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1  | INTRODUC TION

Peptide vaccination immunotherapy using human leukocyte anti-
gen (HLA) class I-binding short peptides has been used to induce 
tumor-specific cytotoxic T lymphocytes (CTL) in patients with var-
ious cancers, because various tumor-associated antigens (TAA) 
have been identified.1,2 Generally, TAA-derived peptide vaccination 

induces antigen-specific CTL in cancer patients. We have also ob-
served antigen-specific CTL responses in patients with various car-
cinomas and sarcomas.3,4 For the efficacy of peptide vaccination 
immunotherapy, endogenous expression of the target peptide/HLA 
on cancer cells is required. However, it is difficult to evaluate the 
expression status of a peptide/HLA complex because of the lack of 
a soluble T-cell receptor (TCR) reacting with TAA with high avidity.
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For efficacy of peptide vaccination immunotherapy for patients with cancer, endog-
enous expression of the target peptide/human leukocyte antigen (HLA) on cancer 
cells is required. However, it is difficult to evaluate the expression status of a 
peptide/HLA complex because of the lack of a soluble T-cell receptor (TCR) that re-
acts with tumor-associated antigen (TAA) with high avidity. In the present study, we 
developed two soluble TCR-multimers that were each directed to TAA, survivin-2B 
(SVN-2B) and PBF in the context of HLA-A24 (SVN-2B TCR-multimer and PBF TCR-
multimer, respectively), from CTL clones that were established from peptide-
vaccinated patients. Both TCR multimers could recognize cognate peptide-pulsed 
antigen-presenting cells, C1R-A24 cells, in a CD8-independent method. Moreover, 
the PBF TCR-multimer successfully recognized a PBF peptide naturally presented on 
HLA-A24+PBF+ osteosarcoma cells. Taken together, the results indicated that a TCR-
multimer might be useful for detection of a TAA-derived peptide presented by HLA 
in patients receiving immunotherapy.
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We previously reported an artificial monoclonal antibody (mAb), 
D12, directed to osteosarcoma antigen PBF-derived peptide/HLA-
A2 complex on osteosarcoma cells.5 mAb D12 showed high affinity 
and characteristics of TCR-like specificity, but some cross-reactivity 
to other antigens was observed when using a mAb D12 multimer. 
Generally, the advantage of TCR-like mAbs is their high affinity. 
However, regarding the mAb D12, the specificity of TCR might be 
superior to that of TCR-like mAb.

In the present study, we successfully developed two soluble 
TCR-multimers that were each directed to TAA, survivin-2B and PBF 
in the context of HLA-A24 (SVN-2B TCR-multimer and PBF TCR-
multimer, respectively) from CTL clones that were established form 
peptide-vaccinated patients. Both TCR multimers could recognize 
cognate peptide-pulsed antigen-presenting cells, C1R-A24 cells. 
Although SVN-2B TCR-multimer failed to recognize an endogenous 
peptide/HLA complex, PBF TCR-multimer successfully recognized 
the PBF peptide naturally presented on HLA-A24+PBF+ osteosar-
coma cells.

2  | MATERIAL S AND METHODS

The present study was carried out in accordance with the guidelines 
established by the Declaration of Helsinki and was approved by the 
Ethics Committee of Medical and Biological Laboratories Company, 
Limited, Sapporo Medical University and Higashi-Sapporo Hospital. 
The patients, their families, and healthy donors provided informed 
consent for the use of blood samples in our research.

2.1 | Peptides

Survivin-2B (SVN-2B) peptide (AYACNTSTL),6 PBF peptide (AYRPV 
SRNI)7 and HIV peptide (RYLRDQQLL) were synthesized (>95% pu-
rity) by Sigma-Aldrich Japan (Ishikari, Japan).

2.2 | Cells, antibodies, tetramers and flow 
cytometry analysis

The following cells, antibodies, and tetramers were used for stain-
ing and cell sorting. C1R-A24 cells, lymphoblastoid C1R cells 
transfected with HLA-A*24:02 cDNA, were a kind gift from Dr M. 
Takiguchi (Kumamoto University School of Medicine, Japan). Sup-T1 
cell lines were purchased from the Riken Cell Bank (Tsukuba, Japan). 
Jurkat/MA was kindly donated by Dr Yoshinobu Ichiki (University 
of Occupational and Environmental Health, Japan) and Dr Sjoerd 
H. van der Burg (Leiden University Medical Centre, Netherlands).8 
Osteosarcoma cell lines KIKU, HOS and HOS-A24 were estab-
lished at Sapporo Medical University. CD8-FITC, 7-AAD, and IOTest 
Beta Mark were purchased from Beckman Coulter Inc. (Miami, 
FL, USA). HLA-A*24:02 survivin-2B tetramer (amino acids 80-88; 
AYACNTSTL), HLA-A*24:02 PBF A24.2 tetramer (amino acids 145-
153; AYRPVSRNI), HLA-A*24:02 WT1 modified tetramer (amino 
acids 235-43; CYTWNQMNL), and HLA-A*24:02 HIV-negative 

