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Human TCR That Incorporate CD3 Induce Highly
Preferred Pairing between TCR␣ and ␤ Chains following
Gene Transfer1
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A

doptive transfer of Ag-specific T lymphocytes has recently shown clinical success in the treatment of viral
infections and tumors (1– 4). We and others have demonstrated that transfer of TCR␣␤ genes into T cells (i.e., genetic T
cell retargeting) represents a feasible and attractive alternative to
provide tumor-specific immunity (5–9), and at the same time circumvents the laborious nature and limited success of isolating and
expanding tumor-reactive T cells from patients ex vivo. Currently,
gene transduction and T cell expansion procedures have been optimized (10), meet good clinical practice criteria, and are implemented in various phase I trials using patient-derived autologous T
cells gene-modified with Ab-based receptors (11, 12). More recently, TCR gene therapy to treat metastatic melanoma patients
has been pursued, showing that TCR gene transfer is a safe strategy but appears limited by an objective response rate of 12% (13).
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One way to enhance the efficacy of TCR gene therapy is to
improve the avidity of TCR-transduced T cells, which is often
compromised when compared with parental CTL clones. It has
been observed that high-avidity CTL provide better protection
against viral infections because target cells are recognized at lower
Ag densities and initiate lysis more rapidly when compared with
low-avidity CTL (14). T cell avidity can be improved significantly
by selecting TCR chains with appropriate ligand-binding affinity
(15), the use of optimal retroviral transfer vectors and strategies
that address gene silencing in vivo (16, 17). In addition, T cell
avidity would benefit from enhanced surface expression levels of
TCR transgenes (7, 18). In fact, introduced TCR␣ and ␤ transgenes can assemble with endogenously present TCR chains (i.e.,
TCR mispairing) and thereby dilute the surface expression level of
TCR transgenes (9). Consequently, TCR mispairing impairs the
avidity of the transduced T cell population toward the target Ag of
interest due to a reduction in the density of the desired TCR␣␤ on
the cell surface and may result in compromised T cell activation
(19) and efficient tumor killing (7, 18). Furthermore, mispairing of
TCR chains may result in possible formations of self-reactive
TCR␣␤ heterodimers and as such adversely affects the safety of
treatments with TCR-transduced T lymphocytes.
To date, various strategies have been reported that have attempted to address TCR mispairing, such as introduction of cysteine residues at structurally favorable positions in TCR-C␣ and ␤
(20) and replacement of human TCR constant domains by the corresponding murine domains (i.e., huV:muC) (21). Pairing between
TCR chains modified by either one of these strategies is at best
preferential to some extent for certain TCR-V regions, most likely
due to stabilized TCR/CD3 conformations (20, 21), whereas it is
not preferential for other TCR-V regions when compared with
nonmodified TCR (22). We have previously reported on modified
TCR␣ and ␤ chains in which the original constant domains downstream of the extracellular cysteine (which mediates the interchain
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TCR gene therapy is adversely affected by newly formed TCR␣␤ heterodimers comprising exogenous and endogenous TCR chains
that dilute expression of transgenic TCR␣␤ dimers and are potentially self-reactive. We have addressed TCR mispairing by using
a modified two-chain TCR that encompasses total human CD3 with specificities for three different Ags. Transfer of either
TCR␣:CD3 or ␤:CD3 genes alone does not result in surface expression, whereas transfer of both modified TCR chains results
in high surface expression, binding of peptide-MHC complexes and Ag-specific T cell functions. Genetic introduction of TCR␣␤:
does not compromise surface expression and functions of an endogenous TCR␣␤. Flow cytometry fluorescence resonance energy
transfer and biochemical analyses demonstrate that TCR␣␤:CD3 is the first strategy that results in highly preferred pairing
between CD3-modified TCR␣ and ␤ chains as well as absence of TCR mispairing between TCR:CD3 and nonmodified TCR
chains. Intracellular assembly and surface expression of TCR:CD3 chains is independent of endogenous CD3␥, ␦, and . Taken
together, our data support the use of TCR␣␤:CD3 to prevent TCR mispairing, which may provide an adequate strategy to
enhance efficacy and safety of TCR gene transfer. The Journal of Immunology, 2008, 180: 7736 –7746.
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Materials and Methods
Cells and reagents
Jurkat T cells and the B cell blast cell lines BSM and APD were cultured
in RPMI 1640 medium containing 10% FBS (Stonehouse), streptomycin
(100 g/ml), and penicillin (100 U/ml). The human embryonic kidney cell
line 293T, the packaging cell line Phoenix-A as well as the MAGE-A1⫹/
HLA-A1⫹ melanoma cell line MZ2-MEL.3.0 (provided by Drs. T. Boon
and P. Coulie, Christian de Duve Institute of Cellular Pathology, Université
catholique de Louvain, Brussels, Belgium) were cultured in DMEM medium (BioWhittaker) supplemented with 10% FBS, 2 mM L-glutamine,
and antibiotics. T lymphocytes derived from healthy donors were isolated and expanded as described elsewhere (23). mAbs used for flow
cytometry and FACSort comprise nonconjugated and FITC-conjugated antiTCR V␣19 mAb (Pierce Biotechnology); FITC-conjugated anti-TCR
V␤27 (Coulter-Immunotech); and PE-conjugated anti-TCR V␤9, V␤12,
V␤27, and V␤2 mAbs (Coulter-Immunotech). Abs used for immune precipitation (IP) and immune detection include anti-TCR V␤9 mAb (BL37.2;
Coulter-Immunotech), anti-CD3␥ mAb (HMT-3.2) (24), anti-CD3␦ mAb
(APA-1.2) (24), two anti-CD3 mAbs (OKT3, Sanquin; and M-20, Santa
Cruz Biotechnology), anti-CD3 mAb (488) (25), and HRP-conjugated sheep
anti-mouse or donkey anti-goat IgG (Amersham Biosciences). Other reagents
used in this study were: RetroNectin (human fibronectin fragments CH-296;
Takara Shuzo), hgp100280 –288 (YLEPGPVTA)/HLA-A*0201, MAGE-1 (EA
DPTGHSY)/HLA-A*0101, EBNA-4 (IVTDFSVIK)/HLA-A*1101, and
Melan-A (ELAGIGILTV)/HLA-A*0201 pentamers (all obtained from Proimmune); PMA (Sigma-Aldrich); and ionomycin (Calbiochem).

