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Phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)
signaling is involved in the growth of normal and cancer cells
and is crucial for T cell activation. Previously, we have shown
that AKT Inhibitor VIII, a selective AKT-1/2 inhibitor, during
chimeric antigen receptor (CAR) T cell manufacturing, im-
proves CAR T cell function in preclinical models. Although
AKT Inhibitor VIII could enhance CAR T cell function, AKT
Inhibitor VIII is not a clinical-grade compound. However,
pan-AKT inhibitors have been applied against cancers with
PIK3CA/AKT/PTEN alterations in clinical trials. We evaluated
ex vivo and in vivo strategies of enhancing CART cell therapeu-
tic effect using the pan-AKT inhibitor capivasertib. We found
that ex vivo 0.25 mM capivasertib treatment during the period
of T cell stimulation during manufacture enhanced the anti-
tumor activity of CAR T cells in B cell lymphoma mouse
models. Mechanistically, capivasertib changed gene and pro-
tein expression patterns related to the functions of memory
and effector CAR T cells. Furthermore, in vivo combination
therapy of capivasertib and CD19-specific CAR T cells led to
improved early response to and persistence of functional
CAR T cells in mice bearing PTEN-deficient lymphoma cells
compared to CAR T cells alone. Capivasertib exerts a similar
function to AKT Inhibitor VIII in modulating CAR T cells,
and combining CAR T cell therapy with capivasertib both
ex vivo and in vivo offers the potential to improve patient out-
comes. Since PTEN deficiency is common in cancer and is the
main mechanism for capivasertib function, combination ther-
apy may provide an alternative solution for the challenges of
CAR T cell therapy.

INTRODUCTION
Chimeric antigen receptor(CAR) therapies have led to unprecedented
clinical responses in specific hematological malignancies, including
acute lymphoblastic leukemia (ALL) and multiple myeloma
(MM).1–3 Although initial clinical responses are promising and
have led to accelerated development of T cell immunotherapies, dura-
bility of response and persistence of CAR T cells following treatment
remain major limitations across the field. For example, CD19-
directed CAR T cells in B cell non-Hodgkin’s lymphoma (NHL)
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induce rates of complete remission (CR) as high as 90% at day 28
post infusion, yet the duration of response at >3 years is only 50%.4

Similarly, B cell maturation antigen (BCMA)-targeted CAR T cells
in MM induce a 70%–80% overall response rate (ORR), with a dura-
bility of response of �20%–50% at 2 years.5 These observations
suggest that enhancing CAR T cell persistence is key to inducing
long-term cures for these diseases. There are several methods under
investigation to improve CAR T cell persistence, most of which
involve modifying the T cell population used to generate CAR
T cells to suppress differentiation and prevent exhaustion.6–11 To
that end, our group has successfully applied the use of cytokines
(e.g., interleukin [IL]-15 and -2) during the manufacturing process.6

However, cytokines alone are likely insufficient to enhance CART cell
persistence, thus warranting the development of novel methods.

One strategy to extend the persistence of CAR T cells is the use of
drugs that modulate cell differentiation and function, including
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) inhib-
itors.12–14 PI3K/AKT signaling is a major pathway activated by the
engagement of the T cell receptor (TCR), cytokine receptors, and che-
mokine receptors, and it plays a role in T cell survival, activation,
migration, and differentiation.15–18 We and others have shown that
ex vivoAKT inhibition during the generation of CAR T cells preserves
a less differentiated CAR T cell phenotype, which leads to enhanced
persistence and efficacy in preclinical models of B cell malignancies
and colorectal cancer.12,13,19 While emphasizing the promise of
AKT inhibition during CAR T cell manufacturing, these studies
were performed using a research-grade AKT Inhibitor VIII that
cannot be directly translated for clinical use.13

Here, we expand upon our previous studies to evaluate the effect
of the clinical-grade pan-AKT inhibitor (pAKTi) capivasertib on
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Figure 1. Ex vivo capivasertib treatment showed the dose-related phenotypic changes and functional changes in CAR T cells

(A) The outline of ex vivo capivasertib (AZD5363) treatment during the CAR T cell manufacturing process. The same amounts of cells with CD3/CD28 Dynabeads were

seeded on day 0 in each group. Dynabeads were removed on day 7. Cells were expanded by adding fresh medium with final concentrations of 50 U/mL of rhIL-2, 0.5 ng/mL

of rhIL-15, and capivasertib (0.25, 0.5, 1 mM) vehicle (0 mM) every 2 days until day 16. Cells were treated with different concentrations of capivasertib indicated in each panel.