tetramer (amino acids 584-592; RYLRDQQLL) were purchased 
from Medical and Biological Laboratories Co., Ltd (Nagoya, Japan). 
DAPI was purchased from Vector Laboratories Inc. (Burlingame, 
CA, USA). Cells were first stained with tetramers at 4°C for 15 min-
utes and then stained with an anti-CD8 mAb at 4°C for 15 minutes. 
FACSCanto and FACSCalibur (BD Biosciences, San Diego, CA, USA) 
were used for flow cytometry analysis. CellQuest software (BD 
Biosciences) and FlowJo software (Tree Star, Inc., San Carlos, CA, 
USA) were used for data analysis.

2.3 | CTL clones

Survivin-2B or PBF-specific CTL lines were established in our labo-
ratory using PBMC from SVN-2B or PBF peptide-vaccinated HLA-
A24+ donors, respectively, by a mixed lymphocyte peptide culture 
(MLPC) according to the method described by Karanikas et al.9 
Briefly, antigenic peptides were directly added to PBMC at 10 μg/
mL suspended in a 2-mL medium in a 24-well plate (BD Biosciences), 
and cultures were maintained at 37°C in 5% CO2. On day 2, recom-
binant human interleukin (IL)-2 (50 U/mL; Shionogi Pharmaceutical 
Institute Co., Osaka, Japan) was added. Starting on day 5, half-
medium change and supplementation of IL-2 were carried out every 
other day until day 14. Resultant cells were stained by the tetramer 
at 4°C for 30 minutes at 1:20 dilution and then stained for a further 
20 minutes with FITC-conjugated anti-CD8 mAb. Tetramer-positive 
CTL were detected by FACSAriaII (BD Biosciences). To establish CTL 
clones, tetramer-positive T cells were isolated by single cell sort-
ing using FACSAriaII. Cells were seeded with irradiated allogeneic 
PBMC (1 × 105) in 100 μL AIM-V containing 10% Human AB Serum 
(HS), IL-2 (200 U/mL) and phytohemagglutinin-P (PHA; 7.5 μg/mL; 
Wako Chemicals, Osaka, Japan) in 96-well round-bottom micro-
plates. On day 7, 100 μL AIM-V containing 10% HS and IL-2 was 
added. On day 14, all of the cells that proliferated were collected and 
washed, and the medium was replaced with fresh AIM-V containing 
10% HS and IL-2, followed by maintenance in a 48-well microplate 
at 0.5-1 × 106 cells/well. Finally, ITG-MT3 and FKS-D11P CTL clones 
were established.

2.4 | Cytotoxicity assay

Antigen-specific lytic activity of CTL clone ITG-MT3 was evaluated 
by using a 51Cr release assay. HLA-A24-positive C1R-A24 cells and 
HLA-negative K562 cells in 100 μL complete medium were labeled 
with 3.7 MBq 51Cr for 1 hour at 37°C. For peptide reconstitution as-
says, 1 μmol/L of a synthetic peptide was added 1 hour before in-
troducing effector cells. After 4 hours of incubation with effector 
cells, radioactivities of supernatants were analyzed with a gamma 
counter. Percentage specific lysis was determined by: ([experimen-
tal release − spontaneous release]/[maximum release − spontane-
ous release]) × 100. Antigen-specific lytic activity of CTL clone 
FKS-D11P was evaluated by using a carboxyfluorescein diacetate 
succinimidyl ester (CFSE)-based cytotoxicity assay.10 Target C1R-
A24 cells were labeled with 1 μmol/L 6-CFSE (Wako Pure Chemical 
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Industry, Osaka, Japan) for 10 minutes at 25°C. After two washes, 
CFSE-labeled target cells were cocultured with graded numbers of 
effector T cells for 5 hours at 37°C in 5% CO2 in the presence or 
absence of peptides in 96-well microtiter plates. Whole cells were 
harvested and stained with Kusabira Orange-labeled Annexin-V 