Construction of lentiviral vectors containing MelA/A2
TCR␣␤ genes
MelanA/MART1-specific and HLA-A2-restricted TCR␣␤ (MelA/A2
TCR) cDNA was derived from the MelA peptide-specific CTL clone
SELA-A 64 (26), and sequence characterization identified TRAV12-2/
J35/C and TRBV27/D2/J2-7/C2 gene usage. The MelA peptide-specific
CTL clone SELA-A 64 was treated with TRIzol (Invitrogen) for total RNA
isolation, which was converted to cDNA by reverse transcription using
oligo-dT primer and Moloney murine leukemia virus reagent (Invitrogen).
Full-length TCR␣␤-encoding genes were PCR amplified, inserted into
pCR2.1 TOPO vectors (Invitrogen), and sequenced. Complete TCR␣ and
␤ sequences were cloned between XbaI and SalI sites of a self-inactivating
HIV-1-based vector (pRRL.sin18.cPPT.CMV.GFP.Wpre, abbreviated as
CMV.GFP and described in more detail elsewhere (27)), obtaining CMV.
TCR␣ and CMV.TCR␤, respectively. The lentiviral packaging plasmid
pCMV⌬R8.74 (28), devoid of all HIV-1 accessory genes, and the plasmid
hCMV-G (29) were used to produce TCR-containing and VSV-G envelope-pseudotyped lentiviruses following calcium-phosphate transfection of
293T cells. The virus-containing supernatants were filtered through
3
Abbreviations used in this paper: FRET, fluorescence resonance energy transfer; IP,
immune precipitation; pMHC, peptide-MHC; RLU, relative light unit; MFI, mean
fluorescence intensity.

FIGURE 1. Scheme of Jurkat dual TCR model. To what extent TCR
mispairing is addressed successfully by TCR␣␤: was tested in dual TCR
T cells, representing the end-products of TCR gene transfer. To this end, a
Jurkat T cell clone expressing MelanA/HLA-A2 (MelA/A2) TCR␣12␤27
as a first TCR was gene transferred with TCR␣19 plus ␤9 or TCR␣19:
plus ␤9: as a second TCR. Second TCRs were specific for either MAGEA1/HLA-A1 (M1/A1 as indicated in figure), gp100/HLA-A2, or
EBNA4/HLA-A11.
0.45-m filters, concentrated 30-fold by centrifugation at 104,000 ⫻ g for
2 h at 4°C and resuspended in DMEM. Viral particle concentrations were
measured by HIV-1 p24 protein ELISA (Innogenetics) and ranged from
0.5–3 g of p24/ml, which was equivalent to 0.5–1 ⫻ 105 therapeutic
use/ng p24.

MelA/A2 TCR␣␤ gene transfer and cloning of TCR-expressing
Jurkat T cells
Lentiviral TCR gene transfer into TCR-negative Jurkat T cells was performed by mixing 2 ⫻ 105 cells with 1 ml of concentrated viral supernatant
in the presence of 8 g/ml protamine sulfate (Sigma-Aldrich). Nontransduced T cells (mock) were used as a negative control. T cells were transduced in a first 6-h cycle with pCMV-TCR␣ containing viral supernatant,
washed, and transduced in a second 6-h cycle with pCMV-TCR␤ (both
cycles at 37°C/5% CO2). Cells were allowed to recover in fresh culture
medium. Seventy-two hours following transduction, T cells were plated
and cultured under limiting dilution conditions in 96-well microtiter plates.
T cell clones were screened for TCR expression by flow cytometry, and
clone J.19 was selected and expanded based on high peptide-MHC
(pMHC) binding (99% tetramer-positive T cells). Stability of TCR expression (pMHC binding) and function (TCR-dependent Ca2⫹ signaling) was
confirmed over the period this clone was used for the experiments described (⬎12 mo).

Cloning of TCR␣␤ and TCR␣␤: genes and retroviral TCR
gene transfer into Jurkat T cells
TCR␣ and ␤ DNAs were obtained by PCR using template cDNA from the
CTL clones MZ2-82/30 (specificity: MAGE-A1/HLA-A1; TCR gene usage: TRAV19/J39/C and TRBV9/D2/J2-3/C2), MPD (specificity: gp100/
HLA-A2; TCR gene usage: TRAV30/J49/C and TRBV12-4/D2/J2-1/C2),
and BK289 (specificity: EBNA-4/HLA-A11; TCR gene usage: TRAV8-1/
J45/C and TRBV2/D2/J2-1/C2) (6, 9, 30). TCR-V(D)J gene nomenclature
is according to http://imgt.cines.fr. TCR␣␤: specific for MAGE-A1,
gp100, and EBNA-4 were constructed by linking the extracellular domains
of the TCR ␣ and ␤ chain to the complete human CD3 molecule (i.e.,
V␣C␣ and V␤C␤) as described previously (6, 31, 32). TCR␣␤ and
TCR␣␤: cDNAs were cloned into pBullet retroviral vectors, and used to
transduce either TCR-negative or MelA/A2 TCR-positive Jurkat T cells
(i.e., clone J.19). VSV-G envelope-pseudotyped Moloney murine leukemia
virus retroviruses that contain TCR RNAs were produced by a coculture of
the packaging cells 293T and Phoenix-A following calcium-phosphate
transfections. The transduction procedure used was optimized for human
T cells and described by Lamers et al. (10). In short, 24-well culture
plates were coated with RetroNectin and pretreated with TCR-positive
retroviral particles. Next, 106 T cells/well were centrifuged in fresh
retrovirus containing supernatant, and cultured for 4 –5 h at 37°C/5%
CO2. Cells were allowed to recover in culture medium overnight before
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disulphide bridge) have been replaced with complete human CD3
(i.e., TCR␣␤:CD3), and provided flow cytometry data suggesting
an inability of the modified TCR chains to mispair with the endogenous TCR chain and correct pairing of these TCR chains in
primary human T cells (6). In the current study, we have not only
extended this observation to three sets of TCRs, but more importantly provided novel and direct evidence of a highly preferred
pairing between TCR␣: and ␤: chains using fluorescence resonance energy transfer (FRET)3 flow cytometry supplemented with
classical flow cytometry, biochemistry, and functional analyses.
The TCR␣␤:CD3 format does not compete with endogenous
TCR␣␤ chains for available CD3 elements, and when compared
with nonmodified TCR␣␤ transgenes, shows high surface expression on T cells, potently mediates intracellular signaling, and does
not compromise surface expression and signaling of an already
present TCR␣␤. Importantly, surface expression and function of
TCR␣␤:CD3 have been extensively validated in primary human
T cells and this receptor format functionally retargets T cells toward tumor cells positive for various MHC-restricted tumor and
viral Ags (6, 22, 23).
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FIGURE 2. M1/A1 TCR␣␤: does not mispair with MelA/A2 TCR␣␤ and shows high surface expression on T cells. A, Jurkat T cells expressing
MelA/A2 TCR␣12␤27 were transduced with a second M1/A1 TCR␣19␤9, or their individual TCR␣19 or TCR␤9 chains. The TCR transductants were
monitored for expression of introduced M1/A1 TCR␣␤ using flow cytometry with anti-TCR␣19 and V␤9 mAbs (upper panel, second TCR). The expression
of MelA/A2 TCR␣␤ was monitored using anti-TCRV␤27 mAb (lower panel, first TCR). Filled gray histograms correspond to background fluorescence
of T cells stained with isotope control Ab. B, Jurkat T cells expressing MelA/A2 TCR␣␤ were transduced as described in A but now using M1/A1-specific
TCR␣19␤9: chains. Flow cytometry was performed as described in A. Please note that flow cytometry settings did neither allow for full compensation
of autofluorescence (high for the TCRneg Jurkat T cells clone used in the study) nor for “bleedover” from one channel to another, especially evident from
FL2 to FL1 channels (due to enhanced sensitivity of PE-labeled over FITC-labeled Abs). Background signals never exceed 5% of the total T cell population.
Data represent one of four independent experiments with similar results.