(B) Total cell number of viable cells in PBMC-derivedCAR T products on day 16. (C) Percentages of CAR T cells were determined based on the truncated EGFR expression on

day 7 right after bead removal. Percentage expression of (D) CD4+, (E) CD8+, and (F) T cell subsets, and memory markers (G) CD62L, (H) CD127, and (I) CD28 on short and

long capivasertib-treated CAR T cells (CAR gated) at day 14. (J) CAR T cells were cultured with Raji cells with a 1:1 ratio overnight and intracellularly stained for IFN-g. CAR

T cells treated with vehicle (0 mM) are baseline control. n = 4 independent experiments; error bars, mean ± SD; *p < 0.05, **p < 0.01, unpaired t test. T effector cells (Teff),

T effector memory cells (Tem), T central memory cells (Tcm), and T memory stem cells (Tscm).
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CAR T cells, which has not been currently studied. We optimized
the use of capivasertib during CAR T cell manufacture and
showed enhancement of CAR T cell in vivo persistence and anti-
tumor efficacy across multiple CAR T cell platforms and tumor
models. Our extensive analysis of gene expression comparing
capivasertib-treated vs. control CAR T cells identified enhanced
expression of pro-persistence pathways and decreased activa-
tion-related pathways following capivasertib treatment. Given
the promising clinical development of capivasertib for the treat-
ment of different types of cancer,20 we interrogated the potential
of combining capivasertib and CAR T cells in vivo. The combina-
tion of capivasertib and CAR T cells resulted in increased CAR
T cell persistence and enhanced antitumor efficacy compared to
CAR T cell alone. Our study supports both ex vivo and in vivo
applications of capivasertib in enhancing CAR T cell persistence
and activity.

RESULTS
Ex vivo capivasertib enhanced memory profiles of CAR T cells

without inhibiting function

Given that capivasertib is a pan-AKT inhibitor and could, therefore,
have broader effects on CAR T cells compared to the AKT Inhibitor
2 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2
VIII,13 we tested two different ex vivo treatment strategies: short-
and long-term treatment (Figure 1A). We administered capivasertib
every 48 h during the 7-day bead-activation step only (short-term
treatment) or during the entire 16-day manufacturing process
(long-term treatment), as we did previously (Figure 1A).13 For
both strategies, we tested a range of capivasertib concentrations
(0.25–1 mM) and compared them to vehicle (DMSO) control. Treat-
ment with 2-h capivasertib inhibited phosphorylation of GSK-3b
(pGSK-3b), and it induced an increase in phosphorylated AKT
(pAKT) (Figures S1A and S1B).21,22 However, following 14 days
of expansion, long-term treatment had slightly dampened pAKT
expression (Figure S1C). Following 16 days of expansion, we
observed short-term treatment did not impact T cell growth, while
long-term capivasertib resulted in a dose-dependent decrease in
T cell growth (Figure 1B). CAR expression was unaffected by short-
or long-term capivasertib treatment (Figure 1C), but there was a sta-
tistically different dose-dependent decrease in CD4+ cells and an in-
crease in CD8+ cells under both treatment strategies (Figures 1D
and 1E). Since capivasertib inhibition may impede T cell differenti-
ation,13 we evaluated the distribution of T cell subsets, by analysis of
CD45RA and CD62L expression, at the end of manufacturing and
observed that both short- and long-term capivasertib modestly
025
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Figure 2. Ex vivo capivasertib improved persistence of Tn/mem-derived CAR T cells in vivo

(A) The schema of the JeKo-1 xenograft mouse model, in which we injected 1� 106 JeKo-1 cells on day�7 intravenously and treated with 1� 106 CAR T cells intravenously

on day 0. (B and E) Tumor growth was analyzed by live-cell imaging and graphed based on flux. (C and F) Kaplan-Meier survival curve. (D and G) Upon euthanasia, blood was

collected and analyzed for persistence. T cells without the CAR construct (mock) were used as a control. The cell numbers of mock T cells injected in mice were based on the

highest total T cell numbers within CAR T cell groups. CAR T cells were treated with vehicle or 0.25 mM capivasertib (short term or long term) before cells were injected into

mice. Mann-Whitney was used for (B), (E), and (G). n = 7 (BAFF-R) and 8 (CD19) mice per experiment; *p < 0.05, **p < 0.01.
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skewed toward memory stem (CD45RA+CD62L+), central memory
(CD45RA�CD62L+), effector memory (CD45RA�CD62L�) popu-
lations and away from effector T populations (Figure 1F). Capiva-
sertib did not impact the expression of the memory markers
CD62L or CD28. There was a dose-dependent increase in the
expression of the memory marker CD127 following long-term
capivasertib (Figures 1G–1I and S2A–S2C). To test CAR T cell
functionality following capivasertib treatment, we co-cultured
CD19-CAR T cells with CD19+ Raji cells and measured interferon
(IFN)-g expression as a measurement of effector function. We
observed upward trends of IFN-g in CAR T cells treated with
0–0.5 mM capivasertib (Figure 1J), which is consistent with our pre-
vious findings.13