(MBL, Nagoya, Japan) for 15 minutes at 25°C according to the man-
ufacturer’s instructions, and the absolute number of surviving cells 
was determined using a FACSCalibur (BD Biosciences) with the aid 
of CellQuest software (BD Biosciences). Percentage lysis was cal-
culated as follows: ([ET − T0]/[100 − T0]) × 100. ET indicates the 

F IGURE  1 Establishment of anti-survivin-2B (SVN-2B) and anti-PBF CTL clones, ITG-MT3 and FKS-D11P. A, Results of FACS analysis 
of tetramer-positive CD8+ T cells after mixed lymphocyte peptide culture (MLPC) using PBMC of a vaccinated patient (left panel) and 
CTL clones (ITG-MT3 for SNV-2B and FKS-D11P for PBF) after single cell sorting (right panel) are shown. Human leukocyte antigen 
(HLA)-A*24:02-HIV-negative tetramer was used as a control. Proportions of tetramer-positive cells among CD8+ T cells are indicated. B, 
Cytotoxicity of CTL clones against peptide-pulsed C1R-A24 cells at 1 μmol/L or K562 cells at the indicated effector : target ratio (E:T)
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percentage of CFSE+ Annexin-V+ target cells cocultured with effec-
tor cells, and T0 indicates the percentage of CFSE+ Annexin-V+ target 
cells without effector cells.

2.5 | Repertoire analysis of TCR β chains and PCR 
cloning of antigen-specific TCR α/β genes

An IOTest Beta Mark TCR Vβ Repertoire Kit was used for the analysis 
of TCR β chains with antibodies against the following TCR Vβ regions: 
Vβ1, Vβ2, Vβ3, Vβ4, Vβ5.1, Vβ5.2, Vβ5.3, Vβ7.1, Vβ7.2, Vβ8, Vβ9, Vβ11, 
Vβ12, Vβ13.1, Vβ13.2, Vβ13.6, Vβ14, Vβ16, Vβ17, Vβ18, Vβ20, Vβ21.3, 
Vβ22, and Vβ23. The TCR α chain is composed of a TCR alpha chain 
variable region (TRAV), a joining region (TRAJ), and a constant region 
(TRAC). The TCR β chain is composed of a TCR beta chain variable 
region (TRBV), a diversity region (TRBD), a joining region (TRBJ), and 
a constant region (TRBC). Cloning and sequencing of TCR α/β genes 
using PCR were carried out as previously described.11 Briefly, total 
RNA from sorted CTL was prepared with an RNeasy Mini Kit (QIAGEN, 
Hilden, Germany), and an aliquot (1 μg) was subjected to reverse 
transcription using an oligo (dT) primer and SuperScript III (Thermo 
Fisher Scientific, Waltham, MA, USA). First-strand cDNA was ampli-
fied by PCR with coding region-specific primers for TRBV12-3/4 and 
TRBC1/2 (TCR β gene of ITG-MT3), TRBV9 and TRBC1/2 (TCR β gene 
of FKS-D11P), and various TRAV primers and TRAC (TCR α chain).

2.6 | Transfection of TCR genes in lymphoma cells

T-cell receptor α chain/pCDNA3.1 and TCR β chain/pEF6/Myc-His 
plasmids (10 μg each) were transduced into lymphoma cells by elec-
troporation using the Neon Transfection system (Thermo Fisher 
Scientific), and selection was done in a medium containing 0.5 mg/
mL G418 (Roche Diagnostics, Basel, Switzerland) and 5 μg/mL blasti-
cidin (Thermo Fisher Scientific). Expression levels of the transduced 
genes were assessed by flow cytometry with tetramer staining.

