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Adoptive transfer of antigen-specific cytotoxic T lym-
phocytes has shown promise for the therapy of cancer.
However, tumor-specific T cells are susceptible to diverse
inhibitory signals from the tumor microenvironment. The
Akt/protein kinase B plays a central role in T-cell prolif-
eration, function, and survival and we hypothesized
that expression of constitutively active Akt (caAkt) in
T cells could provide resistance to many of these tumor-
associated inhibitory mechanisms. caAkt expression in acti-
vated human T cells increased proliferation and cytokine
production, a likely result of their sustained expression
of nuclear factor-xB (NF-xB) and provided resistance to
apoptosis by upregulating antiapoptotic molecules. caAkt
expressing T cells (caAkt-T-cells) were also relatively resis-
tant to suppression by and conversion into regulatory
T cells (Tregs). These characteristics provided a survival
advantage to T cells cocultured with tumor cells in vitro;
CD3/28-stimulated T cells expressing a chimeric antigen
receptor (CAR) specific for disialoganglioside (GD2) that
redirected their activity to the immunosuppressive, GD2-
expressing neuroblastoma cell line, LAN-1, resisted tumor-
induced apoptosis when co-expressing transgenic caAkt.
In conclusion, caAkt-transduced T cells showed resistance
to several evasion strategies employed by tumors and
may therefore enhance the antitumor activity of adop-
tively transferred T lymphocytes.
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INTRODUCTION
T lymphocytes are major effector cells in adaptive immunity against
pathogens and tumor cells. Their efficacy, however, is dampened by
a wide range of immune evasion mechanisms that exist in a diver-
sity of pathogenic circumstances including tumorigenesis, when the
homeostatic balance between activation and suppression of immu-
nity strongly favors immune suppression. This imbalance allows
tumors to progress even in the presence of tumor-specific T cells.
Adoptive T-cell therapy is an effective treatment for virus-
associated diseases and malignancies after hematopoietic stem cell

transplantation'= and for lymphoma and melanoma in immuno-
competent patients.*” T-cell therapy has high specificity and low
toxicity compared with other conventional cancer therapies, but
the survival and function of adoptively transferred T cells are
limited by the same immune evasion mechanisms that impede
endogenous antitumor immune responses, including ineffec-
tive presentation of tumor antigens, induction of effector T-cell
apoptosis,® production of T-cell inhibitory ligands such as trans-
forming growth factor (TGF)- and programmed death ligand-1,
and recruitment of regulatory T cells (Tregs).*** The efficacy of
adoptively transferred T cells therefore depends on their capac-
ity to survive and function in the presence of multiple inhibitory
signals.

Investigators are exploring strategies to enable tumor-specific
T cells to survive and function in an adverse tumor environment
in both preclinical and clinical systems. For example, resistance to
apoptosis can be accomplished by downregulation of receptors for
inhibitory ligands like Fas-ligand and TGF-B'>'° or by expression
of immunostimulatory cytokines including interleukin-7 (IL-7)
and IL-12."7-" Although each strategy has effectively circumvented
the individual suppressive mechanism for which it was designed,
avoidance of a single immune evasion strategy may be insufficient
to ensure T-cell function, survival, and proliferation in a complex,
multifactorial, inhibitory environment. We reasoned that a strat-
egy that could render tumor-specific T cells resistant to a broader
range of inhibitory mechanisms might prove more effective.

The serine/threonine kinase Akt is a major component of the
phosphatidylinositol 3-kinase (PI3K) family, and is critical for
cell growth and survival.?® The PI3K/Akt pathway is central to
T-cell activation, acting downstream of major T-cell-activating
signals including the T-cell receptor, co-stimulatory receptors,
and cytokine receptors.?! Ligation of the T-cell co-stimulatory
molecules, CD28 and ICOS, upregulates Akt activity by activa-
tion of tyrosine kinases,?? leading to membrane recruitment of
PI3K and Akt. Conversely, the Akt pathway is a central node
downstream of multiple co-inhibitory receptors, including
cytotoxic T lymphocyte antigen-4 and Programmed Death-1
that oppose the activation of Akt by counteracting tyrosine
phosphatases.” PI3K/Akt activation is reported to suppress
several apoptotic mechanisms in T cells**** and the activation
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status of the PI3K/Akt pathway in T effector cells is a primary
determinant of T effector sensitivity to a number of inhibitory
factors, including TGF-B and Tregs.**?¢ Thus, Akt targeting
could both enhance activating stimuli and provide resistance to
inhibitory signals.

Expression of a highly potent, constitutively active Akt (caAkt;
originally called M_-AAkt) was previously shown to promote the
survival of dendritic cells by upregulating Bcl-2 as well as pro-
moting activation and maturation.”*”” Here, we show that caAkt
increases nuclear factor-kB (NF-«kB) activity in human T cells, and
promotes their proliferation, survival, and resistance to multiple
inhibitory factors commonly utilized by tumors. caAkt-transduced
T cells were also resistant to suppression by Tregs and to conver-
sion into Tregs by TGF-p. Finally, co-expression of caAkt with a
chimeric antigen receptor (CAR) for disialoganglioside (GD2)
expressed on neuroblastoma, enhanced T-cell activation, and pro-
liferation in response to and cytotoxicity against this immunosup-
pressive tumor.