a second transduction cycle, after which cells were harvested and transferred to T25 culture flasks. After sufficient numbers were obtained,
cells were analyzed for TCR expression by flow cytometry.

Flow cytometry and enrichment of TCR-transduced Jurkat
T cells
TCR-transduced Jurkat T cells (5 ⫻ 105) were analyzed for transgene
expression by flow cytometry using FITC-conjugated anti-TCR mAb

(V␣19 or V␤27), PE-conjugated anti-TCR mAb (V␤2, V␤9, V␤12, or
V␤27) or R-PE-conjugated pMHC multimers (M1/A1, gp100/A2,
EBNA-4/A11, or MelA/A2). Cells were incubated with mAbs on ice for
30 min, or pMHC multimers at room temperature for 15 min. Analysis
was performed on a Cytomics FC-500 flow cytometer (Beckman
Coulter). Enrichment of Jurkat T cells expressing M1/A1 TCR␣␤ or
TCR␣␤: in the presence or absence of MelA-A2 TCR␣␤ was performed by two-color FACS following staining with anti-TCR-V␣19 and
V␤9 mAbs.
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Table I. Surface expression of endogenous and exogenous TCR chains on Jurkat T cells following gene transfer of M1/A1 TCR␣,
␤, or TCR␣:, ␤:a
␣␤ MelA/A2

First TCR
Second TCR

⫺

␣

␤

␣⫹␤

␣:

␤:

␣: ⫹ ␤:

Anti-first TCR-V␤ mAb
Anti-second TCR-V␣ mAb
Anti-second TCR-V␤ mAb

5.6
0.3
0.3

5.8
2.0
0.3

2.1
0.4
15.3

1.7
1.6
18.5

5.6
0.5
0.4

4.4
0.5
0.5

5.3
5.3
43.2

a
Jurkat T cells were stained for endogenous TCR (i.e. MelA/A2 TCR as a first TCR) with the corresponding anti-TCR-V␤ mAb (i.e., anti-TCR-V␤27)
or exogenous TCR (i.e. M1/A1 TCR as second TCR) either with the corresponding anti-TCR-V␣ mAb (i.e., anti-TCR-V␣19) or anti-TCR-V␤ mAb (i.e.,
anti-TCR-V␤9) and analyzed by flow cytometry. Data represent MFI values of one of three independent experiments with similar results.

Flow cytometry-based FRET

FIGURE 3. TCR␣␤:, but not
TCR␣␤, coexpresses with TCR␣␤ in
dual TCR T cells. Jurkat T cells expressing MelA/A2 TCR␣␤ (i.e.,
TCR␣12␤27) were transduced with a
second M1/A1 TCR␣␤ or TCR␣␤:
(i.e., TCR␣19␤9) after which T cells
were enriched by FACS using antiTCR-V␣19 and TCRV␤9 mAbs and
analyzed for coexpression of
MelA/A2 and M1/A1 TCR using
flow cytometry. Double immunostainings of T cells were performed
either with FITC-labeled antiTCR␤27 mAb and PE-labeled
M1/A1 multimers (upper panel) or
FITC-labeled anti-TCR␣19 mAb and
PE-labeled Mel/A2 multimers (lower
panel). Numbers indicate either percentage of M1/A1 multimer-positive
T cells (set to 100%, highlighted by a
black rectangle) that costain with antiTCR-V␤27 mAb (upper panel) or
percentage of anti-TCR-V␣19 mAbpositive T cells (set to 100%, highlighted by a black rectangle) that
costain with MelA/A2 multimer
(lower panel). Data represent one of
two independent experiments with
similar results.

over 670 nm (FRET channel, excitation at 488 nm) were collected. Data
were analyzed with the FLEX software on a per cell basis (35).

IP and Western blotting
TCR-transduced Jurkat T cells (25 ⫻ 106) were lysed in 10 mM Tris-Cl
(pH 7.6), 150 mM NaCl, 2 mM EDTA, and 0.5% Brij96 (Sigma-Aldrich)
for 30 min on ice in the presence of protease inhibitors (protease inhibitor
mixture Complete; Roche Applied Science). Cleared lysates were immune
precipitated either with anti-TCR-V␤9, anti-CD3␥ (HMT-3.2), anti-CD3␦
(APA-1.2), anti-CD3 (OKT-3) or anti-CD3 (488) Abs overnight at 4°C
followed by protein G Sepharose coated with rabbit-anti-mouse IgG for 1 h
at 4°C. The immune precipitates were washed, loaded, and run on 7–17%
Tris-HCl gels, and transferred to nitrocellulose membranes (Whatman) under wet conditions. The membranes were subsequently used for immune
detection with anti-CD3 (M20) or anti-CD3 (488) Abs for 3 h at room
temperature, followed by peroxidase-labeled sheep anti-mouse or donkey
anti-goat IgG (1:2,500; Amersham Bioscience) for 30 min at room temperature and developed via chemiluminescence (SuperSignal West Pico
Chemiluminescent Substrate; Pierce).
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Flow cytometry-based FRET is performed principally as described previously (33), and fluorophores were selected on the basis of optical properties
of the dyes and the available excitation wavelengths of the flow cytometer
(34). mAb were directly labeled with Cy3- and Cy5-monoreactive sulfoindocyanine N-hydroxysuccinimidyl ester-conjugated dyes (Amersham Biosciences) according to the manufacturer’s specifications. Dye-to-protein
labeling efficiencies were determined spectrophotometrically and ratios of
3:1 were considered appropriate for FRET applications. In brief, FRET was
performed as follows. Cell samples were stained either with 1) anti-TCRV␣19 mAb followed by Cy5-conjugated goat-anti-mouse IgG Fab (acceptor) and Cy3-conjugated anti-TCR-V␤9 mAb (donor); 2) anti-TCR-V␣19
mAb followed by Cy3-conjugated goat-anti-mouse IgG Fab (donor) and
Cy5-conjugated anti-TCR-V␤9 mAb (acceptor); 3) anti-TCR-V␣19 mAb
followed by Cy5-conjugated goat-anti-mouse IgG Fab (acceptor) and PEconjugated anti-TCR-V␤27 mAb (donor); or 4) Cy5-conjugated anti-CD3
mAb (acceptor) and Cy3-conjugated anti-TCR-V␤9 (donor). Fluorescence
intensities were subsequently measured on a FACSCalibur dual-laser flow
cytometer (BD Biosciences). Emissions at 570 nm (donor channel, excitation at 488 nm), 670 nm (acceptor channel, excitation at 635 nm), and
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NFAT reporter gene assay