2.7 | Analysis of cytokine production and reporter 
gene assay

An IFN-γ ELISPOT assay was carried out as described previously using 
a human IFN-γ ELISPOT set (BD Biosciences).12 Briefly, nitrocellulose-
bottomed 96-well plates were coated with an anti-IFN-γ antibody. 
Wells were washed with PBS and blocked for 2 hours by 10% FBS/
RPMI1640 medium. After washing with PBS, TCR-transfected cells 
were added. Peptide-pulsed C1R-A24 cells were then added to each 
well, and the plates were incubated overnight. The following day, 
media were discarded, and the wells were washed prior to addition 
of a biotinylated secondary antibody. The plates were incubated for 
2 hours and washed, and avidin-enzyme conjugate was added to each 
well. The plates were incubated at room temperature for 1 hour, and 
a 3-amino-9-ethylcarbazole (AEC) substrate (BD Biosciences) was 
added to each well and incubated at room temperature for approxi-
mately 15 minutes. The reaction was terminated by washing with 
water, and detectable spots were counted. The NFAT reporter gene 

F IGURE  2 Cloning of T-cell receptor (TCR) genes of ITG-MT3 
and FKS-D11P. A, Reactivity of anti-TCR Vb antibodies of ITG-MT3 
(upper panel) and FKS-D11P (lower panel) analyzed by FACS. B, 
Clonotype PCR of the TCR Va repertoires of ITG-MT3 and FKS-
D11P. TCR Va genes were amplified using coding region-specific 
primer pairs for various TCR α chains. C, Construction of TCR α and 
β chains of ITG-MT3 and FKS-D11P 
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assay was described previously.8 An NFAT-luciferase reporter gene-
transduced Jurkat/MA cell line was kindly donated by Dr Yoshinobu 
Ichiki (University of Occupational and Environmental Health, Japan) 
and Dr Sjoerd H. van der Burg (Leiden University Medical Centre, 
Netherlands). To measure the activation of TCR-transduced Jurkat/
MA cells by peptide-pulsed C1R-A24 or K562 cells loaded with 0, 
0.01, 0.1, 1, 10, 100 μg/mL of each of the peptides or 100 μg/mL of 
HIV peptide, Jurkat/MA cells were incubated overnight with target 
cells in a 96-well plate. After incubation with various stimuli, the cells 
were analyzed for luciferase activity. Luminescence was subsequently 
measured in a Lumat LB 9506 luminometer (Berthold Technologies 
GmbH & Co. KG, Bad Wildbad, Germany).

2.8 | Recombinant TCR-multimer

DNA sequences of the extracellular domain of TCR α or β chains were 
inserted into the expression vector pXC17.4 or pXC18.4 (Lonza Ltd, 
Basel, Switzerland) using T4 DNA ligase. Constructs of the expres-
sion vector of TCR α or β chains were tagged with a fos-6xHis-tag 
or a jun-BirA-site, respectively. CHO-K1SV GSKO cells (Lonza) were 
transfected with these constructs by electroporation using a Neon 
Transfection system (Thermo Fisher Scientific), followed by limiting 
dilution. Soluble recombinant TCR α and β proteins were dimerized 
by a leucine zipper in the fos-jun interaction (TCR-monomer). The 
soluble TCR-monomer was purified by a Ni-sepharose excel column 
(GE Healthcare, Chicago, IL, USA). After purification, TCR-monomer 
was fractioned by liquid chromatography (AKTA25; GE Healthcare), 
followed by analysis of purity using HPLC (Superdex 200; GE 
Healthcare) (Figures S1 and S2). TCR-monomer was biotinylated at 
BirA-site and multimerized with PE-leveled streptavidin.

2.9 | Human leukocyte antigen-A24 blocking assay

Cells were first treated with mouse IgG1 isotype control or anti-
HLA-A24 mAb clone C7709A2.6 (kindly provided by Dr P. G. Coulie, 
Ludwig Institute for Cancer Research, Brussels Branch). After incuba-
tion at 4°C for 30 minutes, cells were washed once and stained with 
TCR-multimers at 4°C for 1 hour. After TCR-multimer staining, cells 
were washed once and analyzed by flow cytometry using FACSCalibur. 
CellQuest software and FlowJo software were used for data analysis.

2.10 | Surface plasmon resonance analysis

Surface plasmon resonance analysis was carried out using a ProteOn 
XPR36 (Bio-Rad Laboratories, Hercules, CA, USA) according to the 

protocol described by Nahshol et al.13 Briefly, 1 μg/mL of a bioti-
nylated monomer (HLA-A*24:02/SVN-2B peptide, HLA-A*24:02/
PBF peptide or HLA-A*24:02/HIV peptide) in PBS supplemented 
with 0.005% Tween-20 (PBST) was injected at 30 μL/min at 25°C to 
be captured on a NeutrAvidin-immobilized NLC sensor tip (Bio-Rad 
Laboratories, Hercules, CA, USA). Subsequently, 1 mmol/L biotin 
in PBST was injected for blocking. Serially diluted TCR-multimer in 
PBST was injected at 50 μL/min at 25°C. All binding sensorgrams 
were collected and analyzed using ProteOn Manager software 
(Bio-Rad).