RESULTS

Transduction of T cells with constitutively active Akt
We transduced CD3/CD28 antibody-stimulated T cells with the
retrovirus vector MSCV-M, -hAAkt-IRES-GFP (caAkt), encoding
constitutively active Akt as illustrated in Figure 1a. As determined
by co-expression of GFP, 38.7% (34.2-45.7%, n = 7) cells were
transduced with caAkt. Representative histograms of caAkt- and
GFP control (control)-transduced T cells are shown in Figure 1b.
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Both CD4 and CD8 T cells were efficiently transduced (data not
shown). To confirm the activation state of caAkt, we used intra-
cellular fluorescence-activated cell-sorting analysis with an anti-
body specifically binding to the Akt phosphorylation site (S473).
The percentage of T cells expressing phosphorylated Akt (pAkt)
was consistent with GFP expression in caAkt-transduced T cells
as 35.3-45% of the caAkt was phosphorylated, compared to ~1%
controls (Figure 1c). These results indicated that the transduced
caAkt gene was expressed in its active (phosphorylated) state in
transduced T cells.

Increased expansion and selection

of caAkt-transduced T cells

To determine whether caAkt influenced T-cell growth, we cultured
caAkt-transduced T cells in the presence of IL-2 (50 U/ml) and
measured cell numbers over time. T cells expressing caAkt demon-
strated greater numerical expansion than control-transduced
T cells after 3 weeks of culture (mean 47 x 10° versus 24 x 10°
T cells from 1 x 10° starting T cells). Without additional stimu-
lation, caAkt-T-cells did not proliferate further, but maintained
their viability, whereas control-T-cell numbers and viability
declined (Figure 2a).

To examine whether caAkt gene expression was stable over
time, we analyzed the frequency of GFP-expressing cells and
found selective expansion of caAkt-transduced T cells from 35%
(range 31-39%) to 83% (range 76-91%) over the first 2 weeks
of culture, while there was no selection of GFP* cells in control
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Figure 1 caAkt can be expressed in activated T cell after retroviral transduction. (a) The schematics of retroviral vector expressing AAkt (MSCV.
M. -hAAKkt.I.GFP). M-hAAkt fragment was cloned into an MSCV retroviral vector co-expressing GFP. (b) Human peripheral blood mononuclear cells
(n = 7) were stimulated with CD3/CD28 antibodies and transduced with retrovirus expressing caAkt or GFP control. Five days later, transduction
efficiencies were detected by GFP co-expression. Numbers indicate the percentage of GFP* cells. (c) Phospho Akt (S473) expressions were deter-

mined by intracellular fluorescence-activated cell-sorting analysis. caAkt,

constitutively active Akt; GFP, green fluorescent protein; IRES, internal

ribosome entry site; LTR, long terminal repeat; MSCV, murine stem cell virus; M,, Fyn myristoylation-targeting sequence; hAAkt, human truncated

Akt sequence.
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Figure 2 Increased expansion and selection of caAkt-transduced T cells are due to enhanced proliferation and decreased apoptosis. (a) caAkt-
and control-transduced T cells were cultured in the presence of IL-2 (50U/ml), and cell numbers were counted at different time points as indicated;
P = 0.04. (b) The percentages of transduced T cells were determined by fluorescence-activated cell-sorting analysis based on GFP expression; P =
0.01. (c,d) Activated T cells were transduced with caAkt or GFP control vector. At 7 and 9 days after CD3/CD28 antibody activation, cell proliferation
was measured by *H-thymidine incorporation in (c) absence or (d) presence of IL-2. (e) At 4 weeks after transduction, cell apoptosis was determined
by staining with annexin V and 7AAD. Percentages of cells are indicated in each quadrant. (f) The percentages of annexin V* caAkt or GFP control
cells are shown as mean percent + SD (n = 5), **P < 0.01. caAkt, constitutively active Akt; CPM, counts per minute; GFP, green fluorescent protein;

IL-2, interleukin-2; 7AAD, 7-aminoactinomycin D.

cultures (Figure 2b, P = 0.01). Hence, caAkt-transduced T cells
had a selective growth/survival advantage in culture.

Proliferation is enhanced and apoptosis is reduced

in caAkt-transduced T cells

The selective expansion of caAkt-T-cells may be due to an
increased rate of T-cell division and/or reduced apoptosis. We
measured proliferation and apoptosis of transduced T cells at
early (7-14 days) and late (4-5 weeks) time points. Early on,
there were few apoptotic cells in either group, while caAkt-T-
cells demonstrated a significantly higher rate of cell division
in the absence or presence of IL-2 as measured using triti-
ated thymidine uptake (Figure 2c,d). The difference was even
more marked in the cultures without IL-2 supplementation
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(Figure 2c). Four to five weeks later, the proliferation of both
groups of transduced T cells dropped to basal levels (data not
shown) but caAkt-T-cells had superior survival. Apoptosis as
determined by surface staining with 7-aminoactinomycin D
and annexin V was markedly higher in control-T-cells than in
caAkt-T-cells (35.6 = 5.2% versus 11.1 = 2.9%, n = 5, P < 0.01;
Figure 2e,f). In addition to proliferation and apoptosis, we
evaluated telomere length in caAkt-T-cells using the Q-FISH
and qPCR methods (Supplementary Materials and Methods)
and found that telomeres were longer than in control-T-cells
(Supplementary Figure Sla,b). Consistent with increased
telomere length, caAkt-T-cells possessed stronger telomerase
activity than control-T-cells (Supplementary Figure Slc). In
summary, caAkt-T-cells had increased proliferation shortly
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Figure 3 caAkt-transduced T cells upregulated antiapoptotic molecules. Four weeks after transduction, caAkt- or GFP-control-transduced T cells
were harvested and cultured in interleukin-2 (IL-2)-depleted medium for 5 days. (a) Intracellular expression of Bcl-2, Bcl-xL, Mcl-1 in caAkt-T-cells
(black line) and GFP control (gray line) was determined by flow cytometry. Isotype controls are shown in parallel. (b) caAkt- or GFP-control-transduced
T cells were cultured in absence of IL-2 for the indicated hours and analyzed for expression of Bcl-2, Bcl-xL, Mcl-1 by western blot. Data are represen-
tative of three experiments. caAkt, constitutively active Akt; GFP, green fluorescent protein.