Recent evidence suggests that isolating the naive and memory T cell
populations (Tn/mem) contributes to a less differentiated and more
potent CAR T cell product,8 and we have adopted this in our clinical
platform.7,9 To test how capivasertib might specifically influence
Tn/mem, we manufactured Tn/mem-derived CAR T cells in
0.25 mM capivasertib (Figure 1A). Like PBMC-derived CAR T cells,
we observed a decrease in the CD4+ T cells and an increase in the
CD8+ T cells following both short- and long-term treatment
Molecu
(Figures S2A and S2B). However, Tn/mem CAR T cells treated
with capivasertib retained higher levels of naive T cell populations
compared to vehicle-treated Tn/mem CAR T cells (Figure S2C) as
well as having increased expression of memory markers CD62L,
CD127, CD28, and CD27 following both short- and long-term treat-
ment (Figures S2D–S2I). This suggests that Tn/mem-derived CAR
T cells may be more responsive to capivasertib treatment than stan-
dard PBMC-derived CAR T cells. Collectively, these data suggest
that capivasertib treatment during manufacture had minimal influ-
ence on CAR T cell transduction, growth, or function but did impact
the relative proportions of resulting T cell populations and pheno-
type. Based on these data, we selected 0.25 mM capivasertib for subse-
quent studies.

To test the impact of capivasertib on CAR T cell antitumor activity,
we used CD19-CAR T cells that were generated with 0.25 mM capi-
vasertib treatment (short or long term) in our mantle cell lymphoma
JeKo-1 xenograft model (Figure 2A). Following treatment with mock
T cells or CD19-CAR T cells, we monitored tumor burden weekly by
bioluminescent imaging and performed Kaplan-Meier survival anal-
ysis. CAR T cells treated with either short- or long-term capivasertib
slowed the kinetics of tumor growth compared to those treated with
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 3
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Figure 3. Ex vivo capivasertib treatment affected

multiple genes related to CAR T cell efficacy

(A) Genes related to specific functions of T cells were

analyzed through nCounter Advanced Analysis and the

dash lines indicated Z score equaled 1.96 or �1.96. (B)

Genes were selected based on the expression changes,

which were correlated with mouse survival. (C and D)

CAR T cells were cultured with DMSO or short-term/long-

term capivasertib during the manufacturing process.

Surface markers (CD69 and IL-7R, respectively) were

detected on day 14, and data were normalized with the

percentages in CAR T cells treated with vehicle. Error bar,

mean ± SD; n = 4 independent experiments; *p < 0.05,

unpaired t test.
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vehicle control (Figures 2B and S3A), which translated to signifi-
cantly longer mouse survival (Figure 2C). There was no difference
in the activity of CAR T cells treated with short- vs. long-term cap-
ivasertib. At euthanasia, we detected CAR T cells in the blood of mice
treated with cells manufactured in short- or long-term capivasertib,
but not those manufactured in vehicle control (Figure 2D). We
observed similar antitumor activity and prolonged survival of mice
treated with Tn/mem CAR T cells manufactured with capivasertib
(short or long term) (Figures S3B and S3C). However, at euthanasia,
we detected CAR T cells in the blood of mice in all conditions at
similar levels (Figure S3D). To confirm that capivasertib treatment
would not induce non-specific antitumor efficacy of non-CAR
T cells, we administered capivasertib-treated or vehicle-treated
mock T cells to mice engrafted with JeKo-1 cells and observed no dif-
ference in antitumor activity or survival compared to mock T cells
treated with vehicle control (Figures S3E and S3F). We subsequently
tested the capivasertib-treated CAR T cells in an aggressive xenograft
mouse model of Burkitt cell lymphoma Raji cells, which has a rapid
growth pattern in NSG mice.23 Even in this challenging model, CAR
T cells treated with short- or long-term capivasertib induced supe-
rior survival compared to CAR T cells treated with vehicle
(Figure S3G).

To determine if these observations were specific to CD19-CAR
T cells, we used a CAR-targeting B cell activating factor receptor
4 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025
(BAFF-R)24,25 in our JeKo-1 cell (CD19+
BAFF-R+) xenograft model (Figure 2A).
Consistent with our CD19-CAR model, we
observed enhanced antitumor activity of
BAFF-R-CAR T cells treated with either
short- or long-term capivasertib compared
to vehicle control (Figure 2E), which trans-
lated into longer survival (Figure 2F). We
also detected more CAR T cells in the blood
of mice that received capivasertib-treated vs.
vehicle control-treated BAFF-R-CAR T cells
(Figure 2G). Together, these data suggest
that short ex vivo treatment of 0.25 mM
of the clinically relevant AKT inhibitor,
capivasertib, enhances antitumor efficacy and prolongs survival
compared to vehicle control-treated CAR T cells.