2.11 | T-cell receptor-multimer staining and 
immunofluorescence microscopy

Cells were first stained with TCR-multimers at 4°C for 1 hour. The 
cells were fixed with 4% paraformaldehyde and stained with DAPI. 
Immunofluorescence microscopy was carried out using BZ-9000 
(Keyence Corporation, Osaka, Japan) and AxioObserver.Z1 (Carl 
Zeiss, Oberkochen, Germany).

2.12 | Statistical analysis

Results are given as means and standard deviations. Statistical com-
parisons were made using two-tailed Student’s t tests; P-values of 
.05 were considered significant.

3  | RESULTS

3.1 | Induction of antigen-specific CTL clones with 
high avidity

We first attempted to establish SVN-2B- or PBF-specific CTL as 
the source of TCR genes. CTL were induced using PBMC from A24+ 
peptide-vaccinated patients. After mixed lymphocyte peptide cul-
ture (MLPC), PBF or SVN-2B tetramer-positive T cells were induced 
(Figure 1A). After single cell sorting and cell expanding, we estab-
lished eight SVN-2B-specific CTL clones and twelve PBF-specific 
CTL clones, respectively. As shown in Figure 1A, the CTL clones 
ITG-MT3 and FKS-D11P were recognized by SVN-2B tetramer and 
PBF tetramer, respectively. Percentages and absolute numbers 
of tetramer-positive T cells among ITG-MT3 and FKS-D11P cells 
were much higher than those among the other CTL clones (data 
not shown).

ITG-MT3 cells showed strong and specific cytotoxicity against 
C1R-A24 cells that were pulsed with A24-SVN-2B peptides 

F IGURE  3 T-cell receptor (TCR)-transduced T-cell lymphoma cell lines showed reactivity with a specific peptide/human leukocyte 
antigen (HLA)-A*24:02 tetramer. A-C, Tetramer reactivity to TCR-transduced cell lines. Sup-T1 cells (A-C) and Jurkat/MA cells (D,E) were 
used as exogenous TCR-transduced cell lines. Tetramer staining was carried out on the indicated days. WT1 TCR was used as a positive 
control. FACS was carried out on indicated days after TCR gene electroporation. (F-I) Reactivity of TCR-transduced Jurkat/MA cells against 
peptide-pulsed C1R-A24 cells. (F,G) NFAT-luciferase reporter assay of ITG-MT3 TCR- and FKS-D11P TCR-transduced Jurkat/MA cells. (H,I) 
Cytokine production capacity of interferon (IFN)-γ ELISPOT of ITG-MT3 TCR- and FKS-D11P TCR-transduced Jurkat/MA cells. Assays were 
carried out at the indicated effector (TCR-transduced cells) and target (C1R-A24 cells) ratio. E : T, effector : target ratio
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F IGURE  4 Both ITG-MT3 T-cell receptor (TCR) and FKS-D11P TCR showed CD8-independent interaction between TCR and peptide/
human leukocyte antigen (HLA) complex. A, Tetramer reactivity of TCR-transduced J.RT3-T3.5 cells lacking CD8 expression. Negative 
tetramer (HLA-A*24:02/HIV), mIgG1 and anti-pan TCR mAb were used as controls. B, Interference in tetramer reactivity caused by anti-CD8 
antibody. Sup-T1 (CD8+) cells and specific TCR-expressed cells were mixed at a ratio of 9:1 and costained with the tetramer and anti-CD8 
antibody as indicated

F IGURE  5 Survivin-2B (SVN-2B) T-cell receptor (TCR)- and PBF TCR-multimers showed specific reactivity against peptide-pulsed 
antigen-presenting cells. A, Schema of the TCR-multimer. B,C Reactivity of TCR-multimer against peptide-pulsed C1R-A24 cells at the 
indicated concentrations. SVN-2B TCR-multimer (B) and PBF TCR-multimer (C) were constructed from ITG-MT3 and FKS-D11P, respectively. 
D,E Blocking assay using anti-human leukocyte antigen (HLA)-A24 mAb. Peptide-pulsed C1R-A24 cells were incubated with the TCR-
multimer and anti-HLA-A24 mAb (C7709A2.6.) or control mIgG1. (F,G) Immunofluorescence microscopy. Peptide-pulsed C1R-A24 cells were 
incubated with the TCR-multimer. Interaction between SVN-2B TCR and HLA-A*24:02/SNV-2B peptide complex (H) and between PBF TCR 
and HLA-A*24:02/PBF peptide complex (I). J, Analysis of the kinetics between PBF TCR and HLA-A*24:02/PBF peptide complex
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(Figure 1B). Moreover, FKS-D11P cells showed strong and specific 
cytotoxicity against C1R-A24 cells that were pulsed with A24-
PBF peptides at a lower effector : target (E:T) ratio (Figure 1B). 
These results indicated that FKS-D11P TCR could recognize these 
A24/epitope peptide complexes with higher avidity than that of 
ITG-MT3 TCR.

