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Chimeric receptors that include CD28 signaling in series with TCR� in the same receptor have been demonstrated to activate
prestimulated human primary T cells more efficiently than a receptor providing TCR� signaling alone. We examined whether this
type of receptor can also activate resting human primary T cells, and whether molecules other than CD28 could be included in
a single chimeric receptor in series with TCR� to mediate the activation of resting human primary T cells. Human CD33-specific
chimeric receptors were generated with CD28, inducible costimulator, CD134, or CD137 signaling regions in series with TCR�
signaling region and transfected by electroporation into resting human primary T cells. Their ability to mediate Ag-specific
activation was analyzed in comparison with a receptor providing TCR� signaling alone. Inclusion of any of the costimulatory
signaling regions in series with TCR� enhanced the level of specific Ag-induced IL-2, IFN-�, TNF-�, and GM-CSF cytokine
production and enabled resting primary T cells to survive and proliferate in response to Ag in the absence of any exogenous
factors. Inclusion of CD28, inducible costimulator, or CD134 enhanced TCR�-mediated, Ag-specific target cell lysis. Chimeric
receptors providing B7 and TNFR family costimulatory signals in series with TCR� in the same receptor can confer self-sufficient
clonal expansion and enhanced effector function to resting human T cells. This type of chimeric receptor may now be used to
discover the most potent combination of costimulatory signals that will improve current immunotherapeutic strategies. The
Journal of Immunology, 2004, 172: 104–113.

T he chimeric receptor or T-body (1, 2) immunotherapy
strategy involves engineering a T cell to express a chi-
meric receptor consisting of an Ab-binding region linked

via a transmembrane region to an intracellular signaling domain
involved in cellular activation. This approach provides MHC-un-
restricted recognition of target cells by T cells. Removal of the
MHC restriction of T cells facilitates the use of these molecules in
any patient, and also, in both CD8� and CD4� T cells, usually
restricted to MHC class I or II epitopes, respectively. The use of
Ab-binding regions allows T cells to respond to epitopes formed
not only by protein, but also carbohydrate and lipid. This chimeric
receptor approach is especially suited to immunotherapy of cancer,
being able to bypass many of the mechanisms by which tumors
avoid immunorecognition, such as MHC down-regulation, lack of
expression of costimulatory molecules, CTL resistance, and induc-
tion of T cell suppression (3), and where the use of both CD8�

CTL and CD4� T cells are best combined for optimum antitumor
efficacy (4). This approach has been demonstrated to be applicable
to a wide range of tumor Ags (reviewed in Ref. 3), in addition to
viruses such as HIV (5, 6).

Most chimeric receptors have been designed to deliver only a
primary activation signal by the employment of the signaling re-
gion from either the �-chain of the TCR/CD3 complex (TCR�), or
the �-chain from the Fc�RI receptor (FcR�). Provision of such
signaling through this type of receptor, although capable of anti-

tumor activity in various murine models, has been shown to be
insufficient to induce proliferation in primary T lymphocytes (7, 8)
and has led to only limited clinical success (9, 10). In accordance
with the two-step hypothesis of T cell activation (11), the obser-
vation that stimulation through the TCR alone may lead to anergy
or death rather than activation (12, 13), and the importance of
costimulation in tumor immunotherapy (14), recent effort has fo-
cused on the introduction of costimulatory signaling to this type of
receptor.

The CD28 signaling domain was first introduced as an addi-
tional construct in parallel (15, 16). We demonstrated that the
CD28 signaling region could be provided in the same construct in
series with the TCR� chain to enhance the activation of a human
T cell line (17). Provision of CD28 costimulatory signaling in such
constructs has subsequently been shown to enhance the activation
of primary T cells in vitro (18–22) and enhance tumor cell killing
in vivo (23, 24).

To date, this approach has been limited to the inclusion of
CD28, the best characterized costimulatory molecule (reviewed in
Refs. 25–27). Signaling via CD28 is required for optimum IL-2
production, cell cycle progression, and survival (13, 28–31). CD28
costimulation is essential in naive T cells, but thought to be of less
importance in memory and effector T cell responses (32–34). Ad-
ditional costimulatory molecules may play a more significant role
in different T cell subsets and at different stages of T cell activation
(35–37).

Molecules such as inducible costimulator (ICOS)2 (38), CD134
(39), and CD137 (40), expressed following the induction of CD28
signaling, are thought to be important for prolonging the response
and the generation of T cell memory. ICOS is a B7 receptor family
member, structurally similar to CD28, expressed on activated T
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cells (reviewed by Ref. 41). Costimulation by ICOS augments cy-
tokine production and proliferation (38, 42–45). Costimulation via
ICOS has been shown to play an important role in humoral im-
munity (46–49). CD134 (OX-40) and CD137 (4-1BB) are mem-
bers of the TNFR family, are structurally distinct from CD28 and
ICOS, and expressed on activated T cells. Costimulation via
CD134 has been shown to enhance proliferation and cytokine pro-
duction (50–53), enhance tumor immunity (54), and enhance
memory T cell development (55, 56). CD134 promotes Bcl-xL and
Bcl-2 expression and is thought to be essential for the long-term
survival of CD4� T cells (53). Activation of CD137 has been
demonstrated to increase TCR-induced proliferation, survival, and
cytokine production by both CD4� and CD8� T cells and to en-
hance CTL generation and rejection of poorly immunogenic tu-
mors (57–62).