Ex vivo capivasertib exerted wide-ranging effects on CAR T cell

gene expression

We performed gene expression profiling using NanoString to under-
stand how capivasertib influences CAR T cell gene expression pat-
terns. We focused our analysis on genes and gene pathways that could
potentially explain how ex vivoAKT inhibition enhanced in vivoCAR
T cell activity. Using NanoString nCounter Advanced Analysis (Fig-
ure S4A), we identified six pathways (activation, phenotype, exhaus-
tion, apoptosis, IFN signaling, and mitogen-activated protein kinase
(MAPK)/PI3K signaling) that were decreased in capivasertib-treated
CAR T cells compared to vehicle control (Figure 3A). In analyzing
genes within these six pathways, we observed downregulation of
genes involved in T cell activation (IFN-g [IFNG], CD69, tumor ne-
crosis factor [TNF], and granzyme A and B [GZMA andGZMB]),26,27

pro-differentiation molecules (e.g., CD40 ligand [CD40LG], leukemia
inhibitory factor [LIF], and ICAM1),28–30 and pro-apoptosis gene
FAS ligand (FASLG)31 in CAR T cells following treatment with cap-
ivasertib. Capivasertib-treated CAR T cells had increased expression
of the pro-persistence genes IL-7 receptor (IL7R, CD127) and tran-
scription factor 7 (TCF7) (Figure 3B).32 These gene expression
changes post capivasertib treatment were consistent in Tn/mem-
derived CAR T cells (Figures S4B–S4D). To verify that these gene
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Figure 4. Tumor sensitivity to capivasertib in vitro

The same number of tumor cells were seeded and cultured with 1 mM (A) or 2 mM (B) capivasertib for 3 days. Cell numbers in capivasertib treatment groups were counted and

compared with cell numbers in untreated groups (control). (C) Proteins were extracted from tumor cells for western blots. GAPDH was the internal control. Error bar, mean ±

SD; n = 4 independent experiments; *p < 0.05, unpaired t test.
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expression changes influenced protein expression, we measured the
levels of CD69 and CD127 protein on CAR T cells treated with
vehicle, short-, or long-term capivasertib (Figures 3C and 3D). As ex-
pected, we observed decreased CD69 and increased CD127 protein
expression on CAR T cells treated with capivasertib (Figures 3C
and 3D). These data suggest that both long- and short-term ex vivo
capivasertib yield CAR T cells that are less activated and more likely
to persist following infusion, which supports the enhanced in vivo ef-
ficacy we observed in our in vivo models (Figure 2).

Combination of capivasertib and CAR T cells augmented CAR

T cell persistence and efficacy

Capivasertib has anti-cancer potential for tumors with PIK3CA or
PTEN gene alterations33 and is being tested in multiple in clinical
trials (NCT02465060, NCT4439123, and NCT01226316) for hemato-
logical malignancies and solid tumors.34,35 Based on our data, we hy-
pothesized that capivasertib could be beneficial in combination with
CAR T cells by exerting anti-cancer activity and potentially
enhancing CAR T cell persistence. We first screened a panel of cell
lines for susceptibility to capivasertib (Figures 4A and 4B) to identify
cell lines that were susceptible (BJAB cells) and resistant (JeKo-1) to
capivasertib to use in our experiments. We confirmed that BJAB cells
lacked PTEN expression and had high levels of pAKT, while JeKo-1
cells expressed PTEN and had relatively low levels of pAKT (Fig-
ure 4C). Based on these results, we elected to use the capivasertib-
resistant JeKo-1 cell line to determine the effects of capivasertib treat-
ment on CAR T cells in vivo and the capivasertib-susceptible BJAB
cell line to understand the combinatorial effects of CAR T cells and
capivasertib in subsequent experiments.

To test the effect of capivasertib on CAR T cells in vivo, we adminis-
tered CD19-CAR T cells into NSG mice bearing JeKo-1 tumors and
concurrently treated mice with oral capivasertib (150 kg/mg) twice
daily for 4 days per week over 2 weeks (Figure 5A). No obvious
body weight loss was found in all groups after mice received treatment
in the first 3 weeks (Figure S5A).Mice treated with CART cells with or
without capivasertib had better tumor control (Figure 5B) and survival
(Figure S5B) compared to untreated and capivasertib-onlymice.How-
Molecu
ever, CAR T cell engraftment was not significantly different between
the groups combined with capivasertib and with vehicle (Figure 5C).

