expression rate and inhibited 

the terminal differentiation of the EpCAM-CAR-T 
cells. Furthermore, the EpCAM-CAR-T cells that 
expanded in the presence of Akt inhibitor 
MK2206 appeared to have enhanced antitu-
mor activity in vivo. Taken together, these find-
ings suggest that Akt inhibition during the initi- 
al stage of CAR-T preparation could improve the 
performance of CAR-T cells.

Materials and methods

Cell culture

Human colon cancer cell lines (HCT116 and 
SW620) and 293T cells were maintained in 
Dulbecco’s modified Eagle’s Medium (DMEM, 
Gibco, USA) supplemented with 10% foetal 
bovine serum (Gibco, USA) and 1% penicillin/
streptomycin (Gibco, USA). Luciferase-expres- 
sing HCT116 cells were generated by transduc-
tion of the colon cancer cell line HCT116 with 
lentiviral particles encoding the Luciferase se- 
quence. T cells were cultured in X-vivo 15 medi-
um (Lonza, Switzerland) supplemented with 
10% FBS and 200 IU/mL recombinant human 
interleukin-2 (rhIL-2) (Shuanglu Pharmacy, 
Beijing China). All cells were incubated at 37°C 
in a 5% CO2 humidified atmosphere.

Generation of EpCAM-CAR-T cells

Human peripheral blood mononuclear cells 
(PBMCs) were obtained from healthy donors 
using a Ficoll gradient (Axis-Shield, Norway), 
centrifuged and frozen in liquid nitrogen. When 
preparing the CAR-T cells, the thawed PBMCs 
were activated with CD3/CD28 Dynabeads 
(Gibco, USA) at a ratio of 1:1. Two days after 
stimulation, the cells were transduced with a 
lentivirus encoding a CAR targeting EpCAM with 
a co-stimulatory molecule, 4-1BB, at a multi-
plicity of infection (MOI) of 5 and expanded in 
medium containing 200 IU/mL rhIL-2 and 0-4 
μM Akt inhibitor (MK2206, Selleck). Five days 
later, Dynabeads and the MK2206 were 
removed, and the lentivirus-infected T cells 
were continuously expanded for another 5-9 
days. Then, expanded CAR-T cells were used for 
experiments in vitro or in vivo.

Flow cytometry

Single cell samples were incubated with live/
dead green dye (L23101, Life Technologies, 
USA) and the indicated antibodies or isotype 
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controls in staining buffer (PBS containing 2% 
FBS) for 30 mins at 4°C and then fixed in 1% 
paraformaldehyde. Fluorescence data were 
collected on a FACS machine (FACS Canto II, 
Becton-Dickinson, USA). Data analysis was  
performed using FlowJo 10 software (Ashland, 
OR). To determine CAR expression at the end  
of CAR-T cell expansion (Day 10), 2 × 105 T cells 
were stained, first with a mouse anti-c-myc tag 
monoclonal antibody (Sigma-Aldrich, USA) and, 
then, with an Alexa Fluor 647-conjugated goat 
anti-mouse IgG (H+L) secondary antibody (Th- 
ermo Fisher, USA). For p-Akt determination, 
intracellular staining was performed with FITC-
conjugated anti-p-Akt (s473) (eBioscience, 
USA). To determine EpCAM expression, cell 
samples were stained with Alexa Fluor 647-con-
jugated anti-human EpCAM (Biolegend, USA). 
For the determination of other immune cells, 
the cells were stained with anti-human CD3-
PerCP, CD45-FITC, CD45RA-PE-Cy7, CCR7-APC-
Cy7, Low-density lipoprotein receptor (LDL-R)-
AlexaFluor 488 (R&D system, USA) and their 
respective isotype control antibodies. In addi-
tion to antibodies against LDL-R, other antibod-
ies and their respective isotype controls were 
purchased from Biolegend. For CAR-T cell deter-
mination in peripheral blood, 50 µL of blood 
was drawn from the tail vein of mice. These red 
blood cells were lysed by hypotonic lysis using 
1 × RBC lysis buffer (PeproTech, USA) in a dark 
at room temperature for 10 mins. Total leuko-
cytes were collected and stained with anti-
human CD45 and CD3 antibodies.

Western blot analysis

For Akt, p-Akt and LDL-R detection, cells were 
lysed and maintained on ice for 30 mins in RIPA 
buffer with 1 × protease inhibitor cocktail and 
0.5 mM PMSF. After centrifugation at 12000 
rpm at 4°C for 15 mins, the protein concentra-
tion of the supernatant was determined using a 
BCA kit (Beyotime, China). An anti-Akt (pan) rab-
bit mAb (Cell Signaling Technology, USA), anti-p-
Akt (Ser473) rabbit mAb (Cell Signaling Tech- 
nology, USA) and anti-LDL receptor rabbit mon-
oclonal antibody (Abcam, UK) were used to 
detect pan Akt, p-Akt and LDL-R, respectively. 
Anti-GAPDH antibody (Santa Cruz Biotechnolo- 
gy, USA) was used to detect GAPDH, which was 
the internal control. For the detection of FoxO1 
in the cytoplasm and nucleus, nuclear and 
cytoplasmic proteins were extracted according 
to the manufacturer’s instructions that came 

with the nuclear and cytoplasmic protein 
extraction kit (Beyotime, Suzhou, China). Anti-
FoxO1 Rabbit mAb (Cell Signalling Technology, 
USA) was used to detect FoxO1 in the nucleus 
and cytoplasm. Anti-PARP antibody (Santa Cruz 
Biotechnology, USA) was used to detect PARP 
in the nucleus as an internal control. Anti-β-
tubulin antibody (Santa Cruz Biotechnolo- 
gy, USA) was used to detect β-Tubulin in the 
cytoplasm, which was the internal control. The 
intensity of each strip was analyzed by Ima- 
geJ software. The average intensities of each 
protein were standardized to its internal 
reference.

