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To enhance the strength of activation afforded by tumor 
antigen-specific receptors, we investigated the effect of 
adding combined CD28 and 4-1BB costimulatory sig-
naling domains to a chimeric antigen receptor (CAR) 
specific for prostate-specific membrane antigen (PSMA). 
Having transferred receptors encompassing the CD28, 
4-1BB, and/or CD3ζ cytoplasmic domains in primary 
human CD8+ T cells, we find that the P28BBz recep-
tor, which includes all three signaling domains, is supe-
rior to receptors that only include one or two of these 
domains in promoting cytokine release, in vivo T-cell 
survival and tumor elimination following intravenous 
T-cell administration to tumor-bearing severe combined 
immunodeficient (SCID)/beige mice. Upon in vitro 
exposure to PSMA, the P28BBZ receptor-induced the 
strongest  PI3Kinase/Akt activation and Bcl-XL expression, 
and the least apoptosis in transduced peripheral blood 
CD8+ T cells. These findings further support the concept 
of integrating optimized costimulatory properties into 
recombinant antigen receptors to augment the survival 
and function of genetically targeted T cells within the 
tumor micro environment.
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IntroductIon
Immune-mediated tumor eradication requires adequate survival 
and intratumoral activation of tumor antigen-specific T cells. To 
meet these requirements, T cells must be given appropriate acti-
vating signals at the time of antigen priming and restimulation. 
Suboptimal activation exposes T cells to the risks of anergy or 
apoptosis upon re-exposure to antigen.1,2 Such an outcome is a con-
cern in the context of tumor responses, because tumor cells most 
often lack activating costimulatory ligands. Thus, the transfection 
of tumor cells with costimulatory ligands such as B7.1,3 4-1BBL,4 
OX40L,5 and CD40L6 enhances tumor rejection. However, it is not 
yet clear what costimulatory signals or combinations thereof are 

best suited to initiate and/or sustain tumor eradication, or what 
T-cell activating mechanisms are redundant, antagonistic, or 
additive, or how to effectively provide T-cell costimulation in a 
safe and effective way.

T-cell activation can be initiated by human leukocyte antigen–
restricted T-cell receptors or genetically engineered chimeric anti-
gen receptors (CARs). In the context of CARs,7 we and others have 
shown that the addition of CD28 sequences to CD3ζ chain-based 
receptors increases antigen-induced secretion of interleukin-2 
(IL-2) and in vitro T-cell expansion.8 The immunoglobulin super-
family member CD28 potently enhances T-cell receptor–induced 
proliferation and differentiation of naive T cells, especially at low 
T-cell receptor occupancy.9 CD28 enhances the expression of 
downstream regulators that impact on T-cell proliferation, death, 
differentiation, and effector functions, for hours or days after the 
initial T cell–antigen presenting cell (APC) encounter.9 These 
events are crucial for effector T-cell function and the establish-
ment of long-term memory. In the absence of CD28 costimula-
tion, T cells exposed to antigen become anergic or are eliminated 
by programmed cell death.10 However, CD28 only postpones 
activation-induced cell death, and its effect gradually diminishes 
upon repeated restimulation.2,9,10 Specifically in the context of 
CARs, receptors bearing both CD28 and CD3ζ signaling domains 
are more potent than their CD3ζ-based counterparts,8 augmenting 
the response rates induced by both murine and human  targeted 
T cells.11–17

Here, we investigate whether CD28 signaling can be enhanced 
by incorporating in tandem the cytoplasmic domain of 4-1BB 
receptor (CD137), a member of the tumor necrosis factor recep-
tor family. Cell-surface 4-1BB expression is induced upon T-cell 
activation and provides late-acting signals that augment cell 
proliferation, cell survival and the production of interferon-γ 
and other cytokines.18,19 Engagement of the 4-1BB receptor also 
inhibits activation-induced cell death in vitro20 and in vivo21,22, 
particularly in CD8+ T cells.23 Overall, 4-1BB enhances primary 
CD8+ T-cell responses and the maintenance of memory CD8+ 
T cells.18,19 Expression of 4-1BBL in murine sarcomas and lympho-
mas has been shown to enhance the potency of tumor vaccines, 
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more so in tumors that also express B7.1,4,24,25 suggesting some 
complementarity between CD28 and 4-1BB-mediated costimu-
lation. This complementarity is especially noticeable when coex-
pressing CD80 and 4-1BBL in primary T cells, which results in 
potent T-cell auto- and trans-costimulation.26 The molecular basis 
for the combined effects of CD28 and 4-1BB signaling has not yet 
been elucidated.