To test the potential combinatorial effects of capivasertib with CAR
T cells, we repeated the previous experiment using mice engrafted in-
tratibially with capivasertib-susceptible BJAB cells (Figure 5D). Tu-
mor progressed slower in mice with capivasertib compared to mice
with the vehicle during the 2-week capivasertib treatment period.
CAR T cells with or without capivasertib decreased tumor burden
compared to untreated and capivasertib alone (Figure 5E). However,
the kinetics of tumor control were distinct; mice treated with CAR
T cells + capivasertib had rapid control of tumor growth compared
to CAR T cells + vehicle (Figure 5E). No obvious body weight loss
was found in all groups after mice received treatment in the first
3 weeks (Figure S5C). We detected CAR T cells in the blood of
mice treated with or without capivasertib (Figure 5F) at day 70
when all mice in these groups had undetectable tumor burden (Fig-
ure 5E). We performed a tumor rechallenge by injecting additional
BJAB cells intratibially into mice that had cleared their initial tumor
burden and determined that mice treated with CAR T cells without
capivasertib relapsed by week 12 post rechallenge (Figure S5D). How-
ever, both groups treated with CAR T cells with or without capivaser-
tib had superior survival compared to the mock T cell group (Fig-
ure S5E). These data suggest that combining CAR T cells with
capivasertib to treat capivasertib-sensitive tumors may confer benefits
over CAR T cells alone.

DISCUSSION
In vivo persistence remains a key limitation of CAR T cell therapy.36

Although initial response rates to CAR T cells in the setting of hema-
tological malignancies are high, durability of response remains a key
area for optimization.4 To combat the limited persistence of CAR
T cells following infusion, we and others have explored a multitude
of methodologies to enhance CAR T cell persistence. One such
way has been to use less differentiated T cells to generate CAR
T cells, which has shown positive enhancement in CAR T cell persis-
tence.7–9 Alternative methodologies include using membrane-bound
pro-persistence cytokines allowing for autocrine signaling, however,
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 5
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Figure 5. Combination of capivasertib and CAR

T cell therapy against capivasertib-resistant

and -susceptible mouse models

(A) The schema of capivasertib-resistance JeKo-1 mouse

model. On day �7, mice were intravenously injected with

1� 106 JeKo-1 cells and, on day 0, 1� 106 CAR T cells or

mock T cells were injected intravenously. Concurrently,

mice were given 150 mg/kg capivasertib or vehicle

(10% DMSO plus 25% Kleptose HPB buffer, the

capivasertib solvent for in vivo mouse treatment) orally

twice daily for 4 days per week over 2 weeks. (B) Tumor

growth was observed by live-cell imaging and analyzed

and graphed based on flux. (C) Upon euthanasia, blood

was collected and analyzed for persistence. (D) The

schema of capivasertib-susceptible BJAB mouse

model. On day �7, mice were intratibially injected with

2 � 106 BJAB cells and, on day 0, 0.5 � 106 CAR

T cells or mock T cells were injected intravenously.

Concurrently, mice were given 150 mg/kg capivasertib

or vehicle orally twice daily for 4 days per week over

2 weeks. (E) Tumor growth was observed by live-cell

imaging and analyzed and graphed based on flux. (F)

Persistence was determined by retro-orbital bleeding.

T cells without the CAR construct (mock) were used as

a control. The cell numbers of mock T cells injected in

mice were based on the total T cell numbers in CAR

T cell groups. n = 8 (mock T cell groups) and 9 (CAR

T cell groups) mice per experiment in the JeKo-1 model

and n = 6 and 7 (the CAR T cells + capivasertib

group) mice per experiment in the BJAB model;

****p < 0.0001, Mann-Whitney U test.
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there are concerns that this approach may increase the risk of CAR T
cell transformation, potentially leading to therapy-induced dis-
eases.37,38 There are also methodologies to prevent CAR T cell differ-
entiation with the AKT Inhibitor VIII, which inhibits AKT 1/2 activ-
ity.12–14 However, we and others can not translate this into the clinic
as AKT Inhibitor VIII is not clinical grade,14 which provides a ratio-
nale to test the pan-AKT inhibitor capivasertib. Capivasertib has been
US Food and Drug Administration (FDA) approved for use in breast
cancer and is currently being evaluated as a single agent in hematolog-
ical malignancies and solid tumors.34,35