after activation, maintained cell survival for significantly longer
than control-T-cells but did not proliferate autonomously in the
absence of prosurvival cytokines (Supplementary Figure S2).

caAkt expression upregulates antiapoptotic molecules
To determine the mechanism underlying decreased apoptosis in
caAkt-expressing T cells, we examined the expression of antiapop-
totic members of the Bcl-2 family that act downstream of Akt.
T cells were harvested 3-4 weeks after transduction and cultured
without IL-2 for 5 days. As shown before, the percentage of apop-
totic cells was significantly higher in control-T-cells than in caAkt-
T-cells. Increased levels of Bcl-2, Bcl-xL, and Mcl-1 expression
were detected by intracellular staining (Figure 3a), and confirmed
by western blot analysis at multiple time points (Figure 3b). The
antiapoptotic molecules (especially Mcl-1 and Bcl-xL) were main-
tained at higher levels in caAkt-T-cells than in control-T-cells. The
upregulation of these antiapoptotic molecules likely contributes to
the longevity of T cells transduced with caAkt.

caAkt-expressing T cells secreted larger amounts of
IL-2 and IFN-y and maintained higher NF-xB activity
To evaluate the effects of caAkt on cytokine production, we
measured production of various cytokines in response to T-cell
receptor stimulation. Figure 4a,b shows that 2 weeks after trans-
duction, caAkt-expressing T cells produced significantly more
IL-2 and interferon-y (IFN-y) as measured by intracellular stain-
ing analysis. There were comparable low levels of IL-4, IL-10, IL-17
(<2%) in both caAkt-T-cells and control-T-cells (data not shown).
Therefore, the production of Th1 cytokines dominates in caAkt-
T-cells and should favor the cytotoxic function of Th1 cells.

To characterize events downstream of Akt activation, we utilized
Phosflow to detect the kinetics of NF-kB activation (Figure 4c).
Both control-T-cells and caAkt-T-cells upregulated p65-NF-kB to
comparable levels at 15 minutes to 6 hours after phorbol myristate
acetate stimulation (from 15 minutes to 6 hours). However, p65-
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NF-kB expression was greater in caAkt-T-cells after 24 hours; and
by 72 hours while there was no detectable p65-NF-kB activity in
control-T-cells in the absence of cytokines, caAkt-T-cells maintained
NEF-kB levels. Thus, caAkt induced and maintained NF-«kB activity,
which likely contributes to T-cell survival and cytokine production.

caAkt renders effector T cells resistant to suppression

by Tregs

Tregs infiltrate most tumors and add their inhibitory effects
to those of the tumor cells themselves. Because Tregs inhibit
T effector cells through Akt-regulated pathways,? we determined
whether T cells expressing caAkt could resist Treg inhibition. We
transduced peripheral blood mononuclear cells (PBMCs) from
four healthy donors with caAkt or GFP, as described previously."®
CD41CD25% Tregs were isolated from autologous fresh PBMC
using a Treg selection kit (Miltenyi Biotec, Bisley, UK). At 10 days
after transduction, caAkt- and control-T-cells were labeled with
the lipophilic dye, PKH26 Red, to allow cell division to be mea-
sured by flow cytometry, and cultured with or without autologous
CD41CD25% Treg cells at different ratios in the presence of allo-
geneic PBMC and OKT3 MADb (500ng/ml). Five days later, the
proliferation of responder T cells was assessed from their PKH dye
intensity. Compared with GFP-T-cells, caAkt-T-cells were resis-
tant to Treg-mediated suppression and continued to proliferate as
illustrated in Figure 5a. Ata 3:1 ratio of responder T cells to Tregs,
GFP-T-cells were inhibited by 43.6% (range 42.2-49.1%), com-
pared to only 9.6% (range 0-18.3%) in caAkt-T-cells (Figure 5b,
P <0.01). These data directly illustrate the ability of caAkt to con-
trol the sensitivity of effector T cells to Treg suppression.

caAkt provides resistance to TGF-B-mediated Treg
conversion

In addition to their susceptibility to suppression by Tregs, effec-
tor T cells are also susceptible to conversion into Treg cells at
tumor sites by mechanisms involving TGF-B.* The Akt-mTOR
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Figure 4 caAkt-transduced T cells have increased IL-2 and IFN-y production and sustained NF-xB activity. (a) caAkt- and GFP-control-transduced
T cells were cultured for 2 weeks and cytokine productions were detected by intracellular staining. A representative histogram is shown from five
donors. (b) The percentages and MFls of IL-2 and IFN-y positive cells in caAkt-T-cells (open diamonds) and GFP control-T-cells (closed squares) are
shown. (c) Intracelluar phospho NF-xB p65 (pS529) levels were determined in caAkt- (black lines) or GFP (gray lines)-transduced T cells at indicated
hours. Data are representative of three donors. caAkt, constitutively active Akt; GFP, gree fluorescent protein; IFN-y, interferon-y; IL-2, interleukin-2;

MFI, mean fluorescence intensity; NF-xB, nuclear factor-«xB.