To provide combined CD28 and 4-1BB signals in antigen-
dependent fashion, we generated combinatorial antigen recep-
tors and investigated their effect on human primary CD8+ T-cell 
proliferation, cytokine secretion, T-cell survival, and tumor elimi-
nation after intravenous infusion in tumor-bearing immuno-
deficient mice. We demonstrate that CD28 and 4-1BB signals are 
functionally additive when combined within a single CAR and 
that the improved T-cell activation is at least in part dependent 
on the activation of the Akt pathway, which is independently and 
additively recruited by CD28 and 4-1BB. The P28BBz receptor, 
which encompasses both cytoplasmic domains, is thus superior 
to receptors incorporating either one component in promoting 
in vitro and in vivo T-cell survival and function.

results
APc-encoded cd80 and 4-1BBl enhance PsMA-
induced cd8+ t-cell expansion
To assess whether combined CD28 and 4-1BB signaling enhances 
the response of human primary T cells to antigen, we established 
a cell culture system in which the proliferative and tumoricidal 
capacities of CD8+ T cells activated in the presence of 4-IBBL 
(CD137) and/or B7.1 (CD80) could be investigated. To this end, 
we constructed a series of fibroblast-derived artificial APCs 
(AAPCs)27,28 expressing prostate-specific membrane antigen 
(PSMA), PSMA+B7.1, PSMA+4-1BBL, or PSMA+B7.1+4-1BBL. 
Following transduction with the ζ chain-based Pz1 receptor29 
(Figure 1a), highly purified CD8+ cells were cocultured with the 
different AAPCs and counted over time (Figure 1b). Exposure 
to PSMA induced proliferation followed by T-cell death within 
a few days, as previously observed.28–30 Both B7.1 and 4-1BBL 
individually enabled about tenfold greater T-cell accumulation 
after two consecutive stimulations. Pz1-transduced CD8+ T cells 
stimulated by B7.1+4-1BBL+ AAPCs expanded further, reach-
ing threefold higher absolute numbers by day 14 than the T cells 
expanded with AAPCs expressing either costimulatory ligand 
alone (Figure 1b). No T-cell expansion was obtained with PSMA− 
AAPCs (data not shown and ref. 28). These T cells also exhibited 
stronger cytolytic activity, as reflected by greater lysis of PSMA+ 
RM1.PGLS cells (Figure 1c).

Fused 4-1BB and cd28 receptors enhance human 
cd8+ t-cell proliferation
These results prompted us to generate fusion receptors encom-
passing both 4-1BB and CD28 signaling domains. Four recep-
tors, termed Pz1, P28z, PBBz, and P28BBz (Figure 2a) were 
transduced in primary T cells and tested using AAPCs express-
ing PSMA alone. Transduced T cells were identified on the 
basis of co expressed green fluorescent protein, which is inde-
pendent of the cell surface expression level of the four recep-
tors (see Supplementary Figure S1). Unlike Pz1+ T cells, T cells 

expressing either P28z or PBBz survived in vitro restimulation 
and accumulated to comparable numbers by day 14 (Figure 2b), 
confirming previous studies with CD28/ζ-based fusion recep-
tors.28 Following two antigenic stimulations, CD8+ T cells 
transduced with the P28BBz receptor reached higher numbers, 
twofold greater than for P28z+ and PBBz+ T cells and 20-fold 
more than for the Pz1+ T cells (Figure 2b). Control AAPCs 
lacking PSMA failed to sustain T-cell survival (data not shown 
and ref. 9). T cells stimulated by the different PSMA+ AAPCs 
also showed graded levels of lytic potential when adjusted to the 
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Figure 1 In vitro proliferation and tumor cytotoxicity of human PsMA-
specific primary cd8+ t cells activated with individual or combined 
cd28 and 4-1BB ligands. (a) Schematic diagram of the Pz1 receptor. 
The prostate-specific membrane antigen (PSMA)–specific fusion receptors 
encompass an scFv (white box) derived from the J591 hybridoma, join-
ing the VH and VL fragments through a serine/glycine linker.29 Black: CD8 
leader sequence. Red box: CD3ζ chain cytoplasmic domain. Retroviral 
vector elements: LTR, long terminal repeat; SD, splice donor; SA, splice 
acceptor; arrows, start of transcription. An EMCV-IRES-humanized renilla 
green fluorescent protein cassette was cloned downstream of each CAR. 
(b) Combined CD28 and 4-1BB costimulatory ligands enhance T-cell 
proliferation and absolute T-cell accumulation following two weekly anti-
gen-specific stimulations. Peripheral blood CD8+ T cells were transduced 
with Pz1 and activated on AAPCs expressing PSMA and either CD80, 
CD137, both, or neither. Transduction levels were in the 40–50% range 
for all receptors (data not shown). T cells were stimulated twice, on day 
0 and day 7. Absolute CAR+ T-cell counts are indicated on the y axis. 
The data represent the mean and SD of nine data points (triplicate cell 
counts from three separate cultures). (c) Cytolytic activity of antigen-
stimulated, CAR-transduced peripheral blood CD8+ T cells. T-cells trans-
duced and activated as described in b were tested on day 7 against RM1.
PGLS tumor cells28 and the parental, PSMA− RM1. E:T ratios represent 
the CD8+CAR+ to target cell ratio. Similar results were obtained using 
EL4PSMA and EL4 cell lines26,29,48 as targets (data not shown). 19z1+ trans-
duced T cells did not lyse PSMA+ tumor cell lines. Closed circles, AAPC-
PSMA/B7.1/4-1BBL; closed squares, AAPC-PSMA/B7.1; closed diamond, 
AAPC-PSMA/4-1BBL; closed triangle, AAPC-PSMA; open squares, 19z1 
receptor used as negative control.
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same effector-to-target ratio (Figure 2c). These findings thus 
established that tandem CD28/4-1BB signaling domains jux-
taposed to the CD3ζ chain enhanced antigen- induced clonal 
expansion and in vitro tumoricidal effector functions in human 
CD8+ T lymphocytes.