We expanded on our previous work,13 which tested the impact of
adding AKT Inhibitor VIII through the course of CAR T cell cul-
6 Molecular Therapy: Methods & Clinical Development Vol. 33 March 2025
ture. In this study, we optimize the use of a
clinically relevant AKT inhibitor, capivaser-
tib, for enhancing CAR T cell therapy. We
specifically tested different concentrations
and timing of capivasertib, including a
short-term treatment, during the period of
manufacturing with high levels of T cell pro-
liferation and differentiation.6,39–41 CAR
T cells treated with short- or long-term treat-
ment retained memory phenotypes compared
to the vehicle control. Both conditions were
affected by high concentrations (1 mM) of capivasertib, with the
most notable effect being a significant decrease in CD4+ T cells.
This is concerning as CD4 T cells have recently been shown to
be a key contributor to CAR T cell efficacy.42 However, although
both long- and short-term treatments were affected by higher
concentrations, long-term treatment showed reduced growth
compared to short-term treatment at the same concentration, a
finding consistent with observations by others.14 Although long
capivasertib treatment impacted CAR T cell manufacturing, both
short- and long-treatment demonstrated equivalent activity
ex vivo and in vivo. Based on these data, we conclude that treating
CAR T cells during the activation period of manufacturing (i.e.,
short term) is the optimal strategy.
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Because AKT inhibition with capivasertib during ex vivo manufac-
ture enhanced CAR T cell function, we asked whether combining
capivasertib with CAR T cell therapy in vivo would be beneficial.
Capivasertib is known to have antitumor activity against
PIK3CA/AKT-mutated tumors,20,43,44 and therefore we tested
whether this drug would enhance the efficacy of CAR T cell ther-
apy in the context of tumor-bearing PIK3CA/AKT pathway muta-
tions. Using both capivasertib-resistant and -susceptible models,
we observed that capivasertib enhanced CAR T cell persistence
and also augmented CAR T cell efficacy in a capivasertib-suscep-
tible tumor model. However, further in vivo evaluation of tumors
inherently susceptible to capivasertib is required to better assess
the long-term potential of this combinatorial treatment. Collec-
tively, our study shows that pan-AKT inhibitors have similar ef-
fects to AKT Inhibitor VIII for ex vivo administration and offer
insight into a more optimized regiment for both PBMC- and
Tn/mem-derived CAR T cells in clinical manufacturing to favor
a memory phenotype without changing the process of CAR
T cell manufacturing. Furthermore, since capivasertib has anti-
tumor effects on tumors with PTEN-mutations,33 our study shows
a new potential combinatorial strategy for CAR T cells in hemato-
logical and solid tumors.

MATERIALS AND METHODS
Blood cell isolation, CART cell generation, and cell maintenance

Human blood was obtained from the City of Hope Blood Donor
Apheresis Center under protocols approved by the Institutional Re-
view Board (IRB). Peripheral blood mononuclear cells (PBMCs)
were isolated by Ficoll-Paque PLUS density gradient medium
(17144002, Cytiva) following the manufacturer’s instructions. To
obtain naive and stem cell memory T cell (Tn/mem) populations,
PBMCs were incubated with CD14 and CD25 microbeads to elimi-
nate monocytes and regulatory T cells, respectively, followed by
CD62L microbeads to enrich Tn/mem using autoMACS Pro Sepa-
rator (Miltenyi Biotech).

To generate CAR T cells, 1 � 106 PBMCs or Tn/mem were
transduced with a lentivirus to express our CD19-directed
CAR construct13 or BAFF-R-directed CAR construct,24 as
described.13 PBMC-or Tn/mem-derived CAR T cells were stimu-
lated with Human T-expander CD3/CD28 Dynabeads (Gibco)
(Ccells:Dynabeads = 1:3) for 7 days, followed by bead removal.
CAR T cells were expanded in RPMI 1640 medium containing
10% fetal bovine serum (FBS; SH30070.03HI, HyClone), 50 U/
mL recombinant human IL-2 (rhIL-2, NDC0078-0495-61, Novar-
tis), 0.5 ng/mL recombinant human IL-15 (rhIL-15, 1013-050,
CellGenix), and indicated concentrations of capivasertib
(AZD5363, Trucap, AstraZeneca) dissolved in DMSO (vehicle)
for 16 days. Medium was supplemented with rhIL-2, rhIL-15,
and capivasertib/vehicle every other day without removing existing
reagents and medium. Capivasertib was diluted in the vehicle to
0.25, 0.5, and 1 mM from the stock solution (2 mM in the vehicle)
before adding it into each cell culture vessel to ensure the final
concentration of the vehicle was the same in each group, including
Molecu
the group treated with 0 mM capivasertib (vehicle alone). In each
experimental group, the same numbers of cells were seeded with
CD3/CD28 Dynabeads and then cells were expanded based on
cell concentration every 2 days without removing any cells until
day 16. Cell numbers and viability were measured every other
day using a Guava Muse Cell Analyzer (Cytek).