3.2 | Clonotyping of TCR α/β repertoires and 
cloning TCR genes

Next, we identified the TCR Vβ repertoire of ITG-MT3 and FKS-
D11P cells using a TCR Vβ Repertoire Kit, which could account for 
about 70% of the variations in TCR Vβ. We confirmed that the TCR β 
chains of ITG-MT3 and FKS-D11P cells were recognized by anti-TCR 
Vβ8 and Vβ1, respectively (Figure 2A).

ITG-MT3 TCR α and β genes were amplified by PCR with specific 
primers for TRAC and various TRAV, TRBV12-3/4 and TRBC1/2. 
As a result, we found that the TCR Vα chains of ITG-MT3 cells 
comprised TRAV4 and TRAV13-2 (Figure 2B). Because of the high 
homology, the sequences for the TRBV12-3/TRBC1, TRBV12-3/
TRBC2 and TRBV12-4/TRBC1 PCR products were the same as that 
for TRBV12-4/TRBC2.

FKS-D11P TCR α and β genes were amplified by PCR with spe-
cific primers for TRAC and various TCR α chains and TRBV9 and 
TRBC1/2. As a result, we found that the TCR Vα chains of FKS-
D11P cells comprised TRAV1-1, TRAV1-2 and TRAV8-2 (Figure 2B). 
The TRAV1-1 PCR product was the same as that for TRBV1-2, and 
TRAV8-2 showed a frame shift mutation. These results suggested 
that ITG-MT3 cells had two types of TCR α chains (A4: TRAV4/
TRAJ27/TRAC; A13-2: TRAV13-2/TRAJ24/TRAC) and one TCR 
β chain (B12-4: TRBV12-4/TRBD2/TRBJ2-1/TRBC2) and that 
FKS-D11P cells had one TCR α chain (A1-2: TRAV1-2/TRAJ42/
TRAC) and one TCR β chain (B9: TRBV9/TRBD1/TRBJ1-1/TRBC1) 
(Figure 2C).

3.3 | T-cell receptor-transduced T-cell lymphoma 
cell lines specifically recognized antigenic peptide-
presented C1R-A24 cells

To evaluate TCR reactivity to SVN-2B or PBF tetramers, we tran-
siently transduced the TCR α/β genes from ITG-MT3 cells or FKS-
D11P cells into three T-cell lymphoma cell lines, Sup-T1 (Figure 3A). 
Only TCR TRAV4 and TRBV12-4 (A4/B12-4) on Sup-T1 cells could 
react with the SVN-2B tetramer (Figure 3A). Transduced TCR of 
FKS-D11P on Sup-T1 cells could react with the PBF tetramer. Stable 
TCR-transduced Sup-T1 and Jurkat/MA cells were also established 
by drug selection (Figure 3B-E). Surface expression of transduced 
TCR was continuously maintained. Moreover, ITG-MT3 TCR-
transduced Jurkat/MA cells and FKS-D11P TCR-transduced Jurkat/
MA cells recognized specific peptide-pulsed C1R-A24 cells and could 
activate NFAT-Luc reporter (Figure 3F,G), followed by IFN-γ release 
(Figure 3H,I). These results indicated that both transduced TCR were 
functional.

3.4 | CD8 dependency of HLA-TCR interaction

CD8 molecule binds to the nonpolymorphic aspect of the HLA class 
I molecule and sometimes augments TCR-HLA interaction.14 To in-
vestigate CD8 dependency of TCR-HLA interaction, ITG-MT3 TCR 
and FKS-D11P TCR genes were transfected to J.RT3-T3.5 cells, 
CD8 and TCR β chain-deficient mutant Jurkat cells.15 As a result, 
both transduced TCR could react with specific tetramers, but the 
CD8-dependent WT1 TCR11 could not react with the WT1 tetramer 
(Figure 4A). These results suggested that both ITG-MT3 and FKS-
D11P TCR could react with the peptide/HLA complex in a CD8-
independent way.