combined 4-1BB and cd28 signals enhance cd8+ 
t cell–mediated prostate cancer elimination in vivo
Our findings on T-cell proliferation and cytotoxicity prompted us 
to compare the relative potency of human CD8+ T cells trans-
duced with anyone of the Pz1, P28z, PBBz, and P28BBz receptors 
in tumor bearing immunodeficient mice. To this end, equal num-
bers of transduced CD8+ T cells were infused intravenously, with-
out further therapy or supportive cytokine administration, in mice 
inoculated with RM1.PGLS, a virulent prostate adenocar cinoma 
cell line expressing human PSMA that predominantly seeds in the 
lung.30 Pz1-transduced T cells resulted in ~15% survival, as previ-
ously reported26,30 (P = 0.01 relative to the control 19z1-treated 
group). Recipients of P28z-transduced T cells fared slightly better, 
albeit not significantly, with PBBz-treated mice showing interme-
diate responses. Mice treated with P28BBz+ CD8+ T cells were 
the only group to show statistically improved survival relative to 
the Pz1-treated group, P = 0.02, Figure 3). These findings thus 
demonstrated superior therapeutic efficacy of primary CD8+ 

T cells transduced with the triple-fusion receptor, establishing 
that its in vivo signaling properties enhanced intratumoral T-cell 
 activation and subsequent tumor eradication.

cd80 and 4-1BB costimulated cd8+ t cells display 
enhanced effector functions
To investigate the mechanism underlying the superior therapeu-
tic efficacy of P28BBz-transduced T cells, we first examined the 
degree to which effector functions were induced when T cells were 
activated in the presence of CD80 and/or 4-1BBL. Pz1-transduced 
CD8+ T cells cocultured with AAPCs expressing PSMA, CD80, 
and/or 4-1BBL (Figure 4). These were compared to T cells trans-
duced with P28z, PBBz, or P28BBz activated by AAPCs expressing 
PSMA only (Figure 4). The patterns of expression of Granzyme B, 
interferon-γ, granulocyte macrophage–colony stimulating factor 
(GM-CSF), and tumor necrosis factor-α showed the same trends 
under both conditions, increasing two- to fourfold in the pres-
ence of either CD28 or 4-1BB. Combined 4-1BB and CD80 signals 
increased these levels by a factor of 3.5–6.5, twofold above either 
stimulus alone on average. IL-10 and IL-4 secretion were either 
reduced or not increased relative to levels obtained with Pz1 and 
PSMA alone (data not shown).

P28BBz-transduced cd8+ t cells survive repeated 
antigenic stimulation in vitro and persist longer in vivo
We next examined the apoptotic rate in antigen-stimulated, cul-
tured CD8+ T cells. The rate was elevated in T cells exposed to 
PSMA+ AAPCs, and reduced in either B7.1 or 4-1BBL, partic-
ularly the former. Consistent with the absolute accumulation of 
expanding T cells shown in Figure 2a, the combination of the two 
costimulatory ligands, B7.1 and 4-1BBL, additively reduced apop-
tosis level from 19 and 30% (or with either one alone), respec-
tively, to 8% on day 7 (Figure 5a).