The majority of chimeric receptor studies have used retroviral
vectors as the method of primary T cell transduction. As retrovirus
only infects dividing cells (63), these studies have required the
preactivation of the T cells. To avoid the necessity of such non-
specific activation, and to facilitate the analysis of the full potential
of the coprovision of costimulatory signaling, we used electropo-
ration, using the recently developed Nucleofector device, to trans-
duce freshly isolated resting human primary T cells.

In this investigation, we studied whether a TCR�/CD28 fusion
receptor, known to be capable of efficiently activating prestimu-
lated human primary T cells, was capable of activating resting
human primary T cells. Additionally, we examined whether co-
stimulatory molecules other than CD28 could be provided in series
with TCR� in a single receptor, and whether such receptors were
able to activate resting human primary T cells. Chimeric receptors
were generated with CD28, ICOS, CD134, or CD137 signaling
regions membrane proximal to and in series with TCR� signaling
region. These chimeric receptors were transfected into resting hu-
man primary T cells, and their ability to mediate Ag-specific cy-
tokine production, Ag-specific target cell lysis, and induction of
survival and proliferation was analyzed in comparison with a re-
ceptor providing TCR� signaling alone.

Materials and Methods
Abs and reagents

Soluble CD33 extracellular region was purified by affinity chromatography
from supernatant from an NS0 cell line, as described previously (17). HRP-
conjugated anti-human IgG rabbit polyclonal Ab was purchased from
DAKO (Hambourg, Germany). HRP-conjugated anti-phosphotyrosine
mAb and anti-human p85 phosphatidylinositol 3 (PI3)-kinase rabbit poly-
clonal Ab were purchased from Upstate Biotechnology (Lake Placid, NY).
HRP-conjugated anti-rabbit IgG goat polyclonal Ab was purchased from
Jackson ImmunoResearch Laboratories (West Grove, PA). PE-conjugated
hamster anti-Bcl-2 Ab was purchased from BD PharMingen (San
Diego, CA).

Construction of chimeric receptor genes

Each component of the chimeric receptor constructs was either PCR cloned
and then cut with restriction endonucleases or generated by annealing two
oligonucleotides such that single-stranded restriction endonuclease com-
patible ends were generated. Each component was subcloned in a cassette
format into pBluescript SK� (Stratagene, La Jolla, CA) to generate full-
length constructs. The cassette was designed to facilitate the exchange of
each component of chimeric receptor genes, and is illustrated in Fig. 1. The
binding region was subcloned as a NotI to SpeI fragment, the extracellular
spacer as a SpeI to NarI fragment, and the transmembrane region as a NarI
to MluI fragment. Signaling region components were subcloned as a BclI
to BamHI fragment into a BamHI site such that insertion in the correct
orientation destroys the 5�, but retains the 3� BamHI site. This allows
subsequent insertion of a second signaling region.
Single chain Fv cassette. Leader sequence and VL from the engineered
human P67 Ab were PCR cloned with 5� oligonucleotide A5267 (intro-
ducing a NotI and HindIII site) and 3� oligonucleotide F22785 (introducing

a BglII site). VH was PCR cloned with 5� oligonucleotide F22786 (intro-
ducing a BglII site) and 3� oligonucleotide F22785 (introducing a SpeI
site). These two fragments were coligated into the cloning cassette, and
then a linker fragment comprising (Gly4Ser)4 amino acid sequences was
cloned in the BglII site between them. This spacer was generated by an-
nealing oligonucleotides F22966 and F22967.
G1 spacer and TCR� transmembrane cassette. Human IgG1 hinge, CH2
and CH3, and TCR�, transmembrane region, were PCR cloned with 5�
oligonucleotide F24675 (introducing a SpeI site) and 3� oligonucleotide
F24676 (introducing a NarI site 3� to the spacer, the TCR� transmembrane
sequence, and a 3� Mlu I site).
CD28 transmembrane cassette. Human CD28 transmembrane region was
generated by annealing oligonucleotides F2801 and F2802, which when
annealed generate a 3� NarI overhang and a 5� MluI overhang.
TCR� cassette. Human � intracellular region was PCR cloned with 5�
oligonucleotide F34729 (introducing a BclI site) and 3� oligonucleotide
F34730 (introducing a BamHI site).
CD28 cassette. Human CD28 intracellular region was generated by an-
nealing oligonucleotides B0735 and B0736, which when annealed generate
a 5� BclI overhang and a 3� BamHI overhang, both compatible with a
BamHI site.
ICOS cassette. Human ICOS intracellular region was generated by an-
nealing oligonucleotides F34731 and F34732, which when annealed gen-
erate a 5� BclI overhang and a 3� BamHI overhang, both compatible with
a BamHI site.
CD134 cassette. Human CD134 intracellular region was generated by an-
nealing oligonucleotides F18605 and F18606, which when annealed gen-
erate a 5� BclI overhang and a 3� BamHI overhang, both compatible with
a BamHI site.
CD137 cassette. Human CD137 intracellular region was generated by an-
nealing oligonucleotides F25568 and F25569, which when annealed gen-
erate a 5� BclI overhang and a 3� BamHI overhang, both compatible with
a BamHI site.