axis has been reported to regulate FoxP3, the key transcription
factor of Tregs.*>*! We therefore investigated the effect of caAkt
activity on the induction of Tregs by TGF-p. Transduced CD3/28-
stimulated T cells were restimulated on day 14 with anti-CD3/
CD28 in the presence of TGF-f (2.5ng/ml) and IL-2 (50 U/ml).
Two weeks after reactivation, we observed significant elevations
of FoxP3™ T cells in both caAkt- and control-T-cells cultured
with TGF-B. However, the frequency of FoxP31 T cells was
markedly lower in caAkt-T-cells than in control-T-cells (4.8 £
2.1% versus 14.5 + 4.3% without TGF-p and 17 + 6.5% versus
46.9 + 8.6% with TGF-p, n =4, P < 0.01). A representative histo-
gram is shown in Figure 5c. To determine whether the induced
FoxP3™" T cells were suppressive, we used TGF-f-treated T cells
as suppressor cells (as there is no appropriate selection marker
for these FoxP3™ T cells) and autologous PBMC as responders.
TGEF-B-activated caAkt-T-cells showed decreased suppressive
capacity relative to TGF-B-activated control-T-cells (Figure 5d),
which is consistent with their reduced expression of FoxP3.
These data indicate that caAkt provides resistance to FoxP3*
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Treg induction/conversion so that TGF-p-cultured caAkt-T-
cells are less suppressive.

We also determined whether Akt overexpression inhibits natu-
ral Treg function and FoxP3 expression; CD4TCD25" T cells were
purified from bufty coats and stimulated with anti-CD3 plus allo-
geneic PBMCs, then transduced with MSCV-M,-hA Akt-IRES-GFP
or control vector MSCV-IRES-GFP. caAkt-T-cells expressed less
FoxP3 (35.2+9.4% versus 61.5+10.7%, n = 4, P < 0.05) and elevated
levels of IL-2 (68.3 £ 5.8% versus 41.6 £ 8.1%, P < 0.01) compared to
control-T-cells. Representative data are shown in Supplementary
Figures S3 and S4a. Consistent with these findings, caAkt-trans-
duced Tregs lost their suppressive capacity (Supplementary Figure
$4b). Thus, transgenic caAkt can both enhance effector T cells and
suppress the function of pre-existing Tregs.

caAkt increases the survival and proliferation
of tumor-specific T cell on exposure to tumor
To determine whether constitutive Akt expression increases sur-
vival of tumor-specific T cells in a tumor model, we redirected

www.moleculartherapy.org vol. 18 no. 11 nov. 2010



© The American Society of Gene & Cell Therapy

caAkt-modified T cells Resist Immune Suppression

a GFP
R:S 400 b
80 60
60 i
1:0 40 50 |
20
0% 1 i 40
10° 10" 10° 10° 10
100 s
80 we | ;E; 30
604 F—— “_6
3:1 ®
40 20 4
20
0. _/
10° 10" 10* 10° 10° 10 o
100
80 04
60
101 4 GFP caAkt
20 d
0 Nonstimulated Stimulated w/o T reg
10° 10° 10" 10° 10° 10* T
18.3
c GFP caAkt
13.3 4.41 10° 10" 10° 10° 10*  10° 10' 10% 10° 10
NoTGFp 1 [\ —— —
R:S GFP caAkt
10° 10" 10* 10° 10* 10° 10" 10* 10° 10* i
52.1 19.6 1
+TGFB 10° 10" 10® 10° 10* 10° 10 10?2 10° 10°
PKH26
10° 10" 102 10° 10° 10° 10" 10% 10° 10°
FoxP3
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density of PKH26 dye. caAkt, constitutively active Akt; GFP, green fluorescent protein; TGFp, transforming growth factor-f.

the antigen specificity of T cells to the GD2 that is expressed on
neuroblastoma cells by expression of a CAR. The GD2-CAR was
generated by joining the heavy- and light-chain variable regions of
a GD2-specific monoclonal antibody expressed as a single-chain
Fv molecule, to the cytoplasmic CD3-{ of the T-cell receptor sig-
naling domain.*” We used the LAN-1 neuroblastoma cell line that
highly expresses GD2, but lacks co-stimulatory and MHC class II
molecules (Figure 6a) and actively inhibits the proliferation of
GD2-CAR expressing T cells.”> We cotransduced caAkt or control
GFP-vector with the GD2-CAR into T cells and cocultured them
with irradiated LAN-1 neuroblastoma cells. As shown in Figure 6b,

Molecular Therapy vol. 18 no. 11 nov. 2010

GD2-CAR and caAkt (or GFP control) could be co-expressed in
T cells at comparable levels. Coculture with LAN-1 cells at differ-
ent ratios for 48 hours suppressed control-T-cell proliferation in a
dose-dependent manner as measured by tritiated thymidine assays.
This is likely due to stimulation through the { chain of the TCR
in the absence of co-stimulation. Compared with control-T-cells,
caAkt/GD2-CAR-cotransduced T cells showed greater prolif-
eration and resisted LAN-1-mediated suppression (Figure 6c).
To begin to understand the mechanism of T-cell suppression
by LAN-1 and the resistance provided by caAkt, we measured
GD2-CAR-transduced T-cell apoptosis by 7-aminoactinomycin D
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Figure 6 Cotransduction of caAkt increases tumor-specific T-cell proliferation and reduces apoptosis in a neuroblastoma model.
(a) Surface staining of neuroblastoma LAN-1 cells with CD80, CD86, HLA-DR, and CD40. Lymphoblastoid cell line (LCL) was used as a positive
control. (b) At 5 days after cotransduction, the expressions of GD2-CAR and caAkt/GFP were detected by flow cytometry. (¢) Cotransduced
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were stimulated weekly with 80 Gy irradiated LAN-1 cells. After 2nd and 3rd stimulation, cell apoptosis was determined by staining with annexin
V and 7AAD on gated T cells. Percentages of cells are indicated in each quadrant. (e) The percentages of annexin V* caAkt- or GFP-control-
cotransduced cells are shown as mean percent £ SD, n=5, *P < 0.05, **P < 0.01. caAkt, constitutively active Akt; GFP, green fluorescent protein;