Raji, Z-138, BJAB (Thermo Fisher Scientific), LCL, KG-1a, and Ju-
rkat cell lines were cultured in RPMI 1640 medium (BE12-115F,
Lonza) with 10% FBS. JeKo-1 cells were maintained in RPMI
1640 medium with 20% FBS. LCL cells over-expressing the human
anti-CD3 antibody, OKT3 (LCL-OKT3), were cultured in RPMI
1640 medium with 10% FBS and hygromycin B (InvivoGen, ant-
hg-1). All cells including CAR T cells were cultured at 37�C and
5% carbon dioxide.
Antibodies and reagents

The following antibodies were used for western blots: anti-GSK-3b
(12456S, Cell Signaling), anti-phospho-GSK-3b (S9, 5558S, Cell
Signaling), anti-AKT (4691S, Cell Signaling), anti-phospho-AKT
(S473, 4060S, Cell Signaling), anti-PTEN (9559S, Cell Signaling),
anti-b-actin (3700S, Cell Signaling), anti-GAPDH (sc-32233, Santa
Cruz), goat anti-rabbit IgG (HRP, ab205718, Abcam), and goat
anti-mouse IgG (HRP, ab205719, Abcam) antibodies. Amersham
ECL Western Blotting Detection Reagents (RPN 2209, Cytiva) and
ChemiDoc MP Imaging System (Bio-Rad) were used for chemilumi-
nescent signaling detection.

Cells were stained with fluorochrome-conjugated antibodies against
the following antigens for flow cytometry: anti-CD3 (563109), anti-
CD4 (340443, 340133), anti-CD8 (348793), anti-CD27 (555440,
555441), anti-CD28 (561368, 555728), anti-CD45 (340665), anti-
CD45RA (555489), anti-CD45RO (561137), anti-CD62L (559772,
341012), anti-CD127 (557938), and anti-IFN-g (554702) from BD
Biosciences; anti-EGFR (352906, 352904, 352910) and anti-KLRG1
(138408, 138416) from BioLegend; anti-TIM3 (17-3109-42, 25-
3109-42) and anti-PD-1 (11-9969, 12-9969-42) from eBioscience,
and anti-CD3 (130-113-133) from Miltenyi Biotech. Cells were
stained with 40,6-diamidino-2-phenylindole (DAPI, D21490, Invitro-
gen) or fixable viability dye (FVD, 65-0866-18, eBioscience) to distin-
guish live cells from dead cells. For intracellular staining, cells were
fixed and permeabilized with Cytofix/Cytoperm Fixation/Permeabili-
zation Solution Kit (554714, BD Bioscience) before staining. To
enhance the detectability of cytokines by intracellular staining,
GolgiPlug protein transport inhibitor containing Brefeldin A
(555029, BD Bioscience) was added following the manufacturer’s pro-
tocol. All flow cytometry was performed using MACSQuant Analyzer
10 (Miltenyi Biotech) and analyzed using FCS Express version 7 (De
Novo Software).
Cytokine production assay

CAR T cells were co-cultured with a Raji cell line at a 1:1 ratio at 37�C
for 4 h before adding Brefeldin A GolgiPlug (BD Bioscience) and then
lar Therapy: Methods & Clinical Development Vol. 33 March 2025 7
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incubated for 24 h at 37�C before intracellular staining for IFN-g as
described above.
NanoString gene expression analysis

Total RNA from T cells was purified following sample requirements
for the NanoString Gene Expression Assay and nCounter CAR-T
Characterization Panel (NanoString Technologies). Raw data were
normalized and processed with nSolver 4.0 Analysis software and
nCounter Advanced Analysis 2.0 software following manufacturer’s
instructions (NanoString Technologies).
Xenograft models

All models included tumor cells expressing firefly luciferase and
enhanced green fluorescent protein (ffLuc-eGFP) fusion proteins,
mock T or CAR T cells derived from PBMCs or Tn/mem cells,
capivasertib dissolved in 10% DMSO vehicle plus 25% (w/v)
Kleptose HPB buffer (Roquette), and 6- to 8-week-old male
NOD-ScidIL2Rgnull (NSG) mice. Tumor cells (0.5 � 106 [Raji;
intravenous], 1 � 106 [JeKo-1; intravenous], or 2 � 106 [BJAB;
intratibial]) were injected into mice and allowed to engraft until
tumor signal was detected by bioluminescence imaging. The treat-
ment included intravenous injection of mock T/CAR T cells (the
total amount of the cells was based on 1 or 0.5 � 106 EGFR+
T cells in the CAR T cell group) alone or plus oral vehicle/capiva-
sertib (150 mg/kg twice daily for 4 days per week over 2 weeks).21

Mouse body weight, appearance, and activity were monitored at
least once a week. The experimental humane endpoint was deter-
mined by body weight loss (loss of 15%–20% within a few days or
consistently gradual weight loss), poor external physical appear-
ance (such as severe hunching and the presence of labored respi-
ration), and stationary activity until stimulation. Tumor burden
was measured and analyzed by intraperitoneal injection of
D-luciferin for bioluminescence imaging using SPECTRAL Lago
X imaging system (Spectral Instruments Imaging) and Aura Imag-
ing Software (Spectral Instruments Imaging) once a week. Retro-
orbital blood collection was performed for T cell analysis. Periph-
eral blood was collected after euthanasia. Animal experiments were
performed under protocols approved by the City of Hope’s Insti-
tutional Animal Care and Use Committee (IACUC).
Statistics