This survival advantage carried over in vivo, following adop-
tive transfer in SCID/beige mice. Five days after intravenous infu-
sion, the number of splenic human T cells was threefold higher 
for P28BBz relative to P28z and eightfold superior to PBBz 
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Figure 2 In vitro proliferation and tumor cytotoxicity of PsMA-
targeted human primary cd8+ t cells activated with or without inte-
grated cd28 and 4-1BB costimulation. (a) Integrated CD28 and 4-1BB 
receptors enhance T-cell proliferation and absolute T-cell accumulation 
following two weekly antigen-specific stimulations. Peripheral blood 
CD8+ T cells were transduced with different chimeric antigen recep-
tors (CARs) and subsequently stimulated on the same artificial antigen-
presenting cells expressing prostate-specific membrane antigen (PSMA). 
Transduction levels were in the 40–50% range for all receptors (data not 
shown). T cells were stimulated twice, on day 0 and day 7. Absolute CAR+ 
T-cell counts are indicated on the y axis. The data represent the mean 
and SD of nine data points (triplicate cell counts from three separate 
cultures). (b) Cytolytic activity of antigen-stimulated, CAR-transduced 
peripheral blood CD8+ T cells against RM1.PGLS. (c) Cytolytic activity 
of antigen-stimulated, CAR-transduced peripheral blood CD8+ T cells 
against the PSMA+ cell line LNCaP. (d) Cytolytic activity of antigen-
stimulated, CAR-transduced peripheral blood CD8+ T cells against the 
PSMA− cell line DU145. T cells were transduced, activated, and tested 
as described in Figure 1. Closed circles, P28BBz; closed squares, 
P28z; closed diamonds, PBBz; closed triangles, Pz1; open squares, 
19z1 receptor (specific for CD19) used as a negative control.
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Figure 3 comparison of the relative potency of prostate-specific 
membrane antigen-targeted t cells in the rM1.PGls pulmonary 
metastases model. Equal numbers of transduced peripheral blood T cells 
(10 million green fluorescent protein positive CD8+ T cells per mouse) 
were infused intravenously in tumor-inoculated severe combined immu-
nodeficient/beige mice as previously described.30 Kaplan–Meier survival 
curves for all treatment groups are represented. Data are pooled from 
three experiments for a total of 60 mice (Pz1, n = 13; P28z, n = 16; 
PBBz, n = 13; P28BBz, n = 13 and 19z1, n = 5). Pz1 versus 19z1: P = 0.01; 
P28BBz versus Pz1: P = 0.025, Log-rank (Mantel–Cox) test.
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(Figure 5a,b). Carboxyl fluorescent succinimidyl ester labeling 
indicated that, five days after adoptive transfer, many of the sur-
viving P28BBz-transduced, CD8+ T cells had divided two- and 
fourfold more than T cells stimulated through the P28z and PBBz 
receptors, respectively (Figure 5d).

Graded levels of PI3kinase/Akt activation  
by different cArs
To explore the mechanism underlying the decreasing apoptosis 
in CD80/4-1BB-costimulated T cells, we first measured Bcl-XL 
induction in the different T-cell groups. We found Bcl-XL levels 
to be the lowest in Pz1- and PBBz-transduced T cells, higher in 

P28z+ T cells, and highest in P28BBz+ T cells (Figure 6a). This 
finding prompted us to examine signaling pathways known to 
increase Bcl-xL expression, such as the PI3kinase/Akt pathway, 
which both CD28 and 4-1BB have been reported to activate in 
human T lymphocytes.20,31 As a first step, Pz1-transduced CD8+ 
T cells were rested, then treated with anti-CD3, anti-CD28, and/
or anti-4-1BB antibodies, and analyzed at multiple time points 
(Supplementary Figure S2). Akt phosphorylation was slightly 
increased by CD3/CD28 and CD3/4-1BB stimulation, and further 
increased when anti-CD28 and 4-1BB antibodies were combined 
(fourfold higher than anti-CD3 alone, Figure 6b). AKT phospho-
rylation was also greater in PSMA-stimulated P28BBz-transduced 
CD8+ T cells, compared to T cells expressing Pz1, P28z, or PBBz 
(Figure 6c). LY29400 nearly abolished AKT phosphorylation 
under all of these conditions (Figure 6b,c). To further ascertain 
the importance of PI3kinase/Akt activation, we tested whether 
PI3kinase inhibition interfered with the expression of PSMA-
induced P28BBz-dependent Bcl-XL expression. Bcl-XL upregu-
lation was completely inhibited by LY294002 in CD8+ T cells 
(Figure 6a), as well as that induced in Pz1+ CD8+ T cells by 
PSMA+B7.1+4-1BBL+ AAPCs (data not shown).