In addition, two anti-CD8 clones were used to assess the inhib-
itory effects of tetramer staining. Clone RFT-8 has an HLA-CD8 
interaction-inhibition effect and clone T8 did not have any HLA-CD8 
interaction-inhibition effect. As shown in Figure 4B, reactivities with 
specific tetramers of both ITG-MT3 TCR and FKS-D11P TCR were 
not influenced by the anti-CD8 mAb clone RFT-8. In contrast, CD8-
dependent WT1 TCR decreased reactivity with the WT1 tetramer 
by clone RFT-8. The other anti-CD8 mAbs showed compatible re-
activities (Figure S3 and Table S1). These results strongly suggested 
that both ITG-MT3 TCR and FKS-D11P TCR could react with HLA in 
a CD8-independent way.

3.5 | Generation of a recombinant TCR-multimer

To detect specific HLA/peptide complexes without viable cells, we 
tried to produce a TCR-multimer using the extracellular domain of re-
combinant TCR α/β proteins. The construct of TCR-monomers is shown 
in Figure 5A. Recombinant proteins of TCR α/β chains were dimerized 
with the fos-jun leucine zipper, followed by BirA site biotinylation (TCR-
monomer). A TCR-monomer was multimerized with streptavidin-PE by 
biotin-avidin reaction (TCR-multimer). TCR-multimers of ITG-MT3 and 
FKS-D11P were designated as SVN-2B TCR-multimer and PBF TCR-
multimer, respectively. SVN-2B and PBF TCR-multimers could detect 
more than 1 μg/mL of several specific peptide-pulsed C1R-A24 cells 
by FACS (Figure 5B,C). Reactivities of TCR-multimers also depended 
on their concentrations (Figure S4) and on the concentrations of the 
pulsed peptides (Figures S5 and S6). In addition, these reactivities 
of TCR-multimers were blocked by anti-HLA-A24 mAb C7709A2.6 
(Figure 5D,E). These results indicated the both TCR-multimers could 
react with each specific peptide in an HLA-A24 restriction method 
similar to TCR expressed on CTL clones and T-cell lymphoma cell lines. 
The reactions of TCR-multimers against specific peptides could also be 
detected by immunofluorescence microscopy (Figure 5F,G). Positive 
staining was observed in the cytoplasmic membrane as a diffuse cir-
culation pattern. These results also suggested that numerous peptides 
were presented by HLA-A24 molecules on such target cells pulsed 
with peptides at high concentrations.

To determine the molecular affinity between the TCR and HLA/
peptide complex, we carried out surface plasmon resonance analysis 
(Figure 5H-J). PBF TCR showed high and specific affinity against the 
HLA-A*24:02/PBF peptide complex (KD value of 4.70 × 10−9 mol/L). 
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SVN-2B TCR did not show any interaction with HLA-A*24:02/
SVN-2B peptide complex.

3.6 | PBF TCR-multimer with high avidity 
could detect naturally presented PBF peptide on 
osteosarcoma cell lines in the context of HLA-A24

Finally, we assessed whether the PBF TCR-multimer could detect 
naturally presented HLA-A24/PBF peptide complexes by using 
immunofluorescence microscopy. It was found that the PBF TCR-
multimer could detect the PBF peptide presented on PBF+HLA-A24+ 
osteosarcoma cell lines, KIKU and HOS-A24 but not on HOS 
(PBF+HLA-A24−) cells (Figure 6A-C). Expression of HLA-A24 was 
confirmed by staining with an anti-HLA-A24 mAb. Positive staining 
was observed as a few bright spots on osteosarcoma cytoplasmic 
membranes, in contrast to peptide-pulsed target cells. The results 
suggested that the number of naturally presented HLA-A24/PBF 
peptide complexes might be very small.

4  | DISCUSSION

In the present study, we established CTL clones with high avidity 
directed to TAA-derived peptides, SVN-2B and PBF, in the context 
of HLA-A*24:02 as a source of the TCR gene. Next, we constructed 
TCR-multimers reacting with exogenously pulsed cognate peptides 
presented by C1R-A24 cells. Moreover, the PBF TCR-multimer 
successfully detected a naturally presented PBF peptide on HLA-
A24+PBF+ osteosarcoma cell lines.