Unpaired t test, Mann-Whitney U test, and Kaplan-Meier methods
were used to analyze in vitro and in vivo experiments using
GraphPad Prism 9 (GraphPad Software). A p value %0.05 was
considered statistically significant.
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Figure S1. AKT signaling in CAR T cells was regulated by ex vivo capivasertib treatment.(A-B) CD19 CAR T 
cells were expanded for 14 days and treated with various concentrations of capivasertib  for 2 hours: (A) PBMC-
derived (0, 0.25, 0.5, 1, and 2 μM) and (B) Tn/mem-derived (0, 0.25, 0.5, and 1 μM). Westernblot and flow 
cytometry analyses were performed immediately after capivasertib treatment. GAPDH served as the loading 
control for Western blots, while cells stained only with the secondary antibody were used as flow cytometry 
controls. (C) The expressions of AKT and pAKT (S473) were evaluated following treatment of CD19 CAR T cells 
with 0.25 μM capivasertib under short-term and long-term conditions. Control (Ctrl) cells were treated with the 
same volume of DMSO as the long-term capivasertib-treated group. Data represent n = 4 independent experi-
ments, and error bars denote mean ± SD.
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Figure S2. Ex vivo capivasertib treatment on less 
differentiated T cells showed phenotypic 
changes. The same amounts of cells with 
Dynabeads were seeded on Day 0 in each group. 
Dynabeads were removed on Day 7. Cells were 
expanded by adding fresh media with final 
concentrations of 50 U/mL of rhIL-2, 0.5 ng/mL of 
rhIL-15, and capivasertib (0.25μM) and vehicle (0μ 
M) every two days until Day 16. Percent expression 
of CD4+(A), CD8+(B), T cell subsets (C), and 
memory markers, CD62L (D-E), CD127 (F-G), CD28 
(H-I) on short and long capivasertib treated CAR T 
cells (CAR gated) at Day 14. n = 4 independent 
experiments, error bars: mean ± SD, * p<0.05, ** 
p<0.01 unpaired t-test. T effector cells (Teff), T 
effector memory cells (Tem), T central memory cells 
(Tcm), and T memory stem cells (Tscm).
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Figure S3. Ex vivo capivasertib treatment enhances CAR T cells efficacy in vivo  1 × 10⁶ JeKo-1 cells were injected intravenously into NSG mice at day -7, followed by 
treatment with 1 × 10⁶ CAR T cells administered intravenously. (A-B) Tumor growth was monitored using live mouse imaging and quantified based on bioluminescent flux. (C) 
Kaplan-Meier survival curve analysis. (D) Blood samples were collected upon euthanasia to assess CAR T cell persistence. 0.5 × 10⁶ Raji cells were injected intravenously at day -7, 
and mice were treated with Mock cells consistent with the total amount of T cells in CAR treated experiments intravenously. (E) Tumor growth was analyzed via live mouse imaging 
and graphed based on flux.  (F-G)  Kaplan-Meier survival curve analysis was performed. Mock cells were used as a control. Statistical analysis was conducted using the Mann-Whit-
ney test (** p<0.01, **** p < 0.0001).
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Figure S4: Ex vivo capivasertib treatment regulated multiple functions of CAR T cells
(A) The flowchart for NanoString gene expression data analysis. (B) Genes related to specific functions of T cells 
were analyzed and the dash line indicated z score equaled 1.96. (C) Genes related to specific functions of
Tn/mem CAR T cells were analyzed through nCounter Advanced Analysis and the dash lines indicated z-score 
equaled 1.96 or -1.96. (D) Genes were selected based on the expression changes which were correlated with 
mouse survival.; n = 4 independent experiments.
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Figure S5. Combination of capivasertib and CAR T cells prevented relapse in Capiva-sertib 
susceptible model. Day 0 marked the initiation of treatment, with mice receiving a single dose of T cells 
and a 2-week regimen of either vehicle or capivasertib. (A) Mice bearing JeKo-1 cells were weighed once a 
week for 3 weeks. (B) Kaplan Meier survival curve of capivasertib resistant model (JeKo-1).  (C) Mice 
bearing BJAB cells were weighed once a week for 3 weeks. (D) On day 67, post-tumor engraftment, mice 
were rechallenged with 2 x 10⁶ capivasertib susceptible BJAB cells intratibially and analyzed for tumor 
growth by live mice imaging. (E) Kaplan Meier survival cruve. n = 8 (mock T cell groups) & 9 (CAR T cell 
groups) mice per experiment in the JeKo-1 model and n = 6 & 7 (the CAR T cells + capivasertib group) 
mice per experiment in the BJAB model, error bar: mean ± SD. * p<0.05, ***p<0.001.
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