dIscussIon
We have generated tumor antigen-specific receptors that signal 
through serial endodomains derived from CD3ζ, CD28, and/
or 4-1BB. Their function was analyzed in comparative fashion 
in cultured human primary CD8+ T lymphocytes. All chime-
ric receptors effectively killed PSMA+ tumor cell lines in vitro, 
underscoring their antigen-specificity and sufficient signaling 
strength to trigger cytolysis. In proliferative assays, the ζ chain 
receptor was not able to offset T-cell apoptosis, unless it was 
complemented with either CD28 (P28z) or 4-1BB (PBBz) cyto-
plasmic domains. Both dual-fusion receptors increased secre-
tion of interferon-γ, GM-CSF, and tumor necrosis factor-α upon 
restimulation of rested T cells with cell-bound PSMA. Both 
decreased T-cell death following exposure to antigen. Serial 
integration of the two costimulatory domains showed additive 
effects in all studied functions, including in vitro tumor lysis, 
cytokine secretion, proliferation, survival, and protection from 
 postactivation apoptosis. Our results  corroborate and extend 
recent findings by Wang et al.32, who found improved in vitro 
CTL activation, proliferation, and CD20-specific cytotoxicity in 
polyclonal T cells expressing a CD28/CD137-based CAR, as well 
as those of Wilkie et al.33, who found similarly increased in vitro 
effector functions in Muc1-targeted T cells. After submission of 
our study, C. June et al. reported an in vivo comparison of simi-
larly designed vectors in an intraperitoneal model of mesothe-
lioma and found their 4-1BBz-based receptor to be superior to 
their CD28z receptor.34 The comparison of our vectors, targeting 
a different antigen in a different tumor model, shows a different 
outcome, whereby the CD28z fusion is equal or superior to the 
4-1BBz fusion, and where the triple fusion receptor (P28BBz) 
 outperforms either one of the dual fusion receptors (P28z and 
PBBz). These differences underscore the importance of not gen-
eralizing findings from any single series of receptors and the 
importance of eventually comparing side-by-side the receptors 
generated by different investigators.8
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Figure 4 Integrated 4-1BBl and cd28 costimulation  upregulates 
antigen-elicited Granzyme B, tnF-α, IFn-γ), and granulocyte 
 macrophage–colony stimulating factor (GM-csF) expression. 1 × 
106 chimeric antigen receptor-transduced, rested CD8+ T cells were 
cocultured with 5 × 105 irradiated cells artificial antigen-presenting cells 
(AAPCs) expressing either prostate-specific membrane antigen (PSMA), 
PSMA+B7.1, PSMA+4-1BBL, PSMA+B7.1+4-1BBL or none of the above 
(“mock,” PSMA− AAPC) in the presence or absence of 20 U/ml IL-2. (a,b) 
Granzyme B expression analyzed by western blot analysis, 24 hours after 
exposure to antigen. The expression of β-actin was used as a loading 
control. (a) The Granzyme B expression level in the P28BBz/AAPC-PSMA 
and (b) Pz1/AAPC-PSMA/B7.1/4-1BBL groups is 3.5- and 6.5-fold greater 
than the reference Pz1/AAPC-PSMA group, respectively. (c–h) Cytokine 
expression was analyzed using ELISA or Luminex beads at different 
time points: IFN-γ (72 hours, c,d), GM-CSF (48 hours, e,f), TNF-α (24 
hour, g,h). Error bars indicate standard error (SE) in triplicate  samples. 
*P < 0.05 and **P < 0.001 versus P28BBZ or combination CD28/B7.1 and 
4-1BB/4-1BBL signaling.
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The therapeutic potential of activating the 4-1BB:4-1BBL axis 
to enhance antitumor responses using 4-1BBL-transfected tumors 
or anti-4-1BB antibodies is well established in animal models.35,36 
Recent studies have begun to examine combinations of differ-
ent costimulatory molecules in tumor model systems. Ex vivo 
T-cell activation with antibodies directed against CD3, 4-1BB, 
and CD28 increased the activity of adoptively transferred T-cell 
receptor transgenic murine T cells, resulting in delayed tumor 
progression.35 Consistent with reports suggesting a cooperative 
effect between the B7:CD28 and 4-1BB:4-1BBL costimulatory 
pathways,4,25,32,33,37,38 our results demonstrate superior effector 
functions and survival of T cells expressing P28BBz as compared 
to Pz1, P28z, and PBBz. More studies are needed to establish 
whether these properties extend to all CARs—which likely differ 
in affinity for antigen, conformation and exact composition of the 
tandem costimulatory and activating domains.8

Our results further provide some insight into the molecular 
basis of the cooperativity between these two pathways and their 
effect on cytokine production, CTL activity, antigen-induced 
proliferation, and T-cell survival. All receptors that incorporate 
4-1BB and/or CD28 signaling domains increased these functions, 
albeit to varying degrees. PBBz induced at least as much effec-
tor cytokine secretion as P28z, albeit less IL-2 (data not shown). 
These results suggested that integrated CD28 and 4-1BB costimu-
lation of antigen-specific human peripheral CD8+ T cells might 

increase antitumor reactivity by inducing effector molecules such 
as Granzyme B and polarizing the T-cell response toward type 1 
cytokines including GM-CSF and interferon-γ.