Cytotoxicity assays
Cytolytic activity of human T lymphocytes was measured in 4-h 51Crrelease assays as described previously (36). Percentage-specific 51Cr release was calculated as follows: ((test counts ⫺ spontaneous counts)/(maximum counts ⫺ spontaneous counts)) ⫻ 100%.

Results
TCR␣␤:CD3 does not pair with TCR␣␤ and shows enhanced
surface expression on T cells when compared with nonmodified
TCR␣␤
To examine TCR mispairing and study how gene transfer of
TCR␣␤ or TCR ␣␤:CD3 affects the surface expression and function of an existing TCR␣␤, we generated a dual TCR Jurkat T cell
model. This model is schematically presented in Fig. 1, and is
based on a Jurkat T clone expressing Melan-A/HLA-A2 TCR␣␤
(MelA/A2 TCR) as a first TCR and acting as a recipient T cell for
gene transfer of MAGE1/HLA-A1-specific TCR␣␤ or TCR␣␤:
CD3 (M1/A1 TCR␣␤ or TCR␣␤:) as a second TCR. In a first
experiment, we confirmed surface expression of M1/A1 TCR␣19
or ␤9 chains in MelA/A2 TCR-positive Jurkat T cells following
genetic introduction of either a TCR␣ or ␤ chain as a measure of
TCR mispairing (Fig. 2A and Table I). Surface expression of
M1/A1 TCR␣19 or ␤9 chains can only result from mispaired TCR
heterodimers constituting MelA/A2 TCR␣ and M1/A1 TCR␤ or
vice versa. Consequently, the introduction of M1/A1 TCR␤9 limits the surface expression level of MelA/A2 TCR␤27 as a result of
competition between the two TCR␤ chains for the only available
MelA/A2 TCR␣12 chain (Fig. 2A and Table I). In fact, a decreased
surface expression of the first TCR␣␤ upon TCR␣␤ gene transfer
may represent an indirect measurement (i.e., a surrogate marker) of
TCR mispairing. Note that the validity of this assay was confirmed
by FRET analyses which show that in the context of dual TCR T
cells the TCR␤27 truly mispairs with the introduced TCR␣ chain
(see Fig. 5C). Strikingly, genetic introduction of only TCR␣: or
␤: neither result in surface expression of the M1/A1 TCR␣19: or
␤9: chain nor in a decreased expression level of MelA/A2
TCR␤27 chain (Fig. 2B and Table I). Interestingly, T cells transduced with TCR␣: and ␤: show a unique and extended diagonal
dot plot when stained with the corresponding anti-TCR-V␣19 and
V␤9 Abs, indicative of coordinated expression of both TCR chains
and most likely contributing to enhanced surface expression of
TCR␣␤: (Fig. 2B). Mean fluorescence intensities (MFI) of antiTCR V␣19 mAbFITC and V␤9 mAbPE stainings of T cells gene-

FIGURE 4. TCR␣␤: chains do not mispair with TCR␣␤ chains, irrespective of Ag specificity. MelA/A2-TCR Jurkat T cells were transduced
with TCR␣␤ or TCR␣␤: specific for either M1/A1, gp100/A2, or
EBNA4/A11 Ags, and the level of surface expression of the MelA/A2 TCR
was monitored with flow cytometry using either (A) anti-TCR-V␤27
mAbPE or (B) MelA/A2-multimerPE. The bars represent the percent of
positive cells and show mean ⫾ SEM of three independent measurements.
ⴱ, A statistically significant decrease compared with the Jurkat T cells
expressing MelA/A2-TCR only (single TCR T cells, first bar) based on
Student’s t test (p ⬍ 0.05).

transferred with either TCR␣␤- or TCR␣␤:-expressing dual TCR
T cells support this conclusion (Table I). In addition, gene transfer
of TCR␣: and ␤: does not compromise the surface expression of
the already present TCR␣␤ and results in T cells coexpressing
both TCRs. Percentages and MFIs of MelA/A2 TCR␣␤-positive T
cells were reduced almost 2-fold when gene-transferring M1/A1
TCR␣␤ (percent of TCR␤27-positive T cells changed from 94 to
49 and MFI from 5.6 to 1.7) but were nonaffected when genetransferring M1/A1 TCR␣␤: (percent changed from 94 to 92 and
MFI from 5.6 to 5.3). Double immunofluorescent stainings with
pMHC multimers and anti-TCR␣ or ␤ Abs extended these observations and showed little surface coexpression (up to 20%) of noncorresponding M1/A1 and MelA/A2 TCR chains in TCR␣␤-transduced T cells. In contrast, there was clear coexpression (up to
80%) of these TCR chains in TCR␣␤:-transduced T cells (Fig. 3:
percentages correspond to fraction of M1/A1 TCR-positive T cells
(set to 100% and highlighted by black rectangles) that coexpress
MelA/A2 TCR).
Our findings that M1/A1 TCR␣␤: does not pair with endogenous TCR␣␤ and shows enhanced surface expression were
extended to a set of three TCR␣␤s. Next to M1/A1, we tested
TCR␣␤ and TCR␣␤: specific for gp100/HLA-A2 (gp100/A2
TCR) and EBNA4/HLA-A11 (EBNA4/A11 TCR) in our dual
TCR T cell model. For all three Ag specificities, dual TCR T cells
only showed a statistically significant decreased surface expression
of MelA/A2 TCR␣␤ when gene-transferred with TCR␣␤ but not
TCR␣␤: (Fig. 4 and Table II, endogenous TCR). Consequently,
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For reporter gene assays, exponentially growing Jurkat T cells were transiently transfected by nucleofection with an Amaxa nucleofector (Amaxa
Biosystems) according to the manufacturer’s instructions. A total of 5 ⫻
106 cells were resuspended in 100 l of buffer V (Amaxa Biosystems),
after which 10 g of an NFAT-luciferase construct (containing six NFATbinding sites followed by a minimal IL-2 promoter and TATA box, synthesized by Base Clear) and 1 g of the ␤-galactosidase construct was
added and cells were pulsed with the Nucleofector set at S-10. After transfection, the cells were immediately put into 2 ml of fresh culture medium
in wells of 12-well plates and incubated at 37°C/5% CO2. Twenty hours
posttransfection, Jurkat T cells were transferred to round-bottom 96-well
plates (Costar) at 2 ⫻ 105 cells in 200 l/well and were stimulated with
anti-TCR V␤ mAbs in RPMI 1640 medium supplemented with 10% BCS
for 6 h at 37°C/5% CO2. Wells were precoated with anti-TCRV␤9 mAb,
anti-TCRV␤27 mAb, or control murine Ig (at 0.1 g/well final), and stimulations with PMA (10 ng/ml) and ionomycin (1 M) served as positive
controls. After stimulation, T cells were collected, lysed with cell lysis
buffer (Promega), and luciferase and ␤-galactosidase activities were assessed using chemiluminescent substrates according to the manufacturer’s
instructions (Mediators). Samples were analyzed in a 96-well plate luminometer (Mediators), and luciferase activities were normalized on the basis
of ␤-galactosidase activities and expressed (in relative light units (RLU))
relative to nonstimulated conditions (medium only: set to 1.0).
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Table II. Surface expression of endogenous and exogenous TCR on Jurkat T cells following gene transfer of TCR␣␤ or TCR␣␤:a
␣␤ MelA/A2

