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The identification and cloning of tumor antigen-specific T cell receptors (TCRs) and the production of the
soluble form of the TCR (sTCR) contributed to the development of diagnostic and therapeutic tools for
cancer. Recently, several groups have reported the development of technologies for the production of
sTCRs. The native sTCR has a very low binding affinity for the antigenic peptide/MHC (p/MHC) complex.
In this study, we established a technology to produce high affinity, functional sTCRs. We generated a
novel sTCR-Fc fusion protein composed of the TCR V and C regions of the TCR linked to the immunoglob-
ulin (Ig) Fc region. A Western blot analysis revealed that the molecular weight of the fusion protein was
approximately 60 kDa under reducing conditions and approximately 100–200 kDa under non-reducing
conditions. ELISAs using various antibodies showed that the structure of each domain of the TCR-Fc pro-
tein was intact. The TCR-Fc protein immobilized by an anti-Cb antibody effectively bound to a p/MHC tet-
ramer. An SPR analysis showed that the TCR-Fc protein had a low binding affinity (KD; 1.1 � 10�5 M) to
the p/MHC monomer. Interestingly, when the TCR-Fc protein was pre-incubated with an anti-Cb anti-
body, its binding affinity for p/MHC increased by 5-fold (2.2 � 10�6 M). We demonstrated a novel method
for constructing a functional soluble TCR using the Ig Fc region and showed that the binding affinity of the
functional sTCR-Fc was markedly increased by an anti-Cb antibody, which is probably due to the stabil-
ization of the Va/Vb region of the TCR. These findings provide new insights into the binding of sTCRs to p/
MHCs and will hopefully be instrumental in establishing functional sTCR as a diagnostic and therapeutic
tool for cancer.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

T cell receptors (TCRs) are antigen recognition molecules that
are expressed on the surface of T cells. They specifically recognize
the antigenic peptide that is presented by the major histocompat-
ibility complex (p/MHC) [1,2]. In tumor immunity, the tumor cells
or their antigens are ingested by antigen presenting cells (APCs).
The tumor antigens (TAs) are then processed inside the APCs,
and the peptides derived from these antigens are displayed on
class I MHC molecules, which are recognized by CD8+ T cells. APCs
express costimulatory molecules that provide the signals necessary
for the differentiation of CD8+ T cells into anti-tumor cytotoxic T
lymphocytes (CTLs), which kill tumor cells [3].

The identification of TCRs that specifically recognize the TA-
specific p/MHC complex is extremely valuable for developing tools
for tumor diagnosis or TCR therapy. However, the identification of
TA-specific TCRs is difficult because the establishment of TA-spe-
cific T cell clones entails large amounts of time, money, and labor
ll rights reserved.
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for only a few clones. Nevertheless, many groups have been suc-
cessful in establishing TA-specific T cell clones and analyzing the
TCR genes and their properties, including their affinity and binding
capacity for p/MHC.

Because the TCR is a transmembrane protein, it is necessary to
generate a soluble form (sTCR) for its application as a diagnostic
and therapeutic tool for cancer [4–6]. Thus, many investigators
have constructed sTCRs using various methods and have character-
ized their various functions [7–17]. The results show that the affin-
ity (KD value) of the wild-type soluble form of p/MHC is very low
compared to that of antibodies, ranging from 1 to 100 � 10�6 M by
SPR-based assays [1,18,19]. Specifically, the dissociation rate of
TCRs is very fast (kd, 1–10 � 10�2 s�1) compared to antibodies
(kd, 1–100 � 10�5 s�1), which leads to the formation of an unstable
complex between the soluble TCR and the antigenic p/MHC. To in-
crease the binding affinity, the CDR3 of the TCR V region has been
optimized by amino acid replacements [20–22]. However, it is dif-
ficult to routinely perform optimal amino acid replacements.

In this study, to improve the sTCR affinity for p/MHC, we
constructed a novel sTCR by removing the transmembrane and
cytoplasmic domains of a TCR derived from the OT-1 TCR and
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directly fusing the extracellular portion of the TCR with the Ig Fc
region. The resulting sTCR-Fc bound to the p/MHC complex with
an affinity of 10 � 10�6 M. Surprisingly, the binding affinity, which
was determined by an SPR analysis, was increased by 5-fold by
crosslinking the sTCR-Fc with an anti-Cb antibody. We found that
this profound increase in affinity was due to a decrease in the kd

of the sTCR. Additionally, the sTCR-Fc bound to the p/MHC tetra-
mer in an ELISA in the presence of an anti-Cb antibody. Our data
indicate that the binding affinity of an sTCR-Fc is easily improved
by adding an anti-Cb antibody, which may promote its use as a
diagnostic or therapeutic tool for cancer.
2. Material and methods

2.1. Ethics statement

The protocols for the animal experiments were approved by the
Committee on Animal Experiments at the University of Toyama.

