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Allogeneic T cell platforms utilizing induced pluripotent
stem cell (iPSC) technology exhibit significant promise for
the facilitation of adoptive immunotherapies. While mature
T cell receptor (TCR) signaling plays a crucial role in gener-
ating T cells from iPSCs, the introduction of exogenous mature
TCR genes carries a potential risk of causing graft-versus-host
disease (GvHD). In this study, we present the development of
truncated TCRa and TCRb chains, termed mini-TCRs, which
lack variable domains responsible for recognizing human
leukocyte antigen (HLA)-peptide complexes. We successfully
induced cytotoxic T lymphocytes (CTLs) from iPSCs by em-
ploying mini-TCRs. Combinations of TCRa and TCRb frag-
ments were screened frommini-TCR libraries based on the sur-
face localization of CD3 proteins and their ability to transduce
T cell signaling. Consequently, mini-TCR-expressing iPSCs
underwent physiological T cell development, progressing
from the CD4 and CD8 double-positive stage to the CD8 sin-
gle-positive stage. The resulting iPSC-derived CTLs exhibited
comparable cytokine production and cytotoxicity in compari-
son to that of full-length TCR-expressing T lymphocytes
when chimeric antigen receptors (CARs) were expressed. These
findings demonstrate the potential of mini-TCR-carrying
iPSCs as a versatile platform for CAR T cell therapy, offering
a promising avenue for advancing adoptive immunotherapies.

INTRODUCTION
Recent advances in cancer immunotherapies have extended existing
therapeutic options such as surgery, chemotherapy, and radiotherapy
for patients.1,2 In particular, CAR T cell therapies have shown clinical
outcomes in patients with B cell malignancies.3,4 However, current
autologous CAR T cell therapies have issues, such as a time lag until
treatment and variability in population, that can occasionally lead to
treatment failures.5–8 A promising solution to these problems is to use
allogeneic T cells from a healthy donor source and provide them in an
off-the-shelf style.9,10
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In addition to using donor-derived T cells, technologies based on
feeder-free differentiation of induced pluripotent stem cells (iPSCs)
have found clinical application and could become a mainstream
adoptive immunotherapy in the future.9,11–13 Both iPSC-derived
and peripheral-blood-derived CAR T cells demonstrate comparable
antitumor efficacy in mouse models.14 Undifferentiated iPSCs are
expandable, and CAR-expressing iPSCs can proliferate and be estab-
lished as master cells.15 Furthermore, gene editing against human
leukocyte antigen (HLA) genes can universalize master cells to all pa-
tients.16 Therefore, we focused on iPSC-derived T cells as host cells for
immunotherapies.

Physiologically, T cell receptors (TCRs) play a crucial role in the im-
mune system by interacting with antigen-presenting cells (APCs) and
are involved in T cell development.17 Several groups have created
T cell-derived iPSCs (T-iPSCs) that express mature TCR genes
possessed by T cells and that have the potential to differentiate into
T cells.18,19 Additionally, overexpression of full-length TCR genes
into non-T cell-derived iPSCs is sufficient to generate T cells.20 How-
ever, cross-reactivity of endogenous or overexpressed TCRs on these
allogeneic T cells could be a risk factor for graft-versus-host disease
(GvHD),10 and the cross-reactivity of a TCR specific for HLA-
A*24:02/Wilms tumor 1(235–243) with HLA-B*57:01 has been
reported.21
linical Development Vol. 31 December 2023 ª 2023 The Authors. 1
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In this study, we designed "mini-TCRs" comprising truncated
TCRa and TCRb that lacked variable regions but maintained TCR
functions. These mini-TCRs recruited CD3 proteins to the cell surface
and transduced T cell activation signals. Mini-TCR expression
induced differentiation to CD8+ T cells from undifferentiated iPSCs
and iPSC-derived hematopoietic stem/progenitor cells (HSPCs). The
generated CD8+ T cells also demonstrated specific cytotoxicity of
target cells when used for engineering CAR T cells. We propose
this technology as a promising tool for developing allogeneic, off-
the-shelf CAR T cell therapies.