First TCR
Second TCR

⫺

␣␤ M1/A1

␣␤: M1/A1

␣␤ gp100/A2

␣␤: gp100/A2

␣␤ EBNA4/A11

␣␤: EBNA4/A11

6.9
3.3

3.2
2.4

6.4
3.1

2.8
0.7

6.5
3.6

1.1
0.8

5.3
3.2

2.5
1

8.4
26

7.2
0.7

a

Endogenous TCR (MFI)
Anti-first TCR-V␤ mAb
First TCR-specific multimer
Exogenous TCR (MFI)b
Anti-second TCR-V␤ mAb
Second TCR-specific multimer

20
8

41
13

19
2

a
Jurkat T cells were stained for aendogenous TCR (i.e., MelA/A2 TCR as a first TCR) or b exogenous TCR (i.e. M1/A1, gp100/A2, or EBNA4/A11 TCRs as second TCRs)
either with the corresponding anti-TCR-V␤ mAb (i.e., anti-TCR-V␤27, V␤9, V␤12, or V␤2 mAbs for MelA/A2, M1/A1, gp100/A2, and EBNA4/A11 TCRs, respectively) or
pMHC multimers and analyzed by flow cytometry. Data represent MFI values of one of three independent experiments with similar results.

and again independent of Ag specificity used, TCR␣␤: showed
enhanced surface expression levels in dual TCR T cells when compared with the corresponding nonmodified TCR␣␤ (Table II,
exogenous TCR).
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Highly preferred pairing between TCR␣: and ␤: but not
TCR␣ and ␤ in dual TCR T cells
To extend our flow cytometry data and provide direct evidence that
TCR␣: and ␤: transgenes pair correctly, we used flow cytometry-based FRET as a measure of molecular distance (i.e., extent of
TCR pairing) between TCR␣ and ␤ chains. MelA/A2 TCR␣␤positive Jurkat T cells were transduced with M1/A1 TCR␣␤ or
␣␤: and were labeled with donor and acceptor conjugated Abs
that corresponded either to correctly paired TCR transgenes (i.e.,
TCR-V␣19 and V␤9 mAbs) or mispaired TCR transgenes (i.e.,
TCR-V␣19 and V␤27 mAbs). It is important to note that FRET
efficiencies ⬎5% represent a significant association between the
TCR chains under study, in case their surface expression levels are
in a normal range (5 ⫻ 104–5 ⫻ 105 molecules per cell) and the
applied fluorophores express average brightness. FRET efficiencies ⬍5%, although not implying that there is no pairing of TCR
chains, do not allow distinction between significant and nonsignificant interactions due to energy transfer by chance and experimental error (34, 37, 38). FRET values of Jurkat T cells expressing
only M1/A1 TCR␣␤ or ␣␤: (single TCR T cells) were used as a
reference for correct and format-independent TCR pairing. In a
dual TCR setting, we observed that correct pairing of M1/A1 TCR
chains was statistically significantly impaired when introducing
TCR␣␤ but remained unchanged (relative to single TCR T cells)
when introducing TCR␣␤: (Fig. 5, A and B). Consequently, TCR
mispairing was only evident between M1/A1 TCR␣ and MelA/A2
TCR␤, but not between M1/A1 TCR␣: and MelA/A2 TCR␤:,
the latter combination showing background levels of energy transfer (Fig. 5C). Direct proof of lack of mispairing between
TCR␣19: and ␤27 confirmed the observation that surface expression of TCR␤27 is not affected as a consequence of TCR␣␤: gene
transfer (Fig. 2B). Moreover, the histogram distribution of FRET
values, being broad and showing left-handed shoulders in the case
of M1/A1 TCR␣␤, suggests that the majority of, but not all,
M1/A1 TCR␣ chains mispair. In contrast, measurements based on
M1/A1 TCR␣␤: result in homogenous FRET histograms confirming a uniform pairing of TCR␣: and ␤: (Fig. 6).
TCR␣␤: assembles independently of CD3␥, ␦, and  in T cells
To better understand the mechanism underlying the highly preferred pairing between TCR␣: and ␤: transgenes, we decided to
study the TCR/CD3 stoichiometry as a consequence of TCR format. First, cell lysates of TCR-transduced Jurkat T cells were immunoprecipitated with either anti-TCRV␤9, CD3␥, CD3␦, or