For constructing a probe with TCR-like specificities, single-chain 
variable fragment (scFv) phage display library technology is very use-
ful.16 We previously established a scFv clone reacting with a PBF 
peptide naturally presented by HLA-A2+ osteosarcoma cells using 
phage display scFv libraries.5 However, we failed to obtain scFv 
clones directed to the HLA-A24/PBF peptide complex and directed 
to HLA-A24/SVN-2B peptide complex (Tsukahara et al, unpublished 
observation, 2014). Therefore, both scFv phage display library tech-
nology and a TCR-multimer are still required for constructing probes 
with TCR-like specificity for various TAA.

So far, results of several studies aimed at the development of 
a TCR multimer have been reported. However, most of the TCR 
were directed to viral antigens, human T-cell leukemia virus type 
1 tax, HIV-gag and HBV env.17–19 Regarding a TAA-specific TCR, 
only Bethune et al reported soluble TCR tetramers and dextram-
ers directed to MART1 26-35(A27L) and NY-ESO-1 157-167(C165V) in the 
context of HLA-A220. Generally, induction of CTL directed to viral 
antigens with high avidity TCR might be easy because immunoge-
nicity of viral antigens is higher than that of TAA. Therefore, it is 
more difficult to obtain TAA-specific TCR with high avidity suffi-
cient for the construction of functional TCR-multimers. Affinity of 
FKS-D11P TCR (KD value of 4.70 × 10−9 mol/L) was much higher 
than that of naturally occurring TCR binding to HLA class I/pep-
tides (KD value of 1–50 × 10−6 mol/L).21 In previous studies on a 
soluble TCR-multimer, KD values of TCR for HLA-A2/HTLV type 
1 Tax11-19, HLA-A2/HBV env183-191, HLA-A2/MART126-35(A27L) 
and HLA-A2/NY-ESO-1157-167(C165V) were 1.06 × 10−6, 0.6 × 10−6, 
5.4 × 10−6 and 4.3 × 10−6 mol/L, respectively.17,19,20 These results 
suggested that the affinities of successfully constructed soluble 

F IGURE  6 PBF T-cell receptor (TCR)-
multimer could detect naturally presented 
PBF peptide/human leukocyte antigen 
(HLA)-A*24:02 complex on osteosarcoma 
cell lines. Immunofluorescence 
microscopy of PBF+HLA-A24+ 
osteosarcoma cell lines KIKU (A), HOS (B), 
and HOS-A24 (C) stained with PBF TCR-
multimer. D, HOS-A24 cells stained with 
anti-HLA-A24 antibody, clone 17A10
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TCR were also higher than the general affinity of TCR. In addition, 
both ITG-MT3 TCR and FKS-D11P TCR showed CD8-independent 
interactions between the TCR and HLA/peptide complex. This 
might be because peptide vaccination had successfully elicited 
high-affinity TCR with CD8-independency in vivo. Our observa-
tions suggested that CD8-independency of TCR is also important 
for construction of a TCR-multimer with the same high affinity as 
that of TCR.

In the present study, we used only established CTL clones recognizing 
vaccinated epitopes as the source of TCR to construct a TCR multimer. By 
using this strategy, immunodominant TCR directed to unknown antigens 
including neoantigens among TIL (Tumor-infiltrating lymphocyte) in primary 
cancer tissues could not be obtained. Deep sequencing of TRAV and TRBV 
combined with 5′RACE of dominant repertoires might be useful to con-
struct immunodominant TCR multimers reacting with unknown antigens.

In a clinical setting, primary biopsy specimens might be used to 
evaluate the HLA/peptide complex on osteosarcoma cells. However, 
the expression status of target antigens in metastatic or recurrent 
lesions might be different from that in the primary lesion. Difficulty 
in assessing lesions of solid cancer including osteosarcoma is an im-
portant problem. In the future, if circulating osteosarcoma cells can 
be isolated as a liquid biopsy, adequate evaluation of the HLA/pep-
tide complex on osteosarcoma cells might be easier.

In conclusion, we successfully generated TCR-multimers reacting 
with HLA/TAA-derived peptides, HLA-A24/SVN-2B peptide and HLA-
A24/PBF peptide complexes. Moreover, the PBF TCR-multimer with high 
avidity could react with a naturally presented PBF peptide on osteosar-
coma cell lines. Taken together, the results indicated that a TCR-multimer 
might be useful for the detection of target antigens in immunotherapy.
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