2.2. Antibodies and peptide MHC

In this study, we used an anti-mouse TCR Cb (anti-Cb) antibody
(H57–597, eBioscience), a PE-labeled anti-Cb antibody (eBio-
science), an anti-mouse Va2 antibody (eBioscience), a PE-labeled
anti-mouse Va2 antibody (eBioscience), an anti-human IgG Fc
(anti-Fc) antibody (MP Biomedicals), a biotinylated anti-mouse
Vb5.1, 5.2 antibody (BD Bioscience), PE-labeled streptavidin (BD
Bioscience), the alkaline phosphatase conjugate of the anti-IgG
antibody (Sigma), the PE-labeled T-select H-2Kb OVA tetramer-
SIINFEKL (OVA-p/MHC tetramer; MBL), and the biotinylated
H-2Kb OVA monomer-SIINFEKL (OVA-p/MHC monomer; MBL).
We also used the PE-labeled T-Select H-2Kb b-galactosidase tetra-
mer-DAPIYTNV (b-gal-p/MHC tetramer; MBL) and the biotinylated
H-2Kb b-galactosidase monomer-DAPIYTNV (b-gal-p/MHC mono-
mer; MBL) as irrelevant controls.

2.3. Generation of OT-1 TCR-Fc constructs

OT-1 TCR transgenic mice whose transgene encoded TCR that
recognized the OVA-derived peptide (SIINFEKL) in the presence
of the MHC I allele H-2Kb [23] were obtained from The Jackson Lab-
oratory. To generate OT-1 aTCR-Fc and OT-1 bTCR-Fc expression
vectors, spleen cells were prepared from the OT-1 TCR transgenic
mouse and the OT-1 TCR Va/Ca and the OT-1 TCR Vb/Cb cDNAs
were amplified by reverse transcription and polymerase chain
reaction (RT-PCR) with primer sets for Va + Ca (50-CTCTAACGCGT
CGACTCGTGATCGACCATGGACAAGATTCTGAC-30 and 50-ATTCTACG
CGGATCCGCGCTTACTGACCAGCTTGACATCACAGG-30) and for
Vb + Cb (50-CTCTAACGCGTCGACTCGTGATCGACCATGTCTAACACTG
TCCT-30 and 50-ATTCTACGCGGATCCGCGCTTACTCACCGAGGTAAAG
CCACAGT-30). Both PCR products were digested by the restriction
enzymes SalI and BamHI and were inserted into SalI and BamHI
digested expression vectors that contained the human Ig Fc cDNA,
including the hinge region and the CH2 and CH3 regions.

2.4. Production and purification of OT-1 TCR-Fc

We co-transfected CHO-S cells (Invitrogen) with both the OT-1
aTCR-Fc and OT-1 bTCR-Fc expression vectors using the
FreeStyleTM MAX CHO Expression System (Invitrogen) for one
week, collected the supernatant from the cultured cells, and then
purified the OT-1 TCR-Fc using a protein G column (GE Healthcare).
We purified a/b heterodimer of OT-1 TCR-Fc by Cb and Va2 affinity
chromatography on Sepharose coupled with anti-Cb and anti-Va2
antibody, respectively, which were generated using NHS-activated
Sepharose 4 Fast Flow (GE Healthcare) according to the manufac-
turer’s instructions. First, we purified 1 mg of protein G column-
purified OT-1 TCR-Fc protein using Cb affinity chromatography.
After elution, we purified the protein using Va2 affinity chroma-
tography by AKTA prime plus system (GE Healthcare) according
to the manufacturer’s instructions. To determine the concentration
of the purified OT-1 TCR-Fc protein, the OT-1 TCR-Fc protein was
captured with an anti-Fc antibody and detected with an alkaline
phosphatase conjugate of an anti-IgG antibody. Concentrations of
the OT-1 TCR-Fc protein were estimated based on a comparison
to control IgG1 antibodies. To determine the purity of a/b hetero-
dimer, we calculated the purity by comparing the purified protein
to the control single-chain TCR protein [15] that consists of 100%
Va/Vb/Cb region of OT-1 TCR by sandwich ELISA with anti-Cb
and anti-Va2 antibody.
2.5. ELISA and surface plasmon resonance (SPR) analysis