Confocal immunofluorescence imaging

For immunofluorescent staining, cells were 
fixed with 4% paraformaldehyde and incubated 
with primary anti-FoxO1 (C29H4) rabbit mAb 
(Cell Signaling Technology, USA). Then, the anti-
gen was probed with an Alexa Fluor 488-conju-
gated goat anti-rabbit IgG (HL) antibody (Ab- 
cam, UK). Hoechst 33342 counterstain was 
used to mark the nucleus. The images were 
taken with a confocal microscope.

Cell cycle analysis

Human PBMCs were activated with CD3/CD28 
Dynabeads in medium containing 2 µM 
MK2206 or a vehicle control for 48 h. Cells 
were washed with PBS and fixed in 2 mL of ice-
cold 70% ethanol overnight. Then, the cells 
were stained with propidium iodide solu- 
tion containing 0.1% Triton X-100 and 0.2 mg/
mL RNase (Beyotime, China). Populations in 
cell cycle phases were quantified by FACS 
Canto II.

Cytokine release analysis by ELISA

Target cells were co-cultured with effector cells 
at a 1:1 ratio (1 × 104 cells each) in U-bottom 
96-well plates with 100 µL of medium in tripli-
cate. After 24 h, the culture supernatant was 
collected through centrifugation at 300 g for 5 
mins. The cytokine levels (IFN-γ and granzyme 
B) were quantified using a human ELISA kit 
according to the manufacturer’s instructions 
(BD Biosciences, USA).

Real-time cell assay (RTCA)

The cytotoxic activity of CAR-T cells was deter-
mined using an xCELLigence RTCA MP instru-
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ment (ACEA Biosciences, USA). First, 50 μL of 
target cell culture media was added to each 
well of a 2 × 8-well E-Plates (ACEA Biosciences, 
USA), and then, the background impedance 
was measured and used as the cell index. 
Then, target cells were seeded at a density of 
10000 cells/well of the E-Plate in a volume of 
100 μL and allowed to passively adhere on the 
electrode surface. Post-seeding, the E-Plate 
was kept at ambient temperature inside a lami-
nar flow hood for 30 mins and then transferred 
to the RTCA MP instrument inside a cell culture 
incubator. Data recording was initiated immedi-
ately at 15-minute intervals for the entire dura-
tion of the experiment. After approximately 10 
h, the target cells reached a logarithmic growth 
phase, and the effector cells were added at an 
effector/target (E:T) ratio = 1:1, in duplicate, in 
a volume of 50 μL. After transferring the E-Plate 
back into the xCELLigence system, data acqui-
sition was resumed to monitor the CAR-T cell 
cytotoxic activity based on the viability of the 
attached target cells, which is reflected by cell 
index values.

Therapeutic efficacy in vivo

Six-week-old male NPG (NOD-Prkdcscid Il2rgnull) 
mice (Vitalstar Biotechnology, Beijing, China) 
were maintained in the specific pathogen-free 
animal facilities of the Experimental Animal 
Center of Xuzhou Medical University. All animal 
procedures were approved by and manipulated 
in accordance with the Institutional Ethical 
Care and Use Committee. For metastasis mod-
els, each mouse was injected intravenously 
through the tail vein with 1 × 106 HCT116 cells 
with a luciferase-expressing gene (HCT116Luc+). 
Seven days later, the mice were randomly 
assigned to 2 groups (n = 5): vehicle-treated 
CAR-T (Vehicle) and MK2206-treated CAR-T 
(MK2206). A total of 3 × 106 vehicle-treated 
CAR-T cells or MK2206-treated CAR-T cells 
were injected intravenously (i.v.) into the mice. 
All mice were intraperitoneally (i.p.) adminis-
tered IL-2 (2000 IU/mouse) daily during the 
treatment. After two weeks of treatment, 50 µL 
of blood was obtained through the tail vein and 
used to determine the proliferation of the trans-
fused CAR-T cells. After three weeks of treat-
ment, 150 mg/kg D-luciferin (Sigma-Aldrich, 
USA) was injected intraperitoneally into the 
mice. The tumor burden was evaluated through 
luminescence imaging with an IVIS system 

(Berthold Technologies, Germany). The survival 
of the mice was also assessed. The death of 
the mice was recorded throughout the course 
of treatment. At the end of the treatment, sur-
vival curves of the mice were plotted, and the 
therapeutic effects of the CAR-T cells were 
evaluated.