FIGURE 5. Highly preferred pairing between TCR␣: and ␤: but not
TCR␣ and ␤ in dual TCR T cells. Jurkat T cells expressing either M1/A1
TCR␣␤ or TCR␣␤: in the absence or presence of MelA/A2 TCR␣␤ (i.e.,
single and double TCR T cells, respectively), previously enriched by FACS
with anti-TCR V␣19 and V␤9 mAbs (specific for M1/A1 TCR), were
stained with donor- and acceptor-conjugated anti-TCR␣ and ␤ mAbs and
analyzed for FRET efficiency using a FACSCalibur dual-laser flow cytometer as described in Materials and Methods. As a measure of correct TCR
pairing T cells were stained either with (A) Cy5-labeled anti-TCR V␣19
and Cy3-labeled anti-TCR V␤9 mAbs, or (B) Cy3-labeled anti-TCR V␣19
and Cy5-labeled anti-TCR V␤9 mAbs, whereas as a measure of TCR mispairing T cells were stained with (C) Cy5-labeled anti-TCR V␣19 and
PE-labeled anti-TCR V␤27 mAbs. Please note that FRET measurements
between M1/A1 and MelA/A2 TCR chains were limited to donor-labeled
TCR␤ and acceptor-labeled TCR␣ chain due to lack of Cy5 (donor) labeled TCR-V␤27 Ab. Also, single M1/A1 TCR T cells (not transduced
with MelA/A2 TCR) were not exposed to FRET measurements with Cy5labeled anti-TCR V␣19 and PE-labeled anti-TCR V␤27 mAbs. TCR␣ was
stained indirectly, whereas TCR␤ was stained directly (see Materials and
Methods for details). The bars represent mean FRET values ⫾ SEM of
three independent measurements. ⴱ, A statistically significant difference
between TCR␣␤: and TCR␣␤ based on Student’s t test (p ⬍ 0.01).
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CD3 Abs (Figs. 7, A and B). Following gel electrophoresis, Western blotting, and immunodetection with anti-CD3 Ab, we observed that TCR␣␤, but not TCR␣␤:, complexes associate with
CD3, independent of the presence of a second TCR␣␤ (see IP
with anti-TCRV␤9 mAb) (Fig. 7A). As expected, CD3␥ and
CD3␦ complexes were present in all samples (see IP with antiCD3␥ and ␦ Abs) (Fig. 7B). Probing blots with anti-CD3 Ab
revealed that endogenous CD3 forms complexes with TCR␣␤,
but only to a limited extent with TCR␣␤:, and that CD3 was
associated with CD3␥, CD3␦, and CD3 in TCR␣␤, but not
TCR␣␤: complexes (Fig. 7, A and B). These co-IP experiments
point to an assembly between TCR␣␤: and a limited amount of
endogenous CD3 that is independent of CD3␥, ␦, or . Second,
we confirmed the absence of CD3 from intracellular TCR␣␤:
complexes at the surface level by FRET analysis (Fig. 7C). It is
noteworthy that CD3 is the only CD3 component with an extracellular epitope accessible for flow cytometry, thereby enabling the
analysis described. Following labeling of TCR-transduced T cells
with donor- and acceptor-conjugated anti-TCRV␤9 and CD3
Abs, clear energy transfer was only detected for TCR␣␤ but not
TCR␣␤: (Fig. 7C).
TCR␣␤:, in contrast to TCR␣␤, mediates potent intracellular
signaling and does not compromise the signaling ability of
endogenous TCR␣␤ in dual TCR T cells

FIGURE 7. TCR␣␤: assembly and surface expression is independent
of endogenous CD3␥, CD3␦ and CD3. A, M1/A1 TCR␣␤ or TCR␣␤:
are introduced in either TCR-negative Jurkat T cells (nos. 1 and 2, respectively) or Jurkat T cell that already express a MelA/A2 TCR␣␤ (nos. 3 and
4, respectively). TCR-transduced Jurkat T cells were enriched by FACS
using anti-TCR-V␣19 and TCRV␤9 mAbs (specific for M1/A1 TCR).
Cells were lysed in Brij96 and IP with one of the following Abs (A) BL37.2
(TCR-V␤9), OKT3 (CD3-containing dimers) and (B) HMT 3.2 (CD3␥)
and APA 1.2 (CD3␦). Immunoprecipitates were subjected to 7–17% SDSPAGE, transferred to nitrocellulose and immunoblotted with either antiCD3 mAb (M20) or anti-CD3 Ab 448. H, indicates Ig H chain. ⴱ, The
presence of TCR␣␤:. This blot represents one of two independent experiments with similar results. C, TCR-negative Jurkat T were transduced with
M1/A1 TCR␣␤ or TCR␣␤: and enriched by FACS using anti-TCR-V␣19
and TCRV␤9 mAbs. T cells were double-stained either with Cy3-labeled
anti-TCR V␤9 (BL37.2) and Cy5-labeled anti-CD3 (OKT3) (f) or Cy3labeled anti-CD3 and Cy5-labeled anti-TCR V␤9 (䡺) and analyzed for
FRET efficiency by flow cytometry as described in the legend to Fig. 5.
FRET values represent one of two independent experiments with similar
results.

Next, the function of TCR␣␤: and its effect on that of endogenous
TCR␣␤ was tested in dual TCR T cells. To this end, TCR-mediated activation of NFAT was analyzed in Jurkat T cells following
stimulation with TCR␤-specific Abs. NFAT activation upon stimulation with anti-TCR V␤9 mAb was 1.7-fold higher in T cells

expressing M1/A1 TCR␣␤: relative to TCR␣␤ (Fig. 8). Furthermore, NFAT activation through M1/A1 TCR␣␤ was decreased
whereas activation through M1/A1 TCR␣␤: was not affected in
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FIGURE 6. Genetic introduction of TCR␣␤: but not TCR␣␤ induces a
homogenous distribution of FRET values between corresponding as well as
noncorresponding TCR␣ and ␤ chains in dual TCR T cells. Jurkat T cells
expressing either M1/A1 TCR␣␤ (dotted gray line) or TCR␣␤: (black
line) in the presence of MelA/A2 TCR␣␤, previously enriched by
FACS using anti-TCR-V␣19 and V␤9 mAbs, were stained with donorand acceptor-conjugated anti-TCR␣ and ␤ Abs and analyzed for FRET
efficiency using a FACSCalibur dual-laser flow cytometer as described
in Materials and Methods. T cells were stained either with (A) Cy5labeled anti-TCR V␣19 and PE-labeled anti-TCR V␤9 mAbs (as a measure of correct TCR pairing), or (B) Cy5-labeled anti-TCR V␣19 and PElabeled anti-TCR V␤27 mAbs (as a measure of TCR mispairing).
Histograms represent the distribution of FRET values on a cell-by-cell
basis from one of two experiments with similar results.