7AAD, 7-aminoactinomycin D.

and annexin V staining after weekly stimulation by LAN-1. caAkt
GD2-CAR-cotransduced T cells had greater resistance to multiple
LAN-1 stimulations than GFP/GD2-CAR-cotransduced T cells
(21 £ 3.3% versus 54 + 14.5% apoptosis after the 2nd stimulation,
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46 £ 4.5% versus 77 £+ 7.6% after 3rd stimulation, n =5, P < 0.05) as
illustrated in Figure 6d,e. These data indicate that co-expression of
caAkt supports the survival of tumor-antigen-specific T cells in the
presence of LAN-1 neuroblastoma cells.
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Figure 7 caAkt-cotransduced T cells produce more Th1 cytokines and granzyme B and increase cytotoxic function to LAN-1 neuroblastoma
cells. T cells were cotransduced with GD2-CAR and caAkt (or GFP control) vectors. Transduced cells were cocultured with LAN-1 cells for 7 days. The
expressions of (a) granzyme B and (b,c) cytokines were detected by intracellular staining. (d) caAkt/GD2-CAR- or GFP/GD2-CAR-transducted cells were
sorted by GFP expression. Sorted GFP™ cells were cocultured with LAN-1 cells at a 5:1 ratio for 4-5 days. The percentages of live LAN-1 and T cells were
detected by CD3 staining. LAN-1 cells were CD3~ and T cells were CD3*. (e) Remaining live LAN-1 cells were normalized to the cell numbers in the cul-
ture with LAN-1 cell alone. The data are shown as mean percent + SD, n =4, *P < 0.05. caAkt, constitutively active Akt; GFP, green fluorescent protein.

caAkt-GD2-CAR-cotransduced T cells produce more
Th1 cytokines and granzyme B and have increased
cytotoxic activity against LAN-1 neuroblastoma cells
As caAkt-cotransduced GD2-specific T cells maintained higher
viability during their encounters with tumor cells, we next inves-
tigated their effector functions after these tumor cocultures. We
detected higher granzyme B production in caAkt-cotransduced
T cells, particularly in the CD8* subset (Figure 7a), as well as higher
levels of IL-2 and IFN-y (Figure 7b,c). To evaluate the cytotoxic-
ity of caAkt-transduced T cells, we cocultured them with LAN-1.
In control-T-cell cultures, LAN-1 cells represented over 40% of
the total cell number after 5 days, but were only 8% in cocultures
with caAkt-cotransduced T cells (Figure 7d). caAkt-cotransduced
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T cells eliminated LAN-1 cells more efficiently than GFP control
cells (5.33 + 1.4% versus 25.03 + 6.7% LAN-1 remaining in the
culture, n =4, P < 0.05; Figure 7e). Altogether, caAkt-cotransduced
tumor-specific T cells retained higher activity than control-
transduced T cells on exposure to tumor.

DISCUSSION

We have demonstrated that a constitutively active Akt pro-
vides T cells with resistance to multiple distinct tumor immune
inhibitory strategies. Both proliferation and survival of caAkt-
expressing T cells were increased, an effect that was particularly
evident under conditions of cytokine deprivation, and on expo-
sure to TGF-B and Tregs. These characteristics could be explained
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by increased NF-kB activity, which upregulated the antiapoptotic
molecules, Bcl-2, Bel-xL, and Mcl-1 and the Th1 cytokines IL-2
and IFN-y after stimulation. Finally, T cells co-expressing caAkt
with a chimeric tumor antigen receptor had superior survival and
function in the presence of an immunosuppressive neuroblas-
toma cell line. Despite their enhanced proliferation and effector
functions, T cells expressing caAkt did not grow autonomously,
but required continued stimulation with cytokines and antigen.
However, to ensure the safety of this strategy, it would be possible
to co-express suicide genes*** or to use an inducible caAkt con-
struct that is expressed only in presence of 4-hydroxytamoxifen
(data not shown). Thus, forced expression of constitutively active
Akt may replace a multiplicity of other manipulations of tumor-
specific T cells intended as countermeasures for the broad range
of immune evasion strategies employed by human tumors.