Statistical analysis

Data were analysed and plotted with GraphPad 
Prism software (GraphPad, San Diego, CA,  
USA) and are presented as the mean ± SEM. All 
comparisons except for in vivo experiments 
between two groups were performed by unpa- 
ired two-tailed Student’s t test. Wilcoxon test 
was applied for the comparison of in vivo exper-
iments. P < 0.05 was considered significant.

Results

MK2206 significantly inhibits Akt phosphoryla-
tion in the initial stage of T cell activation

The construction and characteristics of a sec-
ond-generation CAR that targets EpCAM are 
presented in Figure 1A and explained in our 
previous report [18]. The DNA sequence of the 
CAR was inserted into a second-generation len-
tiviral vector system, pRRL. To simulate the 
source of the T cells used in the majority of cur-
rent CAR-T clinical trials [19-21], we used an 
unfractionated population of peripheral blood 
mononuclear cells (PBMC). To determine whe- 
ther MK2206-inhibited Akt phosphorylation 
could enhance the performance of EpCAM-
CAR-T cells, we performed T cell stimulation 
and lentiviral transduction of EpCAM-CAR in the 
continuous presence of 0.5 µM, 1 µM, 2 µM, or 
4 µM MK2206 or a vehicle control. After 5 days 
of treatment, the MK2206 and anti-human 
CD3/CD28 beads were removed from the medi-
um (Figure 1B).

After two, five or ten days of expansion ex vivo, 
intracellular phosphorylation of Akt (p-Akt) in 
the T cells was analysed by flow cytometry. We 
found that at all concentrations, MK2206 sig-
nificantly inhibited Akt phosphorylation in bead-
activated T cells on day 2, and compared with 
the CAR-T cells treated with different concen-
trations of MK2206, the positive rate of p-Akt 
decreased from 53% of the vehicle to approxi-
mately 6%. On day 5, the overall phosphoryla-
tion levels of Akt in the EpCAM-CAR-T cells that 
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Figure 1. The Akt inhibitor MK2206 significantly suppresses Akt phosphorylation at the initial stage of CAR-T cell preparation. A. Schematic illustration of EpCAM-
specific CAR. Sequences encoding EpCAM-scFv with a c-myc tag at the N-terminus were fused with the transmembrane domain of human CD8α and the cytoplasmic 
regions of 4-1BB and CD3ζ. EF1α: promoter; SP: signal peptide; scFv: single-chain variable fragment. B. Schematic diagram of CAR-T cell preparation. PBMCs were 
activated with CD3/CD28 Dynabeads in medium containing 200 IU/mL rhIL-2 and a vehicle control or 0.5-4 μM Akt inhibitor MK2206. Two days later (day 2), the 
activated cells were transduced with a lentivirus encoding EpCAM-specific CAR (MOI = 5). Five days later (day 5), Dynabeads and the MK2206 were removed, and 
the lentivirus-infected T cells were continuously expanded for another 5-9 days. LV Td, lentivirus transduction. C. The inhibitory effects of MK2206 on Akt phospho-
rylation in T cells were detected by flow cytometry. T cells treated with MK2206 or the vehicle were collected on days 2, 5 and 10 and intracellularly stained with 
antibodies against phosphorylated Akt (p-Akt). D. The inhibitory effects of MK2206 on Akt phosphorylation in T cells as detected by western blotting. T cells treated 
with MK2206 or the vehicle were collected on days 2, 5 and 10. Total proteins were extracted. Pan Akt and p-Akt were detected with antibodies against Akt and 
p-Akt, respectively. GAPDH was also detected as the internal control. E. The quantitative analysis results of p-Akt in the western blot analysis. The intensity of each 
strip was analyzed by ImageJ software. The average intensities of p-Akt were standardized to GAPDH. Shown are combined data from 3 independent experiments 
with mean ± SEM. **P < 0.01; ***P < 0.001; ns, not significant.
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had been treated with MK2206 at different 
concentrations increased; however, the effi-
ciency of the MK2206 inhibition decreased. 
The positive rate of p-Akt decreased from 
71.4% of the vehicle to 56.3% of the cells treat-
ed with 4 µM MK2206. Five days after the acti-
vating beads and MK2206 were removed (Day 
10), the positive rate of p-Akt in EpCAM-CAR-T 
cells was reduced to approximately 21%. There 
was no significant difference between CAR-T 
cells treated with the vehicle and those treated 
with different concentrations of MK2206 
(Figure 1C). To further confirm the inhibition of 
Akt phosphorylation, the intracellular p-Akt in 
the T cells treated with the vehicle or 2 µM 
MK2206 on days 2, 5 and 10 were analysed by 
western blotting. We consistently found that 2 
µM MK2206 resulted in almost complete inhi-
bition of Akt phosphorylation in bead-activated 
T cells on day 2, and the total Akt was unal-
tered. However, the efficiency of this inhibition 
decreased by day 5 and completely disap-
peared by day 10 (Figure 1D and 1E). These 
data demonstrate that MK2206 can signifi-
cantly inhibit Akt phosphorylation during the 
initial stage of CAR-T cell preparation.