All of the above cassettes were completely sequenced (Applied Biosys-
tems Taq DyeDeoxy Terminator Cycle sequencing, 373A XL, Foster City,
CA) in pBluescript SK� before subcloning on a HindIII to EcoRI fragment
into an expression vector derived from pQBI-AdCMV5 (QBIOgene,
Carlsbad, CA).

All oligonucleotides were supplied by Oswell (Southampton, U.K.) and
are listed in the 5� to 3� orientation in Fig. 2.

Using standard molecular biology techniques, the cassettes described
above were assembled to generate chimeric receptors with the specificity of
the engineered human Ab P67, directed against human CD33. These chi-
meric receptors are illustrated in Fig. 3.

1) P67/G1/� chimeric receptor consists of a single chain Fv linked to an
extracellular spacer comprising human IgG1 hinge, CH2 and CH3, linked
to the transmembrane and intracellular regions of human TCR�. The single
chain Fv consists of the leader sequence and V region of the L chain of the
Ab linked a (Gly4Ser)4 linker to The V region of the H chain of the Ab. The
extracellular spacer consists of residues 234–478 of human IgG1 (64). This
is linked to residues 10–30 of human TCR� transmembrane region and
residues 31–142 of human TCR� intracellular region (65, 66).

2) P67/G1/CD28.� fusion chimeric receptor consists of a single chain Fv

FIGURE 1. Diagram of the chimeric receptor cloning cassette.
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linked to an extracellular spacer comprising human IgG1 hinge, CH2 and
CH3, linked to the transmembrane and intracellular regions of human
CD28 linked to the intracellular region of human TCR�. The single chain
Fv and extracellular spacer are the same as in 1 above. The extracellular
spacer is linked to residues 135–161 of human CD28 transmembrane re-
gion and residues 162–202 of human CD28 intracellular region (67). This
is linked to residues 31–142 of human TCR� intracellular region as in 1
above.

3) P67/G1/ICOS.� fusion chimeric receptor consists of a single chain Fv
linked to an extracellular spacer comprising human IgG1 hinge, CH2 and
CH3, linked to the transmembrane of human CD28 linked to the intracel-
lular regions of human ICOS and TCR�. The single chain Fv, extracellular
spacer, and transmembrane region are the same as in 2 above. The trans-
membrane region is linked to residues 166–199 of human ICOS intracel-
lular region (38). This is linked to residues 31–142 of human TCR� intra-
cellular region, as above.

4) P67/G1/CD134.� fusion chimeric receptor consists of a single chain
Fv linked to an extracellular spacer comprising human IgG1 hinge, CH2
and CH3, linked to the transmembrane of human CD28 linked to the in-
tracellular regions of human CD134 and TCR�. The single chain Fv, ex-
tracellular spacer, and transmembrane region are the same as above. The
transmembrane region is linked to residues 213–249 of human CD134
intracellular region (39). This is linked to residues 31–142 of human TCR�
intracellular region, as above.

5) P67/G1/CD137.� fusion chimeric receptor consists of a single chain
Fv linked to an extracellular spacer comprising human IgG1 hinge, CH2
and CH3, linked to the transmembrane of human CD28 linked to the in-

tracellular regions of human CD137 and TCR�. The single chain Fv, ex-
tracellular spacer, and transmembrane region are the same as in 2 above.
The transmembrane region is linked to residues 197–238 of human CD137
intracellular region (40). This is linked to residues 31–142 of human TCR�
intracellular region, as above.

6) P67/G1/� control chimeric receptor consists of a single chain Fv
linked to an extracellular spacer comprising human IgG1 hinge, CH2 and
CH3, linked to the transmembrane of human CD28. The single chain Fv,
extracellular spacer, and transmembrane region are the same as in 2 above.
The transmembrane region is followed by the stop codon. This is the con-
trol receptor necessary for the intracellular ELISA analysis.

Isolation of total, CD4�, and CD8� human primary T cells

PBMC were isolated from the blood of healthy volunteers by Ficoll-
Paque PLUS (Amersham Biosciences, Uppsala, Sweden) density-gradient
centrifugation. The interface cells were washed three times with PBS, and
T cells were isolated by MACS depletion (Miltenyi Biotec, Bergisch Glad-
bach, Germany). PBLs were labeled with microbeads using a pan T cell,
CD4� T cell, or CD8� T cell isolation kit and separated on magnetic
columns in a VarioMACS separator, according to the manufacturer’s rec-
ommendations (Miltenyi Biotec). The purity of CD4� and CD8� T cells
was tested by flow cytometry and was found to be �95%.