The Journal of Immunology

the presence of MelA/A2 TCR␣␤; again, a 2.2-fold difference was
observed when comparing TCR␣␤: vs TCR␣␤. The function of
MelA/A2 TCR␣␤ was measured following stimulation with antiTCR V␤27 mAb and appeared similarly sensitive to the format
of the introduced TCR genes. NFAT activation through
MelA/A2 TCR␣␤ is somewhat decreased but clearly detectable
in M1/A1 TCR␣␤:-transduced T cells, whereas it is almost ab-

FIGURE 9. TCR␣␤: mediates Ag-specific functions to a comparable
extent as TCR␣␤ in primary human T cells. The HLA-A1-restricted and
MAGE-A1-specific cytolytic capacity of M1/A1 TCR␣␤: and M1/A1
TCR␣␤-positive T cells was analyzed in 4-h 51Cr-release assays, using
M1/A1-positive MZ2-MEL3.0 melanoma cells as target cells. CTL 82/30
and mock-transduced lymphocytes were used as positive and negative controls, respectively. M1-negative/A1-positive tumor target cells were not
killed by any effector T cells (data not shown). Results from one representative experiment (of three) are shown.

sent and comparable to activation upon stimulation with irrelevant
IgG in M1/A1 TCR␣␤-transduced T cells. Here, Jurkat T cells
expressing TCR␣␤: showed a 2.7-fold higher level of NFAT activation upon activation with anti-TCR-V␤27 mAb than Jurkat T
cells expressing TCR␣␤ (Fig. 8).
Differences observed between TCR␣␤ and TCR␣␤: in their
ability to activate NFAT following stimulation paralleled their
ability to affect NFAT activation upon stimulation of another
TCR␣␤, and are considered to be due to intrinsic properties of the
TCR format. In extension to NFAT activation in TCR-transduced
Jurkat T cells, we have tested primary human T cells transduced
with either M1/A1 TCR␣␤ or TCR␣␤: in chromium release assays. Fig. 9 shows that T cells transduced with either TCR displayed comparable cytotoxic activity toward M1/A1-positive
MZ2-MEL3.0 melanoma cells as target cells. The parental CTL
clone 82/30 and mock-transduced T cells were included as positive
and negative controls, respectively.

Discussion
TCR mispairing is a recognized phenomenon in the field of TCR
gene therapy, which may result in the generation of autoreactive
TCRs, albeit momentarily a theoretical risk, but clearly results in
a diluted level of surface expressed TCR transgenes. A strategy to
address TCR mispairing would therefore not only avoid the generation of unknown TCR specificities but also result in enhanced
surface expression of TCR transgenes and consequently yield T
cells with higher avidity for the Ag of interest (or equivalent TCR
expression/T cell avidity using a lower virus titer). The present
study provides proof for highly preferred pairing between TCR␣
and ␤ chains that are fused to the extracellular, transmembrane,
and intracellular domains of human CD3 and that these TCR␣␤:
chains do not pair with already present TCR␣␤, resulting in improved surface expression levels and Ag-specific functions, while
not affecting expression and function of an already present
TCR␣␤.
The following two strategies have been reported previously to
address TCR mispairing. First, introduction of cysteines at structurally favorable positions in TCR-C␣ and ␤ (20) and second,
replacement of TCR-C domains by the corresponding murine C
domains (i.e., huV:muC) (21). Cysteine modification or murinization of TCR-C␣ and ␤ chains results in enhanced binding of
pMHC as a measure of correct TCR␣␤ pairing, and consequently
in enhanced Ag-specific functions. A combination of both cysteine
modification and murinization is reported to further improve binding of pMHC- and Ag-specific functions (39). A third strategy
pursued to address TCR mispairing is represented by the introduction of reciprocal mutations in the TCR-C domains that prohibit
binding to noncorresponding TCR chains, and although such a
strategy is molecularly feasible it results in mutated TCR chains
that express and functionally perform less than nonmodified TCR
chains (55). TCR surface expression following gene transfer of
only one modified TCR (␣ or ␤) chain modified by either one of
these strategies or a combination of a modified TCR chain and the
corresponding nonmodified TCR chain resulted in a reduced yet
clearly detectable surface expression when compared with nonmodified TCR␣␤ chains (20, 21). In addition, the ability of these
modified TCRs to address TCR mispairing appears to depend on
the TCR-V regions of the nonmodified TCR chains (22). In contrast, TCR␣: and TCR␤: do not mispair with endogenous
TCR␣␤ as evidenced by nonsurface expression of either of these
chains following gene transfer of only one modified TCR chain
and show a high and coordinated surface expression following
gene transfer of both TCR␣: and TCR␤: chains (Fig. 2 and Table
I). These data confirm our earlier findings (6) and were extended
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FIGURE 8. TCR␣␤: mediates potent NFAT activation and does not
compromise activation of NFAT mediated by an already present TCR␣␤ in
dual TCR T cells. The following Jurkat T cells were nucleofected with an
NFAT reporter and ␤-galactosidase construct as described in Materials and
Methods: TCR-negative T cells (䡺); single TCR T cells expressing either
MelA/A2 TCR␣␤ (f), M1/A1 TCR␣␤ (o) or M1/A1 TCR␣␤: (u); and
dual TCR T cells expressing either MelA/A2 TCR␣␤ and M1/A1 TCR␣␤
(z) or MelA/A2 TCR␣␤ and M1/A1 TCR␣␤: (s). Jurkat T cells were
enriched by FACS using anti-TCR-V␣19 and TCRV␤9 mAbs before
NFAT reporter assays. T cells were stimulated for 6 h with either anti-TCR
V␤9, V␤27 or irrelevant Abs. Luciferase activities were determined in cell
lysates, normalized for ␤-galactosidase activities, and expressed relative to
a nonstimulated condition (i.e., medium only: RLU ⫽ 0.04 in presented
experiment and is set to 1.0). The bars represent mean RLU values ⫾ SEM
of three independent measurements. Numbers above bars indicate the average fold difference between NFAT activation downstream of TCR␣␤:
vs TCR␣␤.
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to three sets of TCR␣␤s. Using TCRs specific for M1/A1, gp100/
A2, and EBNA4/A11, we observed that the surface expression of
an endogenous TCR␣␤ (MelA/A2 TCR) was not compromised
upon gene transfer of TCR␣␤: but not TCR␣␤ (Fig. 4 and Table
II, endogenous TCR). Consequently, the expression of the introduced TCR␣␤: was enhanced when compared with TCR␣␤ for
all three Ag specificities (Table II, exogenous TCR). Importantly,
TCR␣␤ genetically linked to CD3 represents the first strategy for
which direct evidence is provided for highly preferred pairing between TCR␣: and TCR␤: using flow cytometry FRET and Abs
directed either to corresponding or noncorresponding TCR␣ and ␤
chains. The energy transfer between corresponding TCR chains
(i.e., M1/A1 TCR␣19 and ␤9) is significantly decreased in the case
of TCR␣␤ but not TCR␣␤: when comparing dual vs single TCR
T cells (Fig. 5, A and B). Vice versa, the energy transfer between
noncorresponding TCR chains (i.e., M1/A1 TCR␣19 and Mel/A2
TCR␤27) was only significantly detectable in case of TCR␣␤ but
not TCR␣␤: (Fig. 5C). Moreover, the histogram distribution of
energy transfer values for TCR␣␤:, being homogenous and having a small width points to a more uniform pairing of TCR␣␤:
when compared with TCR␣␤ (see Fig. 6). We believe that
TCR␣␤: successfully prevents TCR mispairing, although one
cannot exclude that depending on TCR-V domains TCR␣␤: may
pair to a small extent with some TCR␣␤, as suggested by a small
but not statistically significant down-regulation of MelA/A2
TCR␣␤ following introduction of TCR␣␤: specific for EBNA4/
A11 (see Fig. 4 and Table II, endogenous TCR).
Co-IP and FRET analyses point to an assembly between
TCR␣␤: and a limited amount of endogenous CD3 that is independent of CD3␥␦ (Fig. 7). CD3-independent assembly/surface
expression of TCR␣␤: may explain why this TCR format successfully prevents TCR mispairing and consequently results in
high TCR surface expression. The TCR/CD3 complex is composed of different single-spanning transmembrane proteins: the
TCR␣␤ heterodimer that is responsible for pMHC ligand recognition, and the noncovalently associated CD3␥, CD3␦, and
CD3 dimers. Upon ligand binding, a change in the conformation
of the TCR with respect to the membrane is a likely first step in
TCR signaling (40), thereby establishing a molecular platform for
productive TCR engagement, allowing recruitment of Nck, CD3ITAM phosphorylation, and subsequent docking and activation of
a large number of signaling components (41– 43). The assembly of
the TCR/CD3 complex is governed by interactions between the
transmembrane domains of TCR␣␤ and CD3 dimers, and to some
extent by interactions between ectodomains (40, 44). The interaction between CD3␦ and an extracellular loop in TCR-C␣ helps
stabilize CD3␥ within the complex (which interacts with a
TCR-C␤ loop) and contributes to TCR-mediated signaling. Pairs
of acidic transmembrane residues present in the CD3 dimers contact the basic TCR transmembrane residues (K and R) and direct
TCR:CD3 assembly. In case of the TCR␣␤:, the extracellular
TCR loops are present but the transmembrane domains of TCR␣
and ␤ are replaced by those of CD3, thereby providing residues
including a cysteine that induces dimerization between TCR␣:
and ␤: and at the same time prevent TCR docking of CD3␦ and
CD3␥ dimers. TCR␣␤: (or CD3 for that matter) does not recruit CD3␥␦ which ensures expression of functional ER retention
signals of CD3 assembly intermediates (45) and refrains CD3␥
and CD3␦ dimers from surface expression. Therefore, total
TCR␣␤: surface expression appears not to be regulated by accessory molecules such as CD3 components and, as a consequence
is regulated differently in comparison to total surface expression of
nonmodified TCR␣␤. In support of this notion, TCR␣␤: but not
TCR␣␤ expresses at the surface of non-T cells (i.e., epithelial ret-