Akt inhibition generates an EpCAM-CAR-T cell 
population with an enhanced CAR-positive ex-
pression rate

To investigate the effects of MK2206-induced 
Akt inhibition on the CAR-positive expression 
rate, the expression of EpCAM-CAR in the T 
cells treated with the vehicle or with different 
concentrations of MK2206 on day 7 and day 
14 was analysed with flow cytometry and an 
anti-C-myc tag antibody. We found that 
MK2206 treatment resulted in a significant 
increase in the CAR-positive expression rate 
compared with the vehicle on both day 7 (from 
14.2% to 31.9%) and day 14 (from 10.6% to 
32.7%). Furthermore, the increased CAR-
positive expression rate was dose-dependent. 
The CAR-positive expression rate of EpCAM-
CAR-T cells treated with 2 µM MK2206 was 
approximately 2-fold that of cells treated with 
the vehicle on both day 7 and day 14 (Figure 2A 
and 2B). These data demonstrated that 
MK2206-inhibited Akt phosphorylation gener-
ates an EpCAM-CAR-T cell population with an 
enhanced CAR-positive expression rate.

Previous studies have shown that inhibition of 
the Akt pathway can cause cell cycle arrest in 

G0/G1 or G2/M [8-11], which has important 
implications for enhancing the ability of lentivi-
ral vectors to enter host cells and the expres-
sion efficacy of interest genes [6, 7]. To verify 
whether MK2206 increases the CAR-positive 
expression rate by disrupting the cell cycle, 
after 2 µM MK2206 treatment for 2 days dur-
ing expansion ex vivo, the cell cycle of the bead-
activated T cell populations was analysed with 
flow cytometry. As shown in Figure 2C and 2D, 
the MK2206 treatment caused significant cell 
cycle arrest in the G0/G1 and G2/M phases.

Another factor affecting the infection efficiency 
of lentivirus is the expression level of the virus 
receptor in host cells. The lentiviruses used in 
this study were prepared with the envelope 
plasmid encoding vesicular stomatitis virus gly-
coprotein (VSVG). Low-density lipoprotein rece- 
ptor (LDL-R), which is ubiquitously expressed in 
many human cell types, is required by lentivirus 
with a VSVG envelope for cell entry [22]. To con-
firm whether MK2206 treatment increased the 
expression level of LDL-R, thereby enhancing 
the infection efficiency of lentivirus, we ana-
lysed the expression of this receptor in bead-
activated T cells that were treated for 2 days 
with the vehicle or MK2206 (2 µM) by flow 
cytometry (Figure 2E and 2F) and western blot-
ting (Figure 2G). However, we observed that 
MK2206 neither induced an increase in LDL-R 
expression level nor induced a decrease in the 
expression level of bead-activated T cells. Th- 
erefore, the nature of the available receptor did 
not limit the transduction of the lentivirus, and 
the increased CAR-positive expression rate 
caused by MK2206 treatment is not due to the 
upregulation of LDL-R expression. Together, 
these data indicated that MK2206 may 
enhance the EpCAM-CAR-positive expression 
rate by causing cell cycle arrest in the G0/G1 
and G2/M phases rather than through LDL-R 
expression.

MK2206 treatment generates EpCAM-CAR-T 
cell populations with memory-like characteris-
tics

Previous studies showed that CAR-T cells with 
terminal differentiation status have decreased 
proliferation and persistence in vivo [1, 12], 
and infusion of early differentiated T cells show 
significant survival advantages over terminally 
differentiated T cells in vivo [23]. Currently, 
CAR-T cells are usually prepared through activa-
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tion with CD3/CD28 beads and expanded with 
the support of the cytokine IL-2 [24]. However, 
during this process, the PI3K-Akt-mTOR path-
way is continuously activated because of per-
sistent stimulation, which leads to the terminal 
differentiation of CAR-T cells [25].

To verify whether inhibition of Akt phosphoryla-
tion generates fewer differentiated CAR-T cells, 
PBMCs were activated, infected and expanded 
in medium containing 0-4 µM MK2206 in the 
first 5 days (Figure 1B). On days 7 and 14, the 
memory phenotype of the CAR-T cells was ana-
lysed by flow cytometry with anti-CCR7 and 
anti-CD45RA antibodies. As shown in Figure 
3A, the MK2206 treatment resulted in a signifi-
cant increase in the central memory T cells 
(TCM, CCR7+ CD45RA-) and CCR7+ CD45RA+ cell 
populations compared with vehicle treatment 
on days 7 and 14. The CCR7+ CD45RA+ cell pop-
ulation in this system was further confirmed to 
be CD95+ CD27+ CD62L+ T memory stem cells 
(TSCM, data not shown). Furthermore, the 
increase was dose-dependent. Specifically, the 
memory phenotype of the CAR-T cells treated 
with 2 µM MK2206 was analysed. We found 
that, on day 7, the percentage of TSCM plus TCM 
was approximately 70% in the MK2206-treated 
CAR-T cells; however, it was only approximately 
40% in the vehicle-treated CAR-T cells. On day 
14, the CAR-T cells further differentiated into 
the terminal phase. The percentage of TSCM plus 
TCM significantly decreased and that of the 
effector memory T cells (TEM) and terminally dif-
ferentiated effector T cells (TTE) significantly 
increased. However, the percentages of the 
memory T cell subsets (TSCM, TCM or TTE) in the 
MK2206-treated CAR-T cells were significantly 
higher than those in the vehicle-treated CAR-T 
cell population (Figure 3B). Together, these 

data demonstrated that MK2206 treatment 
can inhibit T cell differentiation and generate 
CAR-T cell populations with memory-like chara- 
cteristics.