Potentially immunogenic tumors have evolved an array of
immune evasion strategies that may present tumor antigens in
an inhibitory context or directly or indirectly modulate effector
T-cell induction and function. Several strategies to overcome spe-
cific tumor-mediated effects have been developed, such as expres-
sion of dominant-negative receptors for inhibitory molecules like
TGE-B, short-hairpin RNA for the apoptotic receptor Fas and
prosurvival cytokines to maintain T-cell proliferation and disrupt
the inhibitory tumor environment.”*"'” Because most tumors use
multiple T-cell evasion strategies, single genetic modifications
might have limited overall effect. For example, Hodgkin lym-
phoma cells express the death-inducing molecules, RCAS-1 and
Fas-ligand,* secrete TGF-p, and produce TARC and IL-13* that,
respectively, recruit and promote the growth of Th2 and Tregs.”
Downstream substrates of the PI3K/Akt pathway regulate diverse
signaling including T-cell growth, proliferation, and survival, and
Akt activation levels determined the fate of T cells in the pres-
ence of Treg cells and TGF-p. Thus, increased Akt activity would
be expected to improve T-cell resistance to multiple inhibitory
mechanisms. To test this hypothesis, we used an optimized caAkt
construct that had been previously used to transduce both mouse
and human dendritic cells, that gained enhanced longevity and
increased T-cell stimulatory capacity.?”

caAkt-expressing T cells had both an increased growth rate
and reduced apoptosis, consistent with the established roles of Akt
activation in cell proliferation and survival. Akt is a central node
in downstream signaling by cytokine receptors, co-stimulatory
molecules, and the T-cell receptor itself. Akt can stimulate pro-
liferation through multiple downstream targets including p27'!,
p21, GSK3, and mTORCI1 that affect cell cycle regulation.? One
of its best-conserved functions is its ability to promote cell sur-
vival by blocking the function of proapoptotic proteins, includ-
ing BAD, which binds to and inactivates prosurvival Bcl-2 family
members.?** Akt activation upregulated Bcl-2 family members in
primary dendritic cells, the Jurkat T-cell line and in tumor cell
lines. In this study, we showed that the expression of Bcl-2 family
members (Bcl-2, Bcl-xL, and Mcl-1) was upregulated in caAkt-
transduced primary human T cells, providing significant sur-
vival benefits. caAkt also blocks FOXO-mediated transcription of
target genes that promote apoptosis and cell cycle arrest. However,
Akt-mediated phosphorylation of FOXO proteins occurs in the
nucleus, so this mechanism is unlikely to explain the activity of
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our Fyn-myristoylated caAkt construct, which is targeted to lipid
rafts.”” Akt is also responsible for phosphorylation of the enzyme
telomerase that is responsible for increasing telomere length
and cell longevity.* We evaluated telomere length in caAkt-
transduced T cells and found that they were indeed longer than
those of control-transduced T cells, which could also explain their
prolonged survival (Supplementary Figure S1). Of note, the pref-
erential expansion of caAkt-expressing T cells was not observed
under conditions in which potent antigen presentation and co-
stimulation were supplied, for example by Epstein-Barr virus—
transformed B-cell lines (data not shown). Hence, caAkt activity
can compensate for suboptimal T-cell activation signals (such as
in the tumor microenvironment) but did not improve the function
of T cells receiving adequate stimulation. GFP control/GD2-CAR-
cotransduced T cells were suppressed on receiving stimulation
through the CAR by LAN-1 neuroblastoma cells in the absence
of co-stimulation, whereas caAkt/GD2-CAR-cotransduced T cell
activity could overcome this lack of co-stimulation, likely through
activation of signals downstream of co-stimulatory and cytokine
receptors and by upregulation of antiapoptotic molecules.

Tregs suppress T effector cells by attenuation of the PI3K/Akt
pathway in antigen-primed T cells,”® and the activation status of
the PI3K/Akt pathway in T effector cells is a primary determi-
nant of sensitivity to Tregs.”® In several genetically engineered
murine models (cbl-b~/~, Traf6~/~, dominant-negative TGF-f8
receptor) of spontaneous autoimmunity, CD4*CD25~ T effec-
tor cells are resistant to Treg-mediated suppression, even though
Tregs are functionally normal.*® A characteristic common to all
of these models is their increased activity of the PI3K/Akt path-
way, a concept that is confirmed in murine Akt transgenic T cells®®
and in our study by directly expressing caAkt in human T cells.
Therefore, caAkt-expressing tumor-specific T cells may maintain
their activity in tumors despite the presence of infiltrating Tregs.

Inducible Tregs are generated by T-cell stimulation in the
presence of TGF-p, and this cytokine severely affects the efficacy
of tumor-specific effector T cells. TGFp is produced by Tregs and
by most tumors and plays a role in T-cell homeostasis by limit-
ing immune responses to antigens and inducing tolerance.**
Haxhinasto et al. identified Akt as a strong repressor of entry
into the Treg phenotype in vitro and in vivo.”! Likewise, pharma-
cological inhibitors of the PI3K/Akt pathway inhibited mTOR, a
downstream target of Akt signaling increased FoxP3 induction in
TCR-primed T cells,’® and enhanced Treg expansion.®” Our own
data support these observations, as Treg induction by TGF- was
significantly lower in caAkt-transduced T-cells. caAkt also inhib-
its FoxP3 expression and the suppressive function of natural Tregs
(freshly isolated CD4TCD25" T cells), which is consistent with a
previous study using an inducibly active form of Akt.** Of note,
these results are in apparent conflict with a recent report, which
showed that Akt signals enhanced FoxP3 induction and the acqui-
sition of Treg phenotypes in a murine transgenic model.* The dif-
ference might be due to the level and localization of Akt activity in
the Akt transgenic model versus our retrovirally transduced dual-
acylated, lipid-raft-targeted Akt in human T cells.