Transfection of human primary T cells

Purified human primary T cells were transfected by electroporation. Plas-
mid DNA was prepared by p500 columns, according to the manufacturer’s
instructions (Qiagen, Chatsworth, CA). A total of 3–6 �g of DNA was
added to 4 � 106 T cells resuspended in 100 �l of Nucleofector solution
for T cells (Amaxa Biosystems, Cologne, Germany), electroporated using
the U-13 program of the Nucleofector device (Amaxa Biosystems), and
immediately transferred into prewarmed RPMI 1640 medium supple-
mented with 10% (v/v) FCS and 4 mM glutamine.

FIGURE 2. Oligonucleotides used in the generation of chimeric recep-
tor constructs.

FIGURE 3. Diagram of the chimeric receptors generated. A, P67/G1/�;
B, P67/G1/CD28.�; C, P67/G1/ICOS.�; D, P67/G1/CD134.�; E, P67/G1/
CD137.�; F, P67/G1/�.
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Immunofluorescence analysis

T cells expressing chimeric receptors were identified by immunofluores-
cence, labeling cells with FITC-conjugated CD33 Ag (1 �g/ml) 24 h after
transfection. Immunofluorescence was analyzed using a FACScan cytoflu-
orometer equipped with the CellQuest research software (BD Biosciences,
Mountain View, CA).

Stimulation and cytokine production assays

Transfected T cells were left to rest for 3 h after transfection and then
stimulated by either solid-phase Ag or target cells. For solid-phase stim-
ulation, cells were plated at 2 � 105 cells/well in 96-well plates (Nunc
Immunol, Naperville, IL) left uncoated, or precoated with soluble CD33 at
5 �g/ml in 0.1 M NaHCO3 (pH 9.6). Target cells comprised the mouse
myeloma cell line NS0, engineered to express human CD33 (Ag-positive
target cells), or engineered to express only the empty expression vector
(Ag-negative target cells). T cells were plated at 2 � 105 cells/well in
96-well plates with 1 � 106 target cells. Ninety-six-well plates were then
incubated for 48 h in a humidified 37oC incubator, and cell culture super-
natants were harvested and assayed for human IL-2, IFN-�, TNF-�, and
GM-CSF using Duoset ELISA sets, according to the manufacturer’s di-
rections (R&D Systems, Abbingdon, U.K.).

Intracellular ELISA

The association of cytosolic molecules with the intracellular region of the
recombinant receptors was analyzed by intracellular ELISA. Transfected T
cells were left to rest for 3 h after transfection and then stimulated by
incubation in 96-well plates (Nunc Immunol) precoated with soluble CD33
extracellular region at 5 �g/ml in 0.1 M NaHCO3 (pH 9.6) and then
blocked with PBS/1% (w/v) PEG600. Cells were plated at 5 � 105 cells/
well and incubated for 3 h in a humidified 37oC incubator. Cell supernatant
was then removed, and 200 �l/well cold lysis buffer (50 mM HEPES, pH
7, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Zwittergent 3-12 (Cal-
biochem, La Jolla, CA) and one protease inhibitor Complete tablet/20 ml
buffer (Roche Diagnostics, Lewes, U.K.)) were added. The cells were in-
cubated in this lysis buffer on ice for 5 min before washing plates six times
with PBS/0.1% Tween. Receptors bound to the plate were detected by
incubation with an HRP-conjugated anti-human IgG Fc rabbit polyclonal
Ab to the G1 spacer (1/1000). Tyrosine phosphorylation was detected by
incubation with an HRP-conjugated anti-phosphotyrosine mAb. PI3-kinase
p85 subunit association was detected by incubation with a rabbit polyclonal
anti-p85 Ab (1/2000), followed by a further four washes and a second
incubation with an HRP-conjugated anti-rabbit IgG goat polyclonal Ab. Ab
incubations were conducted in lysis buffer/1% (w/v) PEG600 for 20 min at
room temperature. Plates were washed again, and color was detected with
tetramethylbenzidine substrate, followed by absorbance reading at 630 nm
using a Labsystems Multiskan Ex plate reader and data analyzed using
Genesis II software (Thermolife Sciences, Basingstoke, U.K.).

Cell proliferation

Ag-induced cell proliferation was analyzed by immunofluorescence. Puri-
fied human primary T cells at 2 � 107 cells/ml were labeled by incubation
with 5 �M CFSE (Molecular Probes, Eugene, OR) at 37oC for 15 min in
RPMI 1640 medium. Cells were then washed twice with PBS and trans-
fected, as described above. Transfected T cells were left to rest for 3 h after
transfection and then stimulated by incubation in 96-well plates (Nunc
Immunol) precoated with soluble CD33 at 5 �g/ml in 0.1 M NaHCO3 (pH
9.6). Cells were plated at 2 � 105 cells/well and incubated in a humidified
37oC incubator. CFSE immunofluorescence was analyzed using a FACS-
can cytofluorometer equipped with the CellQuest research software (BD
Biosciences) after 7 days of stimulation.