As an important transcription regulator, active 
Forkhead box protein O1 (FoxO1) has been 
identified as a key promoter for memory CD8+ T 
cell differentiation [26, 27]. Akt can activate 
FoxO1 through phosphorylating it at a series of 
3 conserved serine and threonine residues, 
which causes cytosolic sequestration and pre-
vents DNA binding [28, 29]. Inhibited Akt signal-
ling in human T cells has been recently report-
ed to generate a population of CD62L+ TCM- like 
cells through a FoxO1-dependent mechanism 
[30]. To test whether Akt inhibition results in 
the nuclear accumulation of FoxO1 in activated 
T cells, we performed western blot analysis 
with protein fractions isolated from the nucleus 
and compared them with those from the cyto-
plasm in T cells treated with of 2 µM MK2206 
or the vehicle for 5 days. As shown in Figure 3C 
and 3D, MK2206 treatment caused a signifi-
cant increase in FoxO1 in the nucleus and a sig-
nificant decrease in FoxO1 in the cytoplasm. To 
further confirm the differential subcellular 
localization of FoxO1 in activated T cells 
expanded with or without MK2206, we exam-
ined this protein in the T cell nucleus using con-
focal immunofluorescence imaging. Co-staining 
with Hoechst to define the boundary of the 
nucleus, we found that exposure to MK2206 
resulted in a significant intranuclear localiza-
tion of this transcription factor (Figure 3E). 
Therefore, MK2206 treatment generates 
EpCAM-CAR-T cell populations with memory-
like characteristics through a FoxO1-dependent 
mechanism.

Figure 2. Akt inhibition enhanced the CAR-positive expression rate of EpCAM-CAR-T cells through cell cycle arrest 
rather LDL receptor expression. (A) Representative data of CAR expression were detected by flow cytometry. The 
EpCAM-specific CAR-T cells were prepared as described in Figure 1B, with treatment with the vehicle or 0.5~4 
μM MK2206. CAR-T cells were collected on days 7 and 14. CAR expression was detected by flow cytometry with 
an anti-c-myc tag antibody and an Alexa Fluor 647-conjugated second antibody. (B) Statistical results of the CAR 
expression in CAR-T cells treated with the vehicle or 2 μM MK2206 on day 7 and day 14. (C, D) Representative and 
statistical data of the cell cycle analysis of MK2206-treated T cells by flow cytometry. PBMCs were activated with 
CD3/CD28 Dynabeads in medium containing 200 IU/mL rhIL-2 and a vehicle or 2 μM MK2206. Two days later, the 
cell cycle of the T cells was analysed by flow cytometry. (E, F) Determination of LDL receptor (LDL-R) expression by 
flow cytometry. The vehicle or MK2206-treated T cells were incubated with a mouse anti-human LDL-R monoclonal 
antibody or isotype control antibody and subsequently stained with an Alexa Fluor 488-conjugated goat anti-mouse 
secondary antibody. Representative data (E) and quantitative results (F) are shown. n = 3. (G) The LDL-R expres-
sion was determined by western blotting. Total proteins were extracted from the vehicle or MK2206-treated T cells. 
The LDL-R was detected with the mouse anti-human LDL-R monoclonal antibody. GAPDH was also detected as the 
internal control. The results showed a consistent trend. Shown are combined data from 3 independent experiments 
with mean values ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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MK2206 treatment does not suppress expan-
sion ex vivo or cell-mediated cytotoxicity

As described above, we observed that inhibit-
ing Akt with MK2206 treatment can enhance 
the CAR-positive expression rate and generate 
more memory-like CAR-T cells. However, Akt 
activation appears to be essential for prolifera-
tion, survival and effector functions of activat-
ed T cells [31, 32]. To confirm the effects of 
MK2206 treatment on the proliferation of 
EpCAM-CAR-T cells, we analysed cell prolifera-
tion. The CAR-T cells were prepared as 
described in Figure 1B. After removing anti-
CD3/CD28 beads and MK2206, the cells were 
counted every day for 10 days. As shown in 
Figure 4A and 4B, the MK2206 treatment does 
not inhibited the proliferation of CAR-T cells.