These findings have implications for adoptive T-cell therapy
for malignancy. First, tumor-antigen-specific T cells receive
limited co-stimulatory signals from tumor cells that might be
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compensated by the enforced expression of caAkt. Second, multiple
inhibitory factors utilized by tumor immune evasion negatively
regulate PI3K/Akt signaling pathway, and enforced constitu-
tively active Akt expression will confer effector T-cell resistance.
Additionally, adoptively transferred T cells should resist conver-
sion into Tregs in situ, an important tumor evasion mechanism.*¢
Third, PI3K inhibitors have been developed for the treatment of
some tumors. The nonselective nature of this treatment would
also inhibit the immune system, negating any immune-mediated
antitumor effects from therapy. Adoptive transfer of PI3K inhib-
itor-resistant, tumor-specific T cells in combination with PI3K
inhibitors could be complementary. Thus, our findings support
exploration of caAkt transduction to safely and broadly enhance
the antitumor activity of adoptively transferred, tumor-directed,
T lymphocytes.

MATERIALS AND METHODS

Plasmids and retrovirus vectors. Preparation of the expression plasmid,
pBJ5/M,-AhAkt, encoding human caAkt has been described previously.””
caAkt was created by fusing myristoylation-targeting sequences from
Fyn kinase to human Akt in which the pleckstrin homology domain was
truncated to improve its activity (denoted “AAkt”). A Fyn myristoylation-
targeting sequence (M,) was used to target Akt to lipid rafts, where much
of its effector function is realized.”” M, sequence showed the most efficient
lipid-raft localization, NF-kB induction, and Akt-S473 phosphorylation
in the membrane-targeting sequences tested.” M, -hAAkt was cloned into
the Sacll and EcoRI sites of the retroviral vector murine stem cell virus
(MSCV), encoding the internal ribosome entry site (IRES) followed by
the enhanced green fluorescence protein sequence (Figure 1a) to produce
MSCV-M,-hAAkt-IRES-GFP (caAkt). The retrovirus vector MSCV-IRES-
GFP (GFP) was used as a control. The generation of GD2-CAR retroviral
vector has been described previously.” Briefly, the ectodomain is a single-
chain variable fragment derived from a GD2)-binding monoclonal anti-
body, 14g2a. The endodomain transmits intracellular signals through the
T-cell receptor  chain.

Cell lines and cell culture. Donor blood was obtained either from the
Gulf Coast Blood Center, Houston, Texas or from healthy volunteers with
informed consent from the Baylor College of Medicine institutional review
board. After centrifugation on Ficoll-Hypaque density gradients (Sigma-
Aldrich, St Louis, MO), PBMCs were cultured in complete media (45%
RPMI 1640; Hyclone, Logan, UT, 45% EHAA; Irvine Scientific, Santa Ana,
CA) supplemented with 2 mmol/l L-glutamine (GlutaMAX-I; Invitrogen,
Carlsbad, CA) and 10% fetal bovine serum (Hyclone). 293T and LAN-1
cells were obtained from the American Type Culture Collection (Rockville,
MD) and maintained in culture with Dulbecco’s modified Eagle’s medium
(BioWhittaker, Walkersville, MD) supplemented with 10% fetal bovine
serum, 2 mmol/l L-glutamine.

Production of retrovirus and transduction of T cells. Transient retrovi-
ral vector supernatant was produced by co-transfection of 293T cells with
the gag/pol expression plasmid PegPam3(-env), the RD114 env expres-
sion plasmid RDF and MSCV vectors at a ratio of 2:3:3, respectively, using
GeneJuice transfection reagent (Calbiochem, Gibbstown, NJ) as previously
described.”? PBMCs were stimulated on non-tissue-culture-treated 24-well
plates coated with 1ug/ml OKT3 (Ortho Biotech, Bridgewater, NJ) and
1 pg/ml anti-CD28 (Becton Dickinson, Franklin Lakes, NJ) antibodies in
the presence of recombinant human IL-2 (50 IU/ml, Proleukin; Chiron,
Emeryville, CA) for 2 days. For T-cell transduction, 24-well plates were
coated with RetroNectin (TaKaRa Shuzo, Shiga, Japan) according to the
manufacturer’s protocol, and stored at 4°C. The following day, the plates
were coated twice with 0.5 ml retroviral vector supernatant, each added for
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30 minutes at 37°C. A total of 5 x 10° OKT3-stimulated T cells in 0.5ml
medium were mixed with 1.5ml retroviral vector supernatant and trans-
ferred to the precoated wells. Recombinant IL-2 (100 U/ml) was added and
the plates were incubated at 37°C for 2 days. Then, T cells were transferred
to a tissue culture-treated plate. IL-2 (50 U/ml) was added twice weekly.

Flow cytometry. Transduced or nontransduced T cells were stained with
phycoerythrin (PE)-, peridinin chlorophyll protein-, or allophycocyanin-
conjugated CD3, CD4, CD8, CD16, CD19, CD27, CD28, CD45RO0, and
CCR7 monoclonal antibodies. All monoclonal antibodies were purchased
from Becton Dickinson. Control samples labeled with an appropriate
isotype-matched antibody were included in each experiment. To detect
FoxP3 protein expression, the surface-stained cells were further subjected
to intracellular staining with PE-conjugated monoclonal antibodies to
human FoxP3 (clone PCH101; eBioscience, San Diego, CA) using stain-
ing buffers and conditions specified by the manufacturer. For intracellu-
lar cytokine staining, cells were stimulated for 6 hours in the presence of
50 ng/ml phorbol myristate acetate, 500 ng/ml ionomycin (Sigma-Aldrich),
and 2 umol/l monensin (GolgiStop; BD Biosciences, San Jose, CA). and
incubated with peridinin chlorophyll protein-conjugated anti-CD4 and
allophycocyanin-conjugated anti-CD8 (RPA-T8) antibodies for surface
staining followed by intracellular staining using PE-conjugated anti-mouse
IFN-y (4S.B3) or PE-conjugated anti-mouse IL-2 (MQ1-17H12) antibodies
and FIX/PERM buffers (BD Pharmingen, San Diego, CA) according to the
manufacturer’s instructions. For pAkt and pNF-kB (p-P65) intracellular
staining, cells were first fixed with 1% prewarmed paraformaldehyde for
10 minutes at 37°C and then permeabilized with 90% prechilled methanol
for 30 minutes on ice; finally the cells were stained with Alexa Fluor(R)
647-conjugated anti-Akt (Ser473) antibodies (Cell Signaling Technology,
Danvers, MA) or PE-conjugated anti-P65 and the matched isotype control
(BD Pharmingen) for 30 minutes at room temperature. Cells were ana-
lyzed by a FACSCalibur equipped with the filter set for four fluorescence
signals using Cell Quest software (Becton Dickinson).