Black MaxiSorp FluoroNuncTM modules and plates (Nunc) were
coated with 50 ll well–1 of 2.5 lg ml–1 of the anti-Cb antibody or
the anti-Fc antibody in phosphate-buffered saline (PBS) and then
blocked with 3% bovine serum albumin in PBS. After washing,
5 nM of the OT-1 TCR-Fc was added to the plate and incubated
for 1 h at room temperature. The binding of the OT-1 TCR-Fc to
the coated antibody was detected using the OVA-p/MHC tetramer.
As a negative control, a similar analysis was also performed using a
b-gal-p/MHC tetramer. The PE fluorescence intensity was mea-
sured using an excitation wavelength of 544 nm and an emission
wavelength of 590 nm with a FLUOstar OPTIMA fluorescence
microplate reader (BMG LABTECH), according to the manufac-
turer’s instructions.

Surface plasmon resonance analysis was performed with a Bia-
core 2000 instrument (Biacore AB, Uppsala, Sweden) in HBS-N run-
ning buffer containing 0.05% Tween 20 at 25 �C. The OVA-p/MHC
monomer was immobilized to the surface of an SA sensor chip
(GE Healthcare), with final immobilization levels of approximately
5000 RU, according to the manufacturer’s instructions. For the ki-
netic measurements, 200 nM of the OT-1 TCR-Fc in the absence
or presence of 33 nM of the anti-Cb antibody was injected into
the HBS-N running buffer, containing 0.05% Tween-20, at flow
rates of 20 ll min�1 with 3 min for association and 15 min for dis-
sociation. Similarly, 100, 50, 25, 12.5, or 0 nM of the OT-1 TCR-Fc in
the absence or presence of 16.5, 8.3, 4.1, 2.1, or 0 nM of the anti-Cb
antibody was injected. As negative controls, a similar analysis was
performed using the b-gal-p/MHC monomer. The binding affinity
(KD) values were calculated after subtracting the background bind-
ing to a control flow cell using the bivalent binding model for the
kinetic analysis with the BIAevaluation 4.1 software (Biacore AB).
For the calculation, we used the corrected concentration of the
OT-1 TCR-Fc protein according to the purity of a/b heterodimer.
3. Results

3.1. Generation and characterization of soluble TCR proteins

We designed and constructed four different types of sTCRs: (1)
scFV-TCR, (2) sVC-TCR, (3) scTCR-Fc, and (4) sTCR-Fc (Supplemen-
tary Fig. 1). We found that the scFV-TCR protein was easily pro-
duced by transfecting the expression vector into Escherichia coli
and purifying the proteins from inclusion bodies, but an SPR anal-
ysis showed no or extremely low binding affinity of this protein to
the peptide/MHC (data not shown). We could not produce suffi-
cient amounts of the sVC-TCR and scTCR-Fc protein for unknown
reasons, although we tried various transfection systems (data not
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shown). We were able to produce the sTCR-Fc fusion protein using
CHO-S cells.

We constructed an Fc-fusion protein with an OT-1 TCR that rec-
ognizes an OVA-derived peptide (SIINFEKL) [23]. The TCR portion
of this fusion protein comprises the TCR Va/Ca region and the
Vb/Cb region. The transmembrane and cytoplasmic domains of
Ca or Cb were removed by truncating them at the fifth amino acid
residue of the TCR located downstream of the last cysteine residue
and upstream of the transmembrane domain. The Ca and Cb por-
tions of the OT-1 TCR were linked directly to the Fc portion of a hu-
man IgG1 chain that included a hinge region. The cysteine residues
in the hinge region were intact, which allowed appropriate disul-
fide bonding of the H chain regions, and thus the OT-1 TCR-Fc pro-
tein was produced as a dimer with a covalent linkage.