roviral packaging cells 293T; data not shown). Some TCRs, as
determined by their TCR-V regions, only show weak surface expression and are not able to replace other TCRs on the cell surface
(41, 42). These TCRs, but not more dominant TCRs, are expected
to benefit most from cysteine modification and/or murinization to
result in exchange of Ag specificity following TCR gene transfer
(46, 47). In contrast, TCR␣␤: does not compete for available CD3
subunits and appears not dominant over an endogenous TCR␣␤
because both TCRs are coexpressed in a dual TCR T cells (see Fig.
3), making the TCR␣␤: strategy more universal with respect to
TCR-V regions. In addition, the enhanced surface expression and
function of TCR␣␤: may be linked to TCR-interacting molecule,
an adaptor molecule that normally associates with CD3 and contributes to TCR expression and signaling (48). Also, the absence of
glycosylation sites that are normally present in TCR-C␣ and ␤ (a
total of four sites in human TCR␣␤) may result in enhanced expression and avidity of TCR␣␤: (55). To analyze the TCR␣␤:
format in more detail, it is important to note that the TCR␣: and
␤: chains contain the cysteine residues responsible for the interchain disulphide bridge, but the extracellular connecting peptide
motif, transmembrane and intracellular domains of TCR␣ and ␤
are replaced by CD3. Connecting peptide motifs ␣ and ␤ may
affect the calcium pathway (49, 50), the transmembrane and intracellular domains of TCR␤ may recruit the adaptor CARMA-1
which feeds into the NF-B pathway (51), and the intracellular tail
of TCR␣ may affect CD3␥ phosphorylation and TCR down-regulation (52). Because each of the replaced domains is reported to
contribute to Ag-specific responses in murine T cells, we functionally analyzed TCR␣␤: in dual TCR T cells. We observed that
TCR␣␤: mediates potent NFAT activation and does not compromise NFAT activation of an already present TCR␣␤ in dual TCR
Jurkat T cells (Fig. 8), which makes it unlikely for TCR␣␤: to
mediate impaired calcium signaling because calcium is a necessary
upstream mediator of NFAT activation. In fact, TCR␣␤: results
in enhanced NFAT activation when compared with nonmodified
TCR␣␤ (Fig. 8), possibly due to phosphorylation of three ITAMs,
downstream activation of phospholipase C␥1 and calcium mobilization. Although we cannot exclude that TCR␣␤: affects NF-B
signaling and/or TCR down-regulation, this TCR has been extensively validated for tumor Ag-specific responses in primary human
T cells such cytotoxicity and IFN-␥ and TNF-␣ production (see
Fig. 9 and Refs. 6, 31, 32). Also, TCR:CD8␣ interactions were
studied in primary human T cells by FRET and revealed no differences between TCR␣␤: and TCR␣␤ (data not shown). In fact,
these findings extend earlier observations that T cells are operational in the absence of CD3 components and/or their phosphorylation motifs (53, 54). Current research aims at reintroduction of
those TCR domains into the TCR␣␤: format that are responsible
for association with endogenous CD3 components in an effort to
generate a modified TCR that shows an improved functional versatility as well as an ability to down-regulate the expression of
endogenous TCR and thereby limiting, at least theoretically, the
self-reactivity of ignorant T cells (those T cells that have escaped
mechanisms of tolerance).
In closing, the TCR␣␤: successfully prevents TCR mispairing,
shows high surface expression on T cells, mediates Ag-specific
functions in primary T cells, and does not compromise surface
expression and function of an already present TCR␣␤. This TCR
format warrants further studies into TCR engineering to improve
safety and efficacy of TCR gene therapy.
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