The expression of antiapoptotic molecules was detected by intracellular
staining. Cells were harvested and counted. A density of 2 x 10° cells were
washed with fluorescence-activated cell-sorting buffer and resuspended
in 200 ul 4% paraformaldehyde on ice to for 10 minutes for fixation. Cells
were washed and permeabilized in 1% saponin for 30 minutes on ice.
Then, primary antibodies Bcl-2, Bcl-xL (Cell Signaling Technology), and
Mcl-1 (Santa Cruz, Santa Cruz, CA) were added and incubated on ice
for 30 minutes. Cells were washed with 0.1% saponin and incubated with
secondary antibody conjugated with PE for 30 minutes at 4°C in the dark.
Then, cells were analyzed by flow cytometry.

Cell selection. CD4TCD25" Treg cells were selected from fresh PBMCs
using a Treg selection kit (Miltenyi Biotec). CD4% T cells were negatively
selected using Miltenyi Mini-MACS column according to the manufacture’s
instructions. CD41 T cells were then incubated with CD25-microbeads
for 15 minutes at 4°C. CD4YCD25% T cells were positively selected, then
cultured in 24-well plate precoated with antiCD3/CD28 antibodies and
supplemented with IL-2 (100 U/ml).

Proliferation assay. Transduced T cells were collected from 24-well cul-
ture plates then incubated at 1 x 10°/well in 96-well U-bottomed plates
with or without IL-2 (50 U/ml). Wells were pulsed with 0.037 Mbq
(1puCi)/well of [*H]thymidine (Amersham Pharmacia Biotech, Uppsala,
Sweden) for 18 hours, and the samples were harvested onto glass fiber
filter paper for (-scintillation counting (TriCarb 2500 TR; Packard
BioScience, Waltham, MA).

Suppression assay. To analyze cell division, responder T cells were labeled
with 2umol/l of the lipophilic dye, PKH26 (Sigma-Aldrich), for 5 min-
utes at room temperature in phosphate-buffered saline with 0.1% bovine
serum albumin. The reaction was quenched with RPMI 1640 medium with
10% fetal bovine serum for 10 minutes at 37°C. A density of 1 x 10°/ml
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PKH26-labeled responders and suppressor cells at different ratios as
indicated were plated into 96-well plates in the presence of 2 x 10°/ml allo-
geneic 30 Gy irradiated PBMCs and 500 ng/ml OKT3 in T-cell complete
medium (total volume is 0.2 ml/well). After 5 days, the cells were harvested,
and analysis of cell division was performed by flow cytometry.

Western blot analysis. Transduced T cells were cultured in medium
without IL-2 for the indicated time points. The cells were harvested and
lysed. The lysates were collected and quantified for protein content. Equal
amounts of proteins (40g) were electrophoretically fractionated in 8%
sodium dodecyl sulfate-polyacrylamide gels, and subjected to immuno-
blot analysis with specific antibodies against Bcl-2, Bcl-xL (Cell Signaling),
and Mcl-1 (Santa Cruz) and B-tubulin (Sigma-Aldrich). Autoradiography
of the membranes was performed using Amersham ECL Western blotting
detection reagents (Amersham Biosciences, Piscataway, NJ). The densi-
ties of the protein bands compared to the B-tubulin protein control were
measured with Imaging Analysis software (ImageQuant Tool, version 5.2;
Amersham Biosciences, Piscataway, NJ).

Apoptosis assay. The T-cell apoptosis assay was performed with the annexin
V/7-aminoactinomycin D staining kit (BD Pharmingen). Transduced T cells
were cultured for 4-5 weeks under different culture conditions. The cells
were harvested and washed twice with ice-cold phosphate-buffered saline
and resuspended in 1x binding buffer (BD Pharmingen) at a concentration
of 1 x 10° cells/ml. Next, PE-conjugated annexin V and 7-aminoactinomycin
D were added, the cells were incubated for 20 minutes at 25°C in the dark,
and CD3% T-cell apoptosis was analyzed by flow cytometry within 1 hour.

Statistical analysis. All data are presented as mean £ 1 SD. The Student’s
t-test was used to determine the statistical significance of differences
between samples, and P values <0.05 were accepted as indicating a signifi-
cant difference.

SUPPLEMENTARY MATERIAL

Figure S$1. caAkt-transduced T cells maintained longer telomere
length and increased telomerase activity in culture.

Figure S2. caAkt-T cells did not proliferate autonomously in the
absence of prosurvival cytokines.

Figure $3. FoxP3 expression was reduced in caAkt-transduced
CD4*CD25" T regulatory cell.

Figure S4. Suppressive function was abrogated in caAkt transduced
CD4*CD25" T regulatory cells.

Materials and Methods.
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