RESULTS
Screening identified a mini-TCR with high CD3 recruitment

activity

In the immunological synapse (the interface between T cells and
APCs), TCRs form complexes with CD3 proteins and recognize
HLA-antigen peptide complexes on APCs.17,22 TCR proteins contain
variable domains that determine the specificity of the TCR and con-
stant domains to interact with CD3 proteins.23 We designed several
TCRs lacking the variable region that did not recognize antigens
but that did transduce TCR signaling, and we designated them
mini-TCRs (Figure 1A).

To identify the mini-TCRs that efficiently form complexes with
CD3 proteins, we created mini-TCR libraries comprising various
lengths of the constant regions of the TCRa and TCRb chains and de-
signed the cell-based screening system to measure the cell surface
localization of the CD3 protein (Figure 1B). The N termini were
selected mainly at the boundaries of motifs and domains based on
previous studies24–27 and protein crystal structures (Protein Data-
Bank: 3QJF) (Figure 1C).28 A signal peptide was added to the 50 ter-
minus of the designed TCR sequences that were tagged with Myc (for
TCRa, TCRA-Myc) or FLAG (for TCRb, TCRB-FLAG) epitopes at
the 30 terminus (Figure S1A). Intracellular staining with anti-Myc
or anti-FLAG antibodies confirmed the expression of TCRA-Myc
or TCRB-FLAG proteins from all vectors (Figures S1B and S1C,
respectively). We then co-transfected all combinations of generated
TCRA-Myc and TCRB-FLAG vectors into 293T cells expressing all
CD3 genes (CD3-OE-293T cells; Figure S1D) to test whether they
could translocate CD3 proteins to the cell surface (hereafter referred
to as CD3 recruitment activity) (Figure 1B). CD3 recruitment activity
was found to differ depending on the combination of TCRa and
TCRb (Figures 1D and 1E). Particularly high CD3 recruitment activ-
ities were observed when the full-length constant region of TCRb was
used irrespective of the length of a coupled TCRa, as well as in the
case where both TCRa and TCRb were short, truncated forms. The
highest CD3 recruitment activity was achieved by combining a7
and b1 (92.4%). These results showed that even TCRs lacking the
variable region can recruit CD3 proteins to the cell surface.

Based on CD3 recruitment capacities, we selected 17 representative
pairs of truncated TCRa and TCRb, including the pairs with the
lowest (b6 and a1) and highest (b1 and a7) recruitment activities
(Figures 1E and 2A). cDNAs of the selected TCRb and TCRa were
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fused with the T2A peptide as previously reported and were subcl-
oned into a single vector, as well as full-length TCRa and full-length
TCRb (Figures 2A and 2B).29 The CD3 recruitment activities of the
generated constructs in CD3-OE-293T showed a similar trend to
that of the mini-TCRs that were transfected with separate TCRa
and TCRb expression vectors (Figure 2C).

To confirm the loss of antigen-recognition abilities due to deletion of
the variable regions, we transfected the 17 pairs of mini-TCR vectors
and the full-length TCR that recognized mutated Wilms-Tumor1
(WT1) peptide-HLA-A*24:02 complex as a positive control into
CD3-OE-293T cells. In contrast to the binding ofWT1-TCR-express-
ing cells to the WT1-HLA-A*24:02 tetramer, none of the mini-TCR-
expressing cells exhibited binding to the tetramer, confirming that the
mini-TCR did not recognize the antigen peptide-HLA complexes
(Figures 2D and 2E). Based on these initial assessments, we used these
17 pairs of mini-TCR for further characterization.

Mini-TCR activated Jurkat T cells upon CD3 stimulation

TCR/CD3 complexes transduce TCR signaling and activate T cells.30

Because 293T cells are not derived from T cells, TCR signaling-related
molecules, including the CD3 genes, are considered to be negative.
Therefore, we used human T cell-derived Jurkat cells to monitor acti-
vation upon CD3 stimulation as the second screening step.