The cooperativity of 4-1BB and CD28 supports the notion that 
full-fledged 4-1BB activity is achieved in concert with CD28 signal-
ing. Thus, whereas 4-1BB-dependent TRAF2-mediated signaling 
is preserved in CD28-deficient T cells22 and although it is estab-
lished that CD28 plays an early role in stimulating clonal expan-
sion and CD137 a later one in sustaining the response,10,18,26,39 our 
results and others based on antibody-mediated CD28 blockade4 
and costimulatory ligand overexpression26 establish the impor-
tance of combined, simultaneous signaling. Here, we show that 
AKT was phosphorylated by both CD28/B7.1 and 4-1BB/4-1BBL 
at early time points (within 30 minutes) after antigen activation 
and peaked at 2 hours. 4-1BB signaling synergized with CD28 
signaling, prolonging PI3Kinase/Akt activity in the presence of 
CD28 engagement. AKT phosphorylation upregulated by 4-1BB 
signaling was not as sustained as with CD28 or combined CD28/4-
1BB stimulation. This shows that CD137 is a potentiator of CD28 
through the PI3K/AKT signaling pathway in human CD8 T cells.

Our findings place PI3Kinase/Akt activation at the center of 
the cooperativity between CD28 and 4-1BB. Akt serine/threonine 
kinases are crucial mediators of proliferation and survival down-
stream of PI3K,37,40,41 which is activated by cytokines,42 antigen-
receptors43 and the costimulatory receptors CD28 (ref. 44) and 
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4-1BB.20 Although Akt-dependent cell survival may be mediated 
through a number of effectors, Bcl-XL stands as a critical target 
in T cells.40–44 Our results show that PI3Kinase/Akt activation 
was required to achieve CD28/4-1BB–induced upregulation of 
Bcl-xL. This pathway may be essential to sustain the persistence 
of adoptively transferred T cells, a critical determinant of the effi-
cacy of adoptively transferred T cells.14,30,45 Our results suggest a 
quantitative model of CAR-mediated T-cell activation, in which 
the net activity of human tumor-specific CD8+ T cells is depen-
dent on and proportional to the level and duration of PI3Kinase/
Akt activation. This model is illustrated by the hierarchy we find 
between the Pz1, PBBz, P28z, and P28BBz receptors in terms of 
their graded strength of PI3kinase/Akt activation and the magni-
tude of their in vitro response to antigen.

A number of clinical studies have demonstrated the effective-
ness of targeting costimulatory molecules in the B7:CD28 path-
way to enhance tumor immunity.46 Our data suggest that studies 
combining 4-1BB and CD28 stimulation will be more powerful. A 
potential caveat with the use of antibodies or drugs, however, is the 
risk of autoimmunity secondary to indiscriminate, systemic T-cell 

activation, as illustrated by the use of high doses of anti-CTLA4 
monoclonal antibody.47 An important advantage of the genetic 
approaches described here and elsewhere30 is the restriction of 
the combined 4-1BB and CD28 signals to tumor specific T cells, 
which averts indiscriminate systemic T-cell activation and should 
thus preempt deleterious autoimmunity.

Methods
Cell lines and vectors. PG13 and H29 retroviral producer cells were main-
tained in Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) 
supplemented with 10% fetal calf serum. NIH3T3 fibroblasts (American 
Type Culture Collection, Rockville, MD) were maintained in Dulbecco’s 
modified Eagle’s medium with 10% donor calf serum (Hyclone, Logan, 
UT). RM1 and RM1.PGLS, were grown in high-glucose Dulbecco’s modi-
fied Eagle’s medium supplemented with sodium pyruvate, 10% fetal bovine 
serum, and 2 mmol/l glutamine (Invitrogen). All media contained penicil-
lin (100 units/ml) and streptomycin (100 µg/ml). NIH3T3-derived AAPCs 
expressing CD80 and/or PSMA were previously described.26,28 Additional 
AAPCs encoding 4-1BBL were generated in similar fashion. The coding 
region of human 4-1BBL was cloned from a human T-cell complemen-
tary DNA library and inserted into the NcoI and BamHI restriction sites 
of SFG, a variant of MFG.S.28–30 The oncoretroviral vectors encoding Pz1, 
P28z, human PSMA, 19z1, and CD80/B7.1 and enhanced green fluorescent 
protein/Luc are described.26,28,48 In PBBz, the scFv is joined to the hinge and 
transmembrane of CD8, and much of the intracellular domain of human 
4-1BB (Forward primer:5′-CGTTTCTCTGTTAAACGGGGC-3′, Reverse 
primer:5′CAGTTCACATCCTCCTTCTT-3′. In P28BBz, the intracellu-
lar, transmembrane and cytoplasmic domain of CD28 fused to the 4-1BB 
cytoplasmic domain followed by the CD3ζ cytoplasmic domain. Reverse 
constructs unexpectedly did not function.49 In Pzdelta, the CD3ζ-chain 
cytoplasmic domain was truncated from the Pz1 receptor (see Figure 2a).