To assess the effects of MK2206 treatment on 
the functions of EpCAM-CAR-T cells, we used 
ELISA and a real-time cell assay (RTCA) to ana-
lyse the induction of cytokine release and cyto-
toxicity in the MK2206-treated EpCAM-CAR-T 
cells, respectively, upon co-culture with differ-
ent target cells. EpCAM expression in human 
colon cancer cell lines and normal colon cell 
lines was detected by flow cytometry. Almost all 
cells of the human colon cancer cell lines 
HCT116 and SW620 are EpCAM-positive. 
However, no EpCAM is expressed in the human 
normal colon cell line FHC (Figure 4C). The 
results of ELISA showed that the levels of IFN-γ 
and granzyme-B released by the vehicle or 
MK2206-treated EpCAM-CAR-T cells were 
nearly equivalent; however, except the gran-
zyme B level released by MK2206-treated 
EpCAM-CAR-T cells was higher than that 

released by the vehicle-treated EpCAM-CAR- 
T cells when co-cultured with SW620 cells 
(Figure 4D). The RTCA results also showed that 
there was no difference in killing ability between 
the vehicle and MK2206-treated EpCAM-CAR- 
T cells compared with the EpCAM-positive 
HCT116 and SW620 cells (Figure 4E). Together, 
these data demonstrated that MK2206 treat-
ment does not suppress expanding ex vivo or 
ameliorate the cell-mediated cytotoxicity of 
EpCAM-CAR-T cells.

MK2206-treated EpCAM-CAR-T cells exhibited 
better antitumor efficacy and expansion in vivo

The principal aim of this study was to determine 
whether MK2206 promotes the generation of 
EpCAM-CAR-T cells with enhanced antitumor 
activity. First, we confirmed the efficacy of 
EpCAM-CAR-T cells prepared under a normal 
programme in vivo. The programme of the 
experiment is shown in Figure 5A. A total of 1 × 
106 HCT116 cells were injected into the tail 
vein of NPG mice to establish a metastatic 
model of human colon cancer. On day 7, the 
mice were divided into 3 groups (n = 6). One 
group did not receive any treatment (untreat-
ed). The remaining 2 groups received empty 
vector-transduced T cells (Ctrl-T) or EpCAM-
CAR-T cells (CAR-T) treatment. On day 14, a 
total of 50 µL blood was obtained from each 
mouse to detect the persistence of the infused 
human T cells in vivo. As shown in Figure 5B 
and 5C, the infused Ctrl-T or EpCAM-CAR-T cells 
were detectable in the peripheral blood of the 
mice. The mice that received EpCAM-CAR-T 
cells showed significantly prolonged survival 
compared with those that received Ctrl-T cells 

Figure 3. MK2206 treatment generates EpCAM-CAR T cell populations with memory-like characteristics. (A, B) 
Representative data of flow cytometry (A) and comparative analysis results (B) of memory phenotype analysis of 
CAR-T cells. EpCAM-specific CAR-T cells were prepared as described in Figure 1B under treatment with the vehicle 
or 0.5~4 μM MK2206. CAR-T cells were collected on days 7 and 14. The memory phenotype of CAR-T cells was 
analysed by flow cytometry with anti-CCR7 and CD45RA antibodies. TSCM, T memory stem cell; TCM, central memory T 
cell; TEM, effector memory T cell; TTE, terminally differentiated effector T cells. (C) FoxO1 in the nucleus and cytoplasm 
was detected by western blot. PBMCs were activated with CD3/CD28 Dynabeads in medium containing 200 IU/
mL rhIL-2 and vehicle or 2 μM MK2206. Five days later, the activated T cells were collected. The nuclear and cyto-
plasmic proteins were extracted using the nuclear and cytoplasmic protein extraction kit. FoxO1 in the nucleus and 
cytoplasm was analysed with an anti-FoxO1 antibody. PARP in the nucleus and β-tubulin in the cytoplasm were also 
detected as internal controls. (D) The quantitative analysis results of FoxO1 in the western blot analysis. The inten-
sity of each strip was analyzed by ImageJ software. The average intensities of FoxO1 were standardized to β-Tubulin 
for cytoplasmic or PARP for nuclear. Shown are combined data from 3 independent experiments with mean ± SEM; 
***P < 0.001. (E) The intracellular distribution of FoxO1 was analysed by immunofluorescence. Cell samples were 
prepared as described in (C). Five days after treatment, cells were collected and fixed with 4% paraformaldehyde. 
FoxO1 was probed with a primary anti-FoxO1 antibody and a secondary antibody. Hoechst 33342 counterstain was 
used to mask the nucleus. The images were taken with a confocal microscope.
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(P < 0.01) (Figure 5D). Therefore, EpCAM-spe- 
cific CAR-T cells showed effective survival and 
therapeutic effects in vivo.

To further confirm the antitumor efficacy and 
expansion of MK2206-treated EpCAM-CAR-T 
cells in vivo, we established a metastatic model 
of human colon cancer with 1 × 106 HCT116Luc+ 
cells were i.v. injected into the tail vein of the 
NPG mice. The protocol for the experiment is 
shown in Figure 6A. On day 7, the mice were 
divided into 2 groups (n = 5). One group was 

injected with 3 × 106 vehicle EpCAM-CAR-T 
cells (vehicle), and another group was injected 
with 3 × 106 MK2206-treated EpCAM-CAR-T 
cells (MK2206). On day 21, blood was drawn 
from the mice to detect the persistence and 
expansion of the infused CAR-T cells by flow 
cytometry. As shown in Figure 6B and 6C, the 
MK2206-treated CAR-T cells showed a 2-fold 
expansion compared with the vehicle-treated 
CAR-T cells. On day 28, imaging of the mice was 
performed in vivo to confirm the therapeutic 
efficacy of the MK2206-treated EpCAM-CAR-T 