To characterize the OT-1 TCR-Fc protein, the purified protein
was subjected to SDS–PAGE and Western blot analysis (Fig. 1A).
Under reducing conditions, proteins of approximately 60 kDa were
detected, which is consistent with the calculated molecular mass
for this protein based on its predicted amino acid sequence. Under
non-reducing conditions, proteins of approximately 100–200 kDa
were detected. The apparent shift in molecular mass of the OT-1
TCR-Fc protein under reducing vs. non-reducing conditions indi-
cated that there were disulfide bonds between the H chains of cys-
teine residues. Therefore, the OT-1 TCR-Fc proteins formed a
dimeric structure.
Fig. 1. Characterization of the OT-1 TCR-Fc protein. (A) The examination of the dimer for
under either reducing (R) or non-reducing (N) conditions. The OT-1 TCR-Fc protein wa
antibody. (B) The examination of the OT-1 TCR-Fc domains. The OT-1 TCR-Fc protein or an
Va, Cb, and Vb domains was assessed using PE-labeled antibodies to Va (left), Cb (middle
protein. The OT-1 TCR-Fc protein or an IgG (control) was immobilized by an anti-Cb (left)
or anti-Cb antibody, respectively. (D) The reactivity of the OT-1 TCR-Fc protein with p/MH
OVA-p/MHC tetramer or a b-gal-p/MHC tetramer (control) was assessed by incubation w
data represent the mean ± SD.
To determine whether the structure of each domain (Va, Vb, or
Cb) was intact, we performed a sandwich enzyme-linked immuno-
sorbent assay (ELISA). When the OT-1 TCR-Fc protein was immobi-
lized by an anti-Fc antibody, antibodies specific to Vb5.1/5.2, Cb,
and Va2 bound to the OT-1 TCR-Fc proteins (Fig. 1B). Although
the OT-1 TCR-Fc proteins were covalently linked as a dimer
(Fig. 1A), dimers formed not only as a/b heterodimers, but also as
a/a or b/b homodimers. To determine whether the purified OT-1
TCR-Fc protein contained the a/b heterodimer form, we pre-coated
another sandwich ELISA. When the OT-1 TCR-Fc protein was immo-
bilized by an anti-Cb antibody, the Va2 of the OT-1 TCR-Fc protein
was detected (Fig. 1C). Similarly, when the OT-1 TCR-Fc was immo-
bilized by an anti-Va2 antibody, the Cb of the OT-1 TCR-Fc protein
was detected (Fig. 1C). These results suggest that the structures of
each domain were intact. Next, we determined the purity of a/b
heterodimer of OT-1 TCR-Fc protein using sandwich ELISA. The
purity of pre- and post-purification was estimated to be approxi-
mately 15% and 45%, respectively (Supplementary Fig. 2).
3.2. p/MHC binding to the OT-1 TCR-Fc protein

The OT-1 TCR specifically recognizes the OVA (SIINFEKL)-pep-
tide and the MHC complex (OVA-p/MHC). To determine whether
the OT-1 TCR-Fc protein recognized the OVA-p/MHC, we used a
pre-coated ELISA. The OT-1 TCR-Fc was incubated with an
m of the OT-1 TCR-Fc protein. The OT-1 TCR-Fc protein was separated by SDS–PAGE
s detected by Western blotting using a horseradish peroxidase-conjugated anti-Fc

IgG (control) was immobilized by an anti-Fc antibody, and the conformation of the
), or Vb (right). (C) The examination of the a/b heterodimer form of the OT-1 TCR-Fc
or anti-Va antibody (right), and Va and Cb were detected using a PE-labeled anti-Va

C. The OT-1 TCR-Fc protein was immobilized by an anti-Cb and its reactivity to the
ith their PE-conjugates. (B–D) The Y-axis shows the fluorescence intensity. All of the



Fig. 2. Surface plasmon resonance (SPR) analysis of the OT-1 TCR-Fc protein. SPR measurements of individual analytes are shown: the OT-1 TCR-Fc protein alone (A), and the
OT-1 TCR-Fc protein that was pre-incubated with an anti-Cb antibody (B). For each sensorgram, the nonspecific responses to empty sensor chips were subtracted.
Representatives of two independent experiments with similar results are shown.
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anti-Cb antibody pre-coated plate. After washing, the OT-1 TCR-Fc
was incubated with OVA-p/MHC tetramers to examine whether
the OT-1 TCR-Fc protein bound to the OVA-p/MHC tetramer. The
OT-1 TCR-Fc protein that bound to the plate coated with the anti-
Cb antibody bound the OVA-p/MHC tetramer (Fig. 1D). The control
p/MHC tetramer did not bind to the OT-1 TCR-Fc protein (Fig. 1D).
These results demonstrate that the OT-1 TCR-Fc protein immobi-
lized with an anti-Cb antibody bound to the OVA-p/MHC tetramer.
3.3. Improvement of the binding affinity of the OT-1 TCR-Fc protein