Peripheral blood lymphocyte collection, transduction, and expansion. 
All blood samples were obtained from healthy volunteers under an institu-
tional review board-approved protocol. Peripheral blood lymphocytes iso-
lated by low-density centrifugation on Lymphoprep (Accurate Chemical 
and Scientific Corporation, Westbury, NY) were transduced using gib-
bon ape leukemia virus envelope-pseudotyped Pzdelta, Pz1, P28z, PBBz, 
P28BBz, or 19z1 vector in 6-well nontissue culture plates (Falcon, Becton 
Dickinson, Franklin Lakes, NJ) coated with 15 µg/ml retronectin (Takara 
Biomedicals, Otsu, Japan) as per the manufacturer’s instructions, with fresh 
viral supernatants daily for 3 days by spinoculation at 80g at 4 °C for 1 hour. 
For ex vivo expansion, 2 × 106 CD8+ T cells isolated by CD8− selection 
using magnetic beads (Dynal, Oslo, Norway) were expanded on AAPCs as 
described28 in the presence of 20 units/ml IL-2 supplemented every 3 days. 
This cycle was performed once before adoptive transfer or repeated on day 
7 for in vitro restimulation studies. 19Z1-transduced T cells were expanded 
on CD19+CD80+ AAPCs as described.48

Cytotoxicity assays. We determined the cytotoxic activity of transduced 
T cells by standard 51Cr-release assays using EL4, EL4PSMA, RM1, and RM1.
PGLS as targets.30 In selected studies, T cells were incubated with 51Cr-
 labeled target cells after incubation with 10 µm of Ly294002 for 30  minutes. 
The effector-to-target cell (E:T) ratio was based on the count of CD8+CAR+ 
T cells by fluorescence-activated cell sorting analysis. Specific 51Cr release 
was calculated using the following formula: percentage  specific lysis = [(cpm 
experimental release − cpm spontaneous release)/(cpm maximum release − 
cpm spontaneous release)] × 100. The SD of triplicates was in all cases <5%.

Flow cytometry. Flow cytometry was performed on a FACScan with 
Cellquest software (BD Biosciences, San Jose, CA). Expanded Pz1, P28z, 
PBBz, P28BBz, and 19z1-transduced peripheral blood lymphocytes were 
stained for the expression of differentiation markers immediately before 

P
Z

∆

P
Z

1

Bcl-XL

β-Actin

P
28

Z

P
B

B
Z

P
28

B
B

Z

P
28

B
B

Z
+

LY
29

40
02a

− − − − − +
− − − + + +
− − + − + +
+

LY294002

P-AKT
(ser437)

Akt

Anti-4-1BB
Anti-CD28
OKT3 + + + + +b

P-AKT
(ser437)