Induction of Bcl-2 expression

T cells were isolated and transfected, as described above, left to rest for 3 h
after transfection, and then stimulated by incubation in 96-well plates
(Nunc Immunol) precoated with soluble CD33 at 5 �g/ml in 0.1 M
NaHCO3 (pH 9.6) or left unstimulated in 96-well tissue culture plates.
Cells were plated at 2 � 105 cells/well and incubated in a humidified 37oC
incubator for 8 days. Cells were washed, fixed, and permeabilized using
Cytofix/Cytoperm solution, and then washed and labeled in Cytoperm/
Cytowash buffer with anti-Bcl-2 Ab, according to the manufacturer’s rec-
ommendations (BD PharMingen). Cells were washed again and analyzed
by flow cytometry, as above.

Target cell lysis

T cells were isolated and transfected, as described above, and left to rest for
3 h after transfection, and then 2 � 105 cells were stimulated by incubation

in round-bottom 96-well plates with target cells at E:T ratios of 10:1, 20:1,
40:1, and 80:1. Target cells, mouse myeloma NS0 transfected with a hu-
man CD33 construct (Ag positive), or control vector (Ag negative) were
labeled with CFSE, as described above, for T cells. Cells were incubated
for 40 h in a humidified 37oC incubator, and target cell viability was an-
alyzed by propidium iodide exclusion/flow cytometry. The percentage of
target cell lysis was calculated to be: (percentage of viable target cells in
the absence of effector cells) � (percentage of viable target cells in the
presence of effector cells).

Results
Expression of chimeric receptors in resting human primary T
cells

A panel of chimeric receptors comprising the same Ag-binding
specificity and extracellular spacer region, but different signaling
regions, was generated (Fig. 3). These chimeric receptors each
comprised the signaling component from human TCR�; addition-
ally, a costimulatory signaling component from human CD28,
ICOS, CD134, or CD137 is fused in series. We previously reported
that for a TCR�/CD28 fusion receptor, placing CD28 in the mem-
brane-proximal position was most efficient (17); we also found the
same preferred orientation in similar studies with TCR�/CD137
fusion receptors in Jurkat cells (data not shown), so for analysis in
human primary T cells, chimeric receptors were constructed with
the costimulatory signaling region in the membrane-proximal po-
sition. These chimeric receptors were transfected into freshly iso-
lated human primary total T cells by electroporation. Cell surface
expression of functional chimeric receptors was determined 24 h
later by incubation with fluorescent soluble CD33 Ag. Fig. 4
shows the histograms of FL1 signal plotted against frequency for
transfectants expressing the five constructs described, compared
with an empty expression vector control. Dead cells were excluded
by gating forward/side scatter profiles. All constructs were ex-
pressed in greater than 60% of human resting T cells with similar

FIGURE 4. Surface expression of chimeric receptors. Human primary T
cells were transfected with chimeric receptor constructs, and 24 h later cells
were labeled with FITC-conjugated CD33 before analysis in a FACScan
(BD Biosciences). Results are representative of four experiments using
different donors.
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efficiency. Construct expression was maintained in these cells, al-
though at a lower level, for at least 8 days. Chimeric receptor
constructs were expressed with equal efficiency in both CD4� and
CD8� cells, demonstrated by similar expression profiles obtained
in either CD4� or CD8� isolated subsets (data not shown).

Cytokine production mediated by specific activation of chimeric
receptors

To assess the ability of the inclusion of costimulatory signaling
regions to enhance TCR�-mediated T cell activation, cytokine pro-
duction in response to Ag stimulation was compared for the dif-
ferent receptors. Fig. 5 shows the concentrations of IL-2, IFN-�,
TNF-�, and GM-CSF measured in the cell culture supernatants of
human primary T cell transfectants after 48 h of solid-phase CD33
Ag or CD33 Ag-positive target cell stimulation. Inclusion of each

of the costimulatory signaling regions in series with TCR� led to
enhanced Ag-induced IL-2, IFN-�, TNF-�, and GM-CSF produc-
tion compared with the chimeric receptor with TCR� alone. This
cytokine production was Ag specific, demonstrated by low level
constitutive cytokine production in the absence of solid-phase Ag
or presence of Ag-negative target cells. Cell-expressed CD33 Ag
exhibited similar cytokine profiles induced by solid-phase Ag, al-
beit at a reduced level. Inclusion of CD28 was most potent for the
induction of IL-2. Inclusion of either CD28 or ICOS led to greater
induction of IFN-�, TNF-�, and GM-CSF than inclusion of either
CD134 or CD137.