To specifically detect transfected TCR proteins, we attempted to
disrupt endogenous TCRA and TCRB genes using gene-editing tech-
nology. Both TCRa constant (TRAC) locus and TCRb constant 1
(TRBC1) loci were targeted with previously reported guide RNAs
(gRNAs) (Figure S2A). To confirm the disruption of the TCR genes,
full-length TCRa and/or full-length TCRb expression vectors were
transfected into Jurkat cells, which were subsequently stained with
an anti-CD3E antibody and an anti-TCRab antibody that recognized
a part of the constant region of the TCRab complex. Although the
CD3E and TCRab protein was detected after co-transfection of
both full-length TCRa and full-length TCRb, they were not detected
by either single transfection of full-length TCRa or full-length TCRb,
suggesting that endogenous TCR genes were successfully disrupted
(Figure S2B).

Subsequently, to compare CD3 recruitment activity, we transfected all
17 mini-TCR vectors, the full-length TCR control, and the empty vec-
tor as a negative control. Neither CD3D nor CD3E proteins were de-
tected in the empty-vector control samples, confirming that CD3D
and CD3E proteins did not localize on the cell surface unless the
TCRA and TCRB chains were expressed in the Jurkat knockout
(KO) cells (Figures 3A–3D). Cell surface localization of CD3D and
CD3E proteins was detected in TCR-KO Jurkat cells with full-length
TCR controls and several mini-TCRs, including b1a1 and b1a7, sug-
gesting that these mini-TCRs formed a complex with CD3 proteins
(Figures 3A–3D).

To assess the function of the mini-TCR/CD3 complex, the transfected
TCR-KO Jurkat cells were stimulated with an OKT3 anti-CD3E
er 2023



Figure 1. Design of mini-TCR constructs and their CD3 protein recruitment activities

(A) Schematic representation of the TCR/CD3 complex. The deletion of variable regions from TCRa and TCRb chains depicts the concept of mini-TCR. Ca, constant region of

TCRa; Cb, constant region of TCRb; Va, variable region of TCRa; Vb, variable region of TCRb; ε, CD3E; g, CD3G; d, CD3D; and z, CD3Z. (B) The experimental scheme to

screen the pairs of TCRa and TCRb chains based on the CD3 recruitment activity. (C) Amino acid sequences and protein motifs of constant regions of TCRa (upper) and

TCRb (lower) chains. The constant regions were tagged with Myc (TCRa, TCRA-Myc) or FLAG (TCRb, TCRB-FLAG) epitopes at the C terminus. (D) Representative plots of

CD3-OE-293T cells transfected with TCRA-Myc and TCRB-FLAG. hKO1+GFP+ cells are shown. (E) The screening result of TCR constructs based on their CD3 protein

recruitment activities. Values in the heatmap indicate the percentage of CD3E+ cells. Data are shown as mean of three independent experiments.

www.moleculartherapy.org
antibody. Subsequently, we observed the highest upregulation of
CD69, a T cell activation marker, in the full-length TCR control,
and the mini-TCR b1a7 showed comparable upregulation, followed
by other mini-TCRs that showed correlation with mean fluorescence
intensities (MFIs) of CD3D and CD3E (Figures 3E, 3F, and S2C).
Molecular T
As the binding affinity of the anti-CD3E antibody OKT3 to TCR/CD3
complex measured by bio-layer interferometry was approximately
10-fold higher than that of the extracellular domains of CD3gε,27 sug-
gesting that the presence of the TCR proteins affected the activity of
the OKT3 antibody, we hypothesized that CD69 expression levels
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. CD3 recruitment activities of mini-TCRs using a polycistronic expression vector

(A) Structures of the TCRa and TCRb proteins in the generated vector. (B) The vector structure that combines TCRa and TCRb into a single vector. The humanized Ku-

sabiraorange1 (hKO1) fluorescent protein was used as a transfection marker. T2A, Thosea asigna virus 2A-like peptide. (C) CD3 protein recruitment activities of each created

vector expressed in CD3-OE-293T cells. Data are shown as mean ± SD of three independent experiments. (D) Representative plots of TCR-transfected CD3-OE-293T cells

stained with the Wilms Tumor1 (WT1)-TCR tetramer. (E) Mean fluorescence intensity (MFI) of the WT1-TCR tetramer. Data are shown as mean ± SD of three independent

experiments.