Akt

P
Z

∆

P
Z

1

P
28

Z

P
B

B
Z

P
28

B
B

Z

P
28

B
B

Z
+

LY
29

40
02c

Figure 6 Integrated cd28 and 4-1BB–mediated upregulation of 
Bcl-Xl is PI3kinase/Akt-dependent. (a) Upregulation of Bcl-XL in P28BBz-
transduced, prostate-specific membrane antigen (PSMA)-stimulated CD8+ 
T cells. Western blot analysis of Bcl-XL expression was performed 24 hours 
after exposure to PSMA+ artificial antigen-presenting cells (AAPCs). Bcl-
XL expression in P28BBz CD8+ T cells is 1.8–3.9-fold greater than with 
other vectors, as measured by densitometry. (b) Pz1-transduced, rested 
CD8+ T cells were stimulated with anti-CD3, anti-CD28 and/or anti-4-
1BB antibodies in the absence of IL-2. As a control, an isotype-matched 
IgG was used. Western blot analysis to detect phospho-Akt (ser437) was 
performed at multiple time points (see Supplementary Figure S2). 
The 2-hours data shown here are representative of three independent 
experiments utilizing T cells from three healthy volunteers. (c) P28BBz-
transduced CD8+ T cells sustain higher PKB phosphorylation following 
antigen stimulation. Rested chimeric antigen receptor- transduced CD8+ 
T cells were cocultured with PSMA-expressing AAPCs without exogenous 
IL-2, without or with 10 µmol/l Ly29400 or with 0.05% dimethyl sulfox-
ide for 2 hours. Western blot analysis for phospho-Akt (ser437) and total 
Akt are shown. Data representative of three independent experiments.
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injection into SCID beige mice or in single-cell spleen suspensions obtained 
5 days after infusion. The following antibodies were used for subset identi-
fication: anti-CD8-APC, and anti-CD3-PE (eBioscience, San Diego, CA), 
and, as isotype controls, APC-conjugated mouse IgG2b (BD Biosciences) 
or mouse IgG1-PE. For carboxyl fluorescent succinimidyl ester labeling, 
human CD8+ T cells were washed and resuspended in phosphate-buffered 
saline at a concentration of 2 × 107/ml. An equal volume of 0.25 µmol/l 
 carboxyl fluorescent succinimidyl ester (Molecular Probes, Eugene, OR) 
was added, and incubated for 5 minutes at room temperature with inter-
mittent mixing. After 5 minutes, an equal volume of heat- inactivated fetal 
calf serum was added and cells were incubated an additional 1 minute 
at room temperature, spun down, and washed three times with com-
plete RPMI. Ten million CD8+CAR+ carboxyl fluorescent succinimidyl 
ester–labeled T cells were injected in 8–12-week-old Fox Chase C.B-17-
bg/bg (SCID/beige) mice (Taconic, Germantown, NY). The retrieved 
spleen cells were resuspended in phosphate-buffered saline containing 
2% heat- inactivated fetal calf serum and acquired on a Becton Dickinson 
FACScan. The data were analyzed using Cellquest. For annexin-V staining, 
the T cells were washed with phosphate-buffered saline, and labeled with 
annexin V-FITC, propidium iodide, or both using an Apoptosis Detection 
Kit (R&D Systems, Minneapolis, MN) according to instructions from the 
manufacturer. Samples were run on a FACScan, and data were analyzed 
using Cellquest.

Immunoblotting. Highly purified CD8+ T cells transduced with differ-
ent CARs were rested overnight in media lacking rhIL-2 and seeded in 
24-well plate coated 1 µg/ml of OKT 3 antibody and mixed with 1 ug/ml 
CD28 antibody and 4-1BB antibody (BD PharMingen,San Diego,CA) or 
cocultured with AAPCs expressing PSMA, PSMA+B7.1, PSMA+4-1BBL, 
or PSMA+B7.1+4-1BBL without exogenous IL-2. In some experiments, 
the T cells were treated with the PI3kinase inhibitor LY294002 or western 
blotting is same as ref. 50 phospho-Akt (Ser473) and Akt antibodies were 
from Cellular Signaling (Beverly, MA) or Granzyme B (BD PharMingen), 
Bcl-xL antibody (Santa Cruz Biotechnology,Santa Cruz, CA), β-actin 
(Sigma, St Louis, MO).

Cytokine assays. To measure cytokines released by CD8+ T cells in 
response to PSMA, one million resting 1.0 × 106 CD8+ T cells were cocul-
tured with 0.1 × 106 irradiated different AAPCs (3T3, 3T3-PSMA. 3T3-
PSMA/B7.1, 3T3-PSMA/4-1BBL, 3T3-PSMA/B7.1/4-1BBL) in 24-well 
tissue culture plate for the indicated time at 37 °C. The culture supernatants 
were then collected and analyzed for cytokine (IFN-γ, GM-CSF and tumor 
necrosis factor-α production using ELISA (R&D Systems); GM-CSF, IL-4 
ad IL-10 production using Luminex beads.

Mouse tumor model. Eight- to twelve-week-old Fox Chase C.B-17-bg/bg 
(SCID/beige) mice (Taconic, Germantown, NY) were administered 5,000 
RM1.PGLS tumor cells by tail vein injection as described.30 Transduced 
T cells were infused intravenously on the two following days, for a total 
of 10 million CD8+ CAR+ T cells per recipient. No preconditioning was 
administered, nor any cytokine or antibody support to support the func-
tion of the infused T cells. All mouse studies were carried out under a pro-
tocol approved by the Institutional Animal Care and Use Committee.

Statistics. Statistical analyses and curve fittings were done using SAS 9.1 
(SAS Institute, Cary, NC).

suPPleMentAry MAterIAl
Figure S1. CAR cell surface expression.
Figure S2. Phospho-AKT time course.
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