Therapeutically, the combination of both CD4� and CD8� T
cells is preferred; hence, the majority of these investigations were
conducted in isolated total T cells. However, to demonstrate re-
ceptor function in both subsets, and to see whether cytokine pro-
files might be beneficially manipulated by adjusting the natural
ratio of CD4� to CD8� cells, Ag-induced cytokine production was
compared for equal numbers of isolated CD4� and CD8� T cells
from the same donors. Fig. 6 shows the concentrations of IL-2,
IFN-�, and TNF-� measured in the cell culture supernatants of
human primary CD4� and CD8� T cell transfectants after 48 h of

FIGURE 5. Stimulation of chimeric receptors with solid-phase CD33
Ag and cell surface-expressed CD33 Ag. Human primary T cells trans-
fected with chimeric receptors were incubated for 48 h on Ag-coated plates
or target cells; supernatants were then harvested and assayed for IL-2,
IFN-�, TNF-�, and GM-CSF by ELISA. Stimulations were done in trip-
licate. Results shown are representative of three experiments using differ-
ent donors.

FIGURE 6. Comparison of Ag-stimulated cytokine production from
CD4� and CD8� primary T cells. Human primary CD4� and CD8� T cells
transfected with chimeric receptors were incubated for 48 h on Ag-coated
plates; supernatants were then harvested and assayed for IL-2, IFN-�, and
TNF-� by ELISA. Stimulations were done in triplicate. Results shown are
representative of three experiments using different donors.
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solid-phase CD33 Ag stimulation. In both CD4� and CD8� T
cells, inclusion of each of the costimulatory signaling regions in
series with TCR� led to enhanced Ag-induced IL-2, IFN-�, and
TNF-� production compared with the chimeric receptor with
TCR� alone. Chimeric receptor-mediated production of IL-2 and
TNF-� was favored by CD4� T cells, whereas the production of
IFN-� was favored by CD8� T cells. We found that GM-CSF
production could be induced in either subset and was donor de-
pendent (data not shown).

Tyrosine phosphorylation of and PI3-kinase association with the
intracellular regions of chimeric receptors

To see whether the chimeric receptors transduce intracellular sig-
nals in a similar manner to their natural counterparts, tyrosine
phosphorylation and association with PI3-kinase were analyzed
using an intracellular ELISA. This method takes advantage of the
relatively high affinity of the interaction between the P67scFv
binding site of the chimeric receptor and the CD33 Ag. We ana-
lyzed the binding of FITC-conjugated CD33 to cell-expressed chi-
meric receptors, and calculated the affinity of Ag binding, by Scat-
chard analysis (68), to be 2.7 nM. This affinity allowed cell-
expressed chimeric receptors to be bound to and stimulated by
Ag-coated plates, for cells to be lysed, and cell debris washed
away so that the association of molecules with the intracellular
region of the chimeric receptor could be analyzed in a standard
ELISA format. ELISA OD values for each chimeric receptor were
compared with a control receptor with an identical extracellular
region, but no intracellular signaling region (Fig. 3F), which rep-
resents the negative control background OD value. Fig. 7 demon-
strates that all the receptors, including the control receptor, bound
the Ag-coated plate with similar efficiency. All of the receptors
containing the TCR� signaling region had phosphorylated tyrosine
residues compared with the control receptor with no signaling re-
gion. Receptors containing a B7 receptor family signaling region,
either CD28 or ICOS, showed significant association with PI3-
kinase compared with the control receptor. Receptors containing a
TNFR family signaling region, either CD134 or CD137, showed
no association with PI3-kinase.

Proliferation mediated by specific activation of chimeric
receptors

Chimeric receptors providing TCR� signaling alone are insufficient
to induce proliferation of resting murine primary T cells (7, 8). To
see whether the same is true in resting human T cells, and to
determine which costimulatory regions might induce proliferation,
we analyzed by flow cytometry the ability of the chimeric recep-
tors to respond to Ag. T cells were labeled before transfection with
CFSE, and Ag-induced proliferation was analyzed by FACS after
7 days of Ag stimulation. Fig. 8 shows that the chimeric receptor
comprised of TCR� alone was incapable of mediating Ag-induced
proliferation of resting human T cells, as depicted by no reduction
in CFSE FL1 signal. Chimeric receptors that included a signaling
region derived from CD28, ICOS, CD134, or CD137 were all able
to mediate proliferation when stimulated in the same way. No pro-
liferation was observed with any chimeric receptor in the absence
of Ag stimulation (data not shown).

Induction of Bcl-2 expression

To analyze whether the inclusion of costimulatory signaling re-
gions in chimeric receptors is able to deliver antiapoptotic signals,
the induction of Bcl-2 expression in response to Ag stimulation
was examined. Transfected resting T cells were stimulated with

solid-phase CD33 or left unstimulated for 8 days. Bcl-2 expression
was then measured by flow cytometry. As Fig. 9 demonstrates, the
chimeric receptor comprised of TCR� alone did not up-regulate
Bcl-2 expression; however, inclusion of CD28, ICOS, CD134, or
CD137 led to an Ag-specific induction of Bcl-2 expression.