Molecular Therapy: Methods & Clinical Development
were affected by the different binding capacities of OKT3 to the full-
length TCR-CD3 and mini-TCR-CD3 complexes on the cell surface.
To confirm this, mini-TCR (b1a7) (which showed the highest CD3
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
recruitment activity and CD69 expression among the mini-TCRs),
mini-TCR (b1a1) (composed of the full-length TCRa and TCRb con-
stant regions with lower activities), and full-length TCR were each
er 2023
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Figure 3. Activation of mini-TCR-expressing TCR-KO Jurkat cells via CD3 stimulation

MFI (A) and representative plots (B) of CD3D in TCR-KO Jurkat cells transiently transfected with TCR expression vectors. MFI (C) and representative plots (D) of CD3E in TCR-

KO Jurkat cells transiently transfected with TCR expression vectors. MFI (E) and representative plots (F) of the CD69 T cell activation marker. TCR-KO Jurkat cells transiently

(legend continued on next page)
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transfected into the TCR-KO Jurkat cells. The full-length TCR-ex-
pressing cells exhibited the highest MFI overall, followed by b1a7-
and b1a1-expressing cells (Figure S2D), which correlated with the
MFI of CD3E detected by anti-CD3E antibody UCHT1 (Figure 3C).
Based on the normalized MFI of OKT3, the highest reactivity was
observed against full-length TCR, followed by that against b1a7 and
b1a1, suggesting the relatively low affinity of OKT3 against mini-
TCRs (Figure 3G).

Collectively, these data demonstrated that the introduction of mini-
TCRs enables endogenous CD3 proteins to localize on the cell surface
and mediate TCR signaling via stimulation with the CD3 antibody.
Subsequently, we evaluated the functions of mini-TCRs b1a1 and
b1a7 in the differentiation of iPSCs to T cells.

Mini-TCRs enabled T cell differentiation of iPSC-derived HSPCs

The TCR/CD3 complex is also critical for T cell development. The
T cell lineage commitment of common lymphoid progenitors derived
from multipotent HSPCs is triggered by Notch signaling.31 CD4 and
CD8 double-negative (DN) T cells mature into double-positive (DP)
cells, followed by further maturation into single-positive (SP) CD4 or
SP CD8 cells in the thymus.32 During maturation, T cells are selected
based on their binding affinities between the self-peptide-HLA com-
plex on thymic epithelial cells and the TCR/CD3 complex.33

We utilized cord-blood-derived iPSCs as a model of the hematopoi-
etic system to test the function of mini-TCRs in T cell development,
as these iPSCs were derived from myeloid cells and their TCR genes
were not rearranged (Figure 4A). First, the iPSCs were differentiated
into HSPCs via an embryoid body formation method, and retrovi-
ruses encoding full-length TCR, mini-TCRs b1a1 or b1a7, or
empty-vector control were transduced into the harvested HSPCs
(day �1; Figure S3A). The transduced cells were then cultured with
a recombinant Delta-like ligand 4 (DLL4) protein, a ligand of Notch
receptors, to trigger lineage commitment into T cells (days 0–21).
There are no statistically significant differences in the MFI of GFP,
which indicate transduced vector copy numbers, across the four ret-
roviruses (Figure S3B).34 Flow cytometry analyses showed that cell
surface expression of CD3 was observed only in full-length TCR-
and mini-TCR (b1a1 and b1a7)-transduced cells, whereas leukocyte
common antigen CD45 was expressed in all samples, including
empty-vector control cells (day 21; Figure 4B). Full-length TCR-
transduced cells showed the highest MFI of CD3 (MFI = 29,377), fol-
lowed by b1a7 (MFI = 14,483), b1a1 (MFI = 4,423), and the empty-
vector control (MFI = 898; Figure 4C). Both full-length TCR and
mini-TCR-expressing CD3+ cells included comparable percentages
of CD4+CD8a+ DP cells, while the DP cells were not enriched (Fig-
ure 4D). These data indicated that introduction of mini-TCR genes
enables efficient differentiation of iPSC-derived HSPCs into T cell
lineage cells.
transfected with TCR expression vectors were stimulated with anti-CD3E antibody OKT

TCR-KO Jurkat cells transiently transfected with TCR expression vectors to compare

periments.
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T cell activation signaling via the TCR/CD3 complex is essential for
the maturation of DP cells to SP cells in the thymus.33 To test the