Figure 4. MK2206 treatment did not suppress the proliferation or ameliorate cell-mediated cytotoxicity. The EpCAM-
CAR-T cells were prepared as described in Figure 1B. (A, B) Effects of MK2206 treatment on the proliferation of 
EpCAM-CAR-T cells. The cells were counted every day from day 6 to day 10 (A) by a Countess II Automated Cell Coun-
ter (Thermo Fisher). On Day 11, a total of 1 × 106 cells was taken from each group and continuously expanded. The 
cells were continuously counted until Day 15 (B). (C) The EpCAM expression in human normal colon cell lines and 
colon cancer cell lines were analysed by flow cytometry. The cell samples were incubated with an isotype control 
antibody (red open histogram) or an FITC-conjugated anti-EpCAM antibody (blue open histogram) and analysed by 
flow cytometry. (D) The release of cytokine was analysed by ELISA. The CAR-T cells treated with a vehicle or 2 μM 
MK2206 co-cultured with target cells at effector/target (E:T) = 1:1 for 24 h. The released IFN-γ and granzyme B in 
the supernatant were detected by ELISA. (E) The cytotoxicity was analysed by RTCA. The target cells were seeded 
at a density of 1 × 104 cells/well in an E-Plate and then transferred to the incubator. When the target cells reached 
a logarithmic growth phase, the empty vector-transduced T cells, the vehicle-treated CAR-T cells or the MK2206-
treated CAR-T cells were added into the plate at E:T = 1 in duplicate. The proliferation of the target cells was continu-
ously monitored by the RTCA machine. Ctrl-T, empty vector transduced T cell; Vehicle, vehicle-treated EpCAM-CAR-T 
cells; MK2206, MK2206-treated EpCAM-CAR-T cells. *P < 0.05; ***P < 0.001.
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cells. The images taken in vivo (Figure 6D) and 
anatomical features of the dead mice (not 
shown) showed that metastases were mainly 
targeted to the kidneys. The results of fluores-
cence intensity analysis showed that the 
MK2206-treated EpCAM-CAR-T cells exhibited 
better antitumor efficacy than the CAR-T cells 
that received the vehicle treatment in vivo 
(Figure 6E). When all mice died (day 40), the 
survival of the mice was statistically analysed. 
As shown in Figure 6F, the mice that received 
MK2206-treated EpCAM-CAR-T cells survived 
longer than those that received the vehicle-
treated EpCAM-CAR-T cells. Together, these 
data demonstrated that MK2206-treated 
EpCAM-CAR-T cells exhibited better antitumor 
efficacy and reduced tumor expansion in vivo.

Discussion

Effective adoptive CAR-T cell therapy against 
cancer relies on the formation of T cells with a 
high CAR-positive expression rate, long-term 
survival and memory phenotype, which can 
self-renew and differentiate into potent effec-
tor T cells. Some strategies have been used to 
produce CAR-T cells with a better immune phe-
notype and function, such as using RetroNectin 
to activate and expand T cells [33, 34], supple-
menting with cytokine cocktails during expan-
sion ex vivo [34-36], and inhibiting the intrinsic 
signalling pathway by chemical small molecules 
[37]. However, few means have been reported 
to increase the CAR-positive expression rate or 
enhance the memory phenotype of the CAR-T 

Figure 5. EpCAM-CAR-T treatment can prolong the survival of NPG mice with metastatic tumor from human colon 
cancer. (A) Schematic diagram showing the treatment programme of the mice. NPG mice were injected with 2 × 
106 HCT116 cells via the tail vein to establish a metastasis model of human colon cancer. On day 7, the mice were 
randomly assigned into 3 groups (n = 6). The Ctrl-T group received 1 × 107 untransduced T cells. The CAR-T group 
received 1 × 107 EpCAM-CAR-T cells. All mice were intraperitoneally (i.p.) administered IL-2 (2000 IU/mouse) daily 
during the treatment. The experiment ended on day 50. (B, C) Results from the analysis of CAR-T cell persistence 
in vivo were based on flow cytometry. Blood (50 µL) was obtained from the tail vein on day 14. After red blood cell 
lysis, the cell samples were stained with anti-human CD45 and anti-CD3 antibodies and analysed by flow cytom-
etry. Representative data (B) and statistical results (C) are shown. (D) Overall survival of the NPG mice bearing the 
established metastatic model of human colon cancer following Ctrl-T or EpCAM-CAR-T treatment. ***P < 0.001.
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Figure 6. MK2206-treated EpCAM-CAR-T cells exhibited better antitumor efficacy against a metastatic model of human colon cancer established in NPG mice. (A) 
Schematic diagram showing the treatment programme of the mice. The NPG mice were injected with 2 × 106 HCT116luc+ cells via the tail vein to establish a me-
tastasis model of human colon cancer. On day 7, the mice were randomly assigned to 2 groups (n = 5). The vehicle group received 3 × 106 vehicle-treated EpCAM-
CAR-T cells. The MK2206 group received 3 × 106 2 μM MK2206-treated EpCAM-CAR-T cells. All mice were intraperitoneally (i.p.) administered IL-2 (2000 IU/mouse) 
daily during the treatment. The experiment ended on day 40. (B, C) Results from the analysis of CAR-T cell persistence in vivo by flow cytometry. Blood (50 µL) 
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cells simultaneously. Although RetroNectin is 
well established as an adjuvant for improved 
retroviral transduction and has also been 
reported to have the ability to activate and 
enrich less-differentiated T cells [34], a recent 
report showed that activation with RetroNectin 
decreased the transduction efficacy of CAR-T 
cells [33].