Target cell lysis

To examine whether chimeric receptor-mediated activation of rest-
ing human primary T cells could facilitate specific target cell kill-
ing, we examined the viability of both Ag-positive and Ag-nega-
tive target cells after incubation for 40 h with transfected T cells.
The target cells used were a mouse NS0 cell line generated by
transfection with a vector expressing human CD33. A matched
negative control target cell line was transfected with an empty
expression vector. The target cells were prelabeled with CFSE,
both to ensure that each target cell line went through a similar
degree of division during the experiment (data not shown), and to
facilitate isolation of target cells from effector T cells on viability
analysis by flow cytometry. Fig. 10 demonstrates the chimeric re-
ceptor-mediated Ag-specific lysis of target cells. Inclusion of
CD28, ICOS, or CD134 enhanced target cell killing mediated by
TCR� alone. Inclusion of ICOS enhanced target cell killing to a

FIGURE 7. Analysis of chimeric receptor signaling in response to
CD33 stimulation. Human primary T cells expressing chimeric receptors
were incubated for 2 h on Ag-coated plates, cells were lysed, and plates
were washed. Receptor bound to the plate (anti-G1), tyrosine phosphory-
lation (anti-PY), and PI3-kinase association (anti-PI3K) were detected by
ELISA. Stimulations were done in triplicate. Results shown are represen-
tative of three experiments using different donors.
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greater degree than inclusion of either CD28 or CD134. CD137
inclusion led to the same level of target cell lysis as TCR� alone
(data not shown).

Discussion
The demonstration of the enhanced ability of a single chimeric
receptor, including CD28 signaling in series with TCR� to induce
Ag-specific proliferation and effector function in prestimulated hu-
man primary T cells (18–24), led us to investigate whether similar
effects could be demonstrated in resting human primary T cells.
With the expanding number of known costimulatory receptors and
an increased understanding of their importance in mounting and
maintaining an immune response, we examined whether molecules
other than CD28 could be included in a single chimeric receptor in
series with TCR� to mediate T cell activation in resting human
primary T cells.

A chimeric receptor with the P67 Ab specificity for human
CD33 (69), an extracellular spacer comprised of human IgG1
hinge, CH2 and CH3 sequences, and an intracellular TCR� sig-
naling region was generated; the ability of this receptor to mediate
T cell activation was compared with chimeric receptors with iden-
tical extracellular domains, but with costimulatory signaling re-
gions fused in series with TCR�. These costimulatory sequences
were derived from members of both the B7 receptor family (CD28
and ICOS) and the TNFR family (CD134 and CD137). The chi-
meric receptors were constructed with the costimulatory signaling
regions membrane proximal and the primary activation signaling
region of TCR� membrane distal. All sequences were human de-
rived or humanized to limit as much as possible the potential risk

FIGURE 9. Ag-induced Bcl-2 expression. Human primary T cells were
transfected with chimeric receptor constructs, then stimulated for 8 days with
solid-phase CD33 (thin lines) or left unstimulated (bold lines). Cells were
labeled with a PE-conjugated anti-Bcl-2 Ab before analysis by flow cytometry.

FIGURE 10. Ag-specific target cell lysis. Human primary T cells were
transfected with chimeric receptor constructs, then stimulated for 40 h with
CD33 Ag-positive or matched Ag-negative target cells. Target cell viability
was analyzed by flow cytometry. Percentage of target cell lysis was cal-
culated to be: (percentage of viable target cells in the absence of effector
cells) � (percentage of viable target cells in the presence of effector cells).
Transfections and stimulations were conducted in triplicate. Results are
representative of three experiments using different donors.

FIGURE 8. Ag-induced proliferation via chimeric receptors. Human
primary T cells were labeled with CFSE, transfected with chimeric receptor
constructs, and stimulated for 7 days with solid-phase CD33 before anal-
ysis in a FACScan (BD Biosciences). Results are representative of three
experiments using different donors.
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of immunogenicity in a clinical setting. We chose to examine the
overall performance of the chimeric receptors in isolated total T
cells, rather than purified CD8� CTLs only, as CD4� T cells have
also been shown to play an important role in antitumor immunity
(4). However, additionally, we demonstrate that the receptors func-
tion in both CD4� and CD8� T cell subsets.

The chimeric receptors were transfected into resting human pri-
mary T cells by electroporation, and equivalent, efficient functional
expression was detected for all of them. The percentage of viable
cells transfected with the chimeric receptor constructs was be-
tween 64 and 84%. This efficiency of transfection compares fa-
vorably both with the 22–42% obtained by retroviral transduction
of prestimulated human primary T cells with similar constructs
(19) and our attempts to transduce resting primary T cells with
adenovirus (15%; data not shown).