To investigate the effect of the anti-Cb antibody on the OT-1
TCR-Fc protein, we performed surface plasmon resonance (SPR) as-
says using an OVA-p/MHC monomer-bound chip. The sensorgram
of the OT-1 TCR-Fc protein with the OVA-p/MHC monomer showed
very low binding affinity with a very fast dissociation rate (Fig. 2A).
The binding affinity (KD) of the OT-1 TCR-Fc protein with the OVA-
p/MHC monomer was estimated to be 1.1 � 10�5 M. The KD value
of our results using purified a/b heterodimer was 1.1 � 10�5 M,
which was almost comparable (1.7-fold lower) to that of Alam et
al. study (6.5 � 10�6 M) [24]. In contrast, the binding affinity of
the OT-1 TCR-Fc protein that had been pre-incubated with an
anti-Cb antibody was higher (2.2 � 10�6 M) than that of the OT-1
TCR-Fc protein alone (Fig. 2B). A control p/MHC monomer did
not bind to the OT-1 TCR-Fc protein (data not shown). These re-
sults indicate that the binding affinity of the OT-1 TCR-Fc protein
was increased by the anti-Cb antibody.
4. Discussion

In this study, we generated an sTCR-Fc fusion protein that was
composed of the TCR-V and TCR-C regions of the OT-1-TCR and the
Ig Fc region (Supplementary Fig. 1) and showed that the Va, Vb,
and Cb domains of the fusion protein remained intact (Fig. 1).
Using sandwich ELISAs, we showed that an OT-1 TCR-Fc protein
immobilized by an anti-Cb antibody effectively bound to an OVA-
p/MHC tetramer. Using an SPR assay, we also demonstrated that
the binding affinity of the OT-1 TCR-Fc to the OVA p/MHC mono-
mer was markedly increased by 5-fold when the OT-1 TCR-Fc
was crosslinked by an anti-Cb antibody (Fig. 2).

Many investigators have constructed various sTCRs, such as
heterodimers of the TCR a/b chains [7,8,17], two TCR variable
domains joined into a single chain (scFV-TCRs) [9–12], or a TCR
that was fused to a full-length Ig molecule [13–16]. The affinity
(KD values) of sTCRs for the p/MHC is very low (with the range
of 1–100 � 10�6 M) compared to that of antibodies [1,18,19]. The
low affinity of sTCRs is one of the major hurdles to their therapeu-
tic and diagnostic application. Thus, several investigators have at-
tempted to improve their binding affinity with two technologies.
One such technology involves optimization of the CDR3 of the
TCR V region by amino acid replacement [20–22], which signifi-
cantly increased the affinity of TCRs by at least �103-fold. The
other technique uses TCR phage display technology [25]. This tech-
nology dramatically increased the affinity of TCRs by at least �106-
fold [25]. However, these technologies are difficult to perform in
ordinary laboratories. In the present study, we demonstrated that
the binding affinity of an sTCR-Fc is easily improved by the addi-
tion of an anti-Cb antibody.

The OT-1 TCR-Fc protein itself is monovalent, and crosslinking
the OT-1 TCR-Fc protein with an anti-Cb antibody makes the OT-
1 TCR-Fc protein bivalent, resulting in an increase in the functional
binding capacity (avidity) of the OT-1 TCR-Fc protein, similar to the
case of bivalent antibodies [3]. However, the present study showed
that an anti-Cb antibody enhanced the binding affinity of an sTCR-
Fc fusion protein to an OVA-p/MHC by approximately 5-fold
(Fig. 2). What is the mechanism of the increased affinity of the
sTCR by binding to the anti-Cb antibody?

We propose a stability model in which the anti-Cb antibody sta-
bilizes the Va/Vb domains (FV) of the TCR by binding to an appro-
priate region of the Cb domain. In this respect, Wang et al. showed
that an anti-Cb antibody binds to the looped-out polypeptide of the
Cb domain between the Vb and Cb domains, perpendicular to the
Vb/Cb protein [26]. It is conceivable that the binding of the anti-
Cb antibody to Vb/Cb protein could stabilize the bent position of
the Vb and Cb domains, which in turn could stabilize the FV confor-
mation of the sTCR. To investigate this possibility, we are now ana-
lyzing the effect of the anti-Cb antibody on the relative position of
the Va and Vb domains using fluorescence resonance energy trans-
fer (FRET) analysis.

In conclusion, we have demonstrated the utility of an anti-Cb
antibody in improving the binding affinity of an sTCR-Fc protein.
Our findings may facilitate the use of soluble TCRs as a diagnostic
or therapeutic tool for the treatment of cancer or infectious dis-
eases by improving the binding affinity of soluble TCRs.
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