Akt inhibition with Akt inhibitor VIII during CAR-T 
expansion has been reported to enhance the 
memory phenotype and in vivo therapeutic effi-
cacy of CAR-T cells [38]. Herein, we demon-
strated the cost-effective and translatable str- 
ategy of adding an Akt inhibitor (MK2206) at 
the initial stage of CAR-T preparation to pro-
duce CAR-T cells with an enhanced CAR-positive 
expression rate and memory phenotype. 
Importantly, this critical strategy successfully 
uncoupled the process of T cell expansion from 
phenotypic, functional, and metabolic matura-
tion, resulting in CAR-T cells with improved anti-
tumor efficacy in vivo.

Akt activation has been reported to be essen-
tial for the proliferation, survival and effector 
functions of activated T cells [31, 32]. To con-
firm the concentration of MK2206 required for 
significant inhibition of T cell differentiation and 
for the enhancement of the CAR-positive 
expression rate without suppressing prolifera-
tion and the effector functions of CAR-T cells, 
we treated the CAR-T cells with MK2206 at dif-
ferent concentrations (0.5-4 µM) first during 
the activation of PBMCs and finally to the end 
of CAR-T cell expansion over a total of approxi-
mately 12 days. We found that long-term treat-
ment with MK2206 significantly inhibited the 
expansion and impaired the viability of the 
CAR-T cells, especially at a concentration of 4 
µM (data not shown). Therefore, to avoid nega-
tively affecting the expansion and effector func-
tions of the CAR-T cells, we chose the protocol 
in which 2 µM MK2206 was used to treat the 
cells for 5 days at the initial stage of CAR-T cell 
preparation.

In this study, we found that inhibiting Akt phos-
phorylation with MK2206 enhanced the CAR-

positive expression rate of the EpCAM-CAR-T 
cell population. Because the LDL receptor is 
the major membrane protein that mediates len-
tivirus infection of T cells, we confirmed that 
MK2206 treatment enhanced LDL-R expres-
sion on the surface of activated T cells. 
However, the results of flow cytometry showed 
that MK2206 treatment not only failed to 
increase LDL-R expression on the surface of 
activated T cells it also reduced it. Therefore, 
MK2206 does not increase the positive rate of 
CAR by increasing the expression of LDL-R on 
the surface of activated T cells. The infection 
efficiency of HIV has been previously reported 
to be modulated by the state of the host cell 
cycle. Cell cycle arrest in G2/M can promote 
the early stages of infection by HIV [3, 4]. In 
addition, extended G0/G1 and G2/M phases 
have been positively correlated with the gene 
expression efficiency of infected lentivirus 
[5-7]. Therefore, we speculated that the 
increase in the CAR-positive expression rate 
may be due to MK2206-induced changes in 
the cell cycle. The results of our cell cycle analy-
sis showed that MK2206 treatment can pro-
long the G0/G1 and G2/M phases in activated 
T cells. Based on these results, MK2206 may 
enhance the CAR-positive expression rate by 
prolonging the G0/G1 and G2/M phases of 
activated T cells. However, the specific mecha-
nisms need to be further studied.

We demonstrated that MK2206 significantly 
inhibits T cell differentiation during expansion, 
resulting in an increased proportion of early dif-
ferentiated T cells in the final CAR-T cell prod-
uct. Although MK2206-treated EpCAM-CAR-T 
cells did not show enhanced killing effects on 
EpCAM-positive colon cancer cells in vitro at E:T 
= 1:1, they showed greater expansion and ther-
apeutic effects against a metastasis model of 
human colon cancer in immune deficient NPG 
mice in vivo. The underlying mechanisms may 
be related to changes in the altered intracellu-
lar localization of FoxO1, a key promoter of T 
cell differentiation [26, 27].

Our current studies demonstrate that the Akt 
inhibitor (MK2206) does not suppress EpCAM-

was obtained from the tail vein on day 21. After red blood cell lysis, the cell samples were stained with anti-human 
CD45 and anti-CD3 antibodies and analysed by flow cytometry. Representative data (B) and statistical results (C) 
are shown. (D, E) The therapeutic efficacy was evaluated through luminescence imaging with an IVIS system. Lumi-
nescence images (D) and quantitative results (E) of the tumor luminescence intensity showed the tumor burden on 
day 28. (F) The overall survival of the NPG mice bearing the established metastatic model of human colon cancer 
following injection of the vehicle or MK2206-treated EpCAM-CAR-T cells. *P < 0.05.
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CAR-T cell expansion, viability, or effector func-
tions but promotes the generation of memory 
EpCAM-CAR-T cells with enhanced CAR-positive 
expression rates and greater antitumor activity 
in vivo. These results support the use of 
MK2206 for further improved CAR-T cell 
therapy.
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