Inclusion of both B7 receptor and TNFR family member co-
stimulatory signaling regions in series with TCR� enhanced the
level of specific Ag-induced IL-2, IFN-�, TNF-�, and GM-CSF
cytokine production compared with TCR� alone. Inclusion of
CD28 elicited much higher levels of IL-2 production than ICOS,
CD134, or CD137, consistent with the known importance of CD28
for optimal IL-2 production (29). Inclusion of CD28 or ICOS led
to higher levels of IFN-�, TNF-�, and GM-CSF than inclusion of
either CD134 or CD137. Although ICOS, CD134, and CD137 sig-
nals are known to be capable of eliciting these cytokines (42–44,
50–52, 57, 58, 60), these costimulatory receptors would not nat-
urally be engaged in the absence of CD28, and so no previous
comparison of their cytokine profiles in resting human primary T
cells has been made. The ability to transfect these molecules into
resting human primary T cells, in which their natural counterparts
are not expressed, facilitates the study of aspects of costimulation
not possible by other methods. The results presented in this work
demonstrate the potential of other costimulatory molecules to com-
pensate for CD28 in the activation of resting human primary T
cells. This type of chimeric receptor will therefore be particularly
useful in clarifying the role of costimulatory receptor down-regu-
lation in the function of memory T cell subsets (70–72).

Appropriate signal transduction via the chimeric receptors was
confirmed by intracellular ELISA analysis. This technique was de-
veloped in preference to Western blotting, which we used for sim-
ilar studies in stable cell lines (17), because the intracellular
ELISA method was found to be more sensitive and required fewer
cells, which allowed the direct comparison of different receptors in
cells isolated from the same donor. The activated receptors dem-
onstrated tyrosine phosphorylation associated with the TCR� sig-
naling region, consistent with the successful recruitment of Zap-70
and phosphorylation of the immunoreceptor tyrosine-based acti-
vation motifs (73). PI3-kinase was associated with activated re-
ceptors containing B7 receptor family members, CD28 and ICOS,
in accordance with its reported association with the natural CD28
(74, 75) and ICOS molecules (76). PI3-kinase was not associated
with receptors containing the TNFR molecules, CD134 and
CD137, which initiate signaling via the recruitment of various
TNFR-associated factor (TRAF) signaling molecules (77). We
tried to examine the association of TRAF 2 and TRAF 3 with the
chimeric receptors in this format, as these molecules have both
been demonstrated to associate with CD134 and CD137 (78–81);
however, we have been unable to source suitable Abs for this study
to date.

The chimeric receptor that featured primary activation signaling
through TCR� only was not able to induce Bcl-2 expression or
proliferate in response to Ag. However, inclusion of any one of
CD28, ICOS, CD134, and CD137 signaling regions enabled rest-
ing primary T cells to express Bcl-2 and proliferate in response to

Ag. This occurred in the absence of addition of any exogenous
factors, such as phorbol esters, stimulatory Abs, or cytokines, dem-
onstrating that these chimeric receptors can confer self-sufficient
clonal expansion to resting human T cells. The ability of CD28,
CD134, and CD137 to induce Bcl-2 and provide survival signals
has been reported for the natural receptors (30, 31, 53, 57, 61).

Resting human primary T cells transfected with the TCR� chi-
meric receptor were able to elicit Ag-specific target cell lysis
within 40 h of stimulation by these cells. Target cell lysis was
enhanced by the inclusion of CD28 signaling consistent with the
enhanced in vivo tumor cell killing demonstrated using preacti-
vated primary T cells (23, 24). Target cell lysis was also enhanced
by the inclusion of CD134 and ICOS signaling. Target cell lysis
was enhanced to the greatest degree by the use of the previously
unreported fusion receptor providing both TCR� and ICOS
signaling.

Signaling via ICOS, CD134, or CD137 naturally occurs in ad-
dition to CD28 signaling, and optimal T cell activation might be
achieved by combining these receptors either in parallel by the
cotransfection of two different fusion receptors or in series by the
generation of triple fusion receptors. The cloning cassette designed
for this investigation facilitates the exchange of each component
and the generation of multicomponent signaling regions, and hence
will permit both approaches. Cotransfection of two receptors in
parallel will require the exchange of spacer and transmembrane
regions to allow generation of two different homodimers and the
prevention of heterodimer formation. The in-series fusion ap-
proach will require the in-frame insertion of a third signaling
region.

We have demonstrated that the inclusion of costimulatory sig-
nals in series in one receptor with TCR� is applicable to both B7
receptor and TNFR family members, and that these receptors can
elicit enhanced Ag-specific cytokine production and target cell
killing compared with signaling via TCR� alone. Inclusion of co-
stimulatory signaling regions prevents apoptosis and facilitates the
Ag-specific expansion of human primary resting T cells. Inclusion
of different types of costimulatory signals and hence the use of
multiple signaling pathways will also differentially affect proper-
ties not measurable in vitro. Characteristics such as the ability of
engineered T cells to traffic to tumor sites, expand, survive, and
generate memory in vivo need now to be studied with chimeric
receptors, which provide TCR� signaling and different costimula-
tory signals either in addition to, or instead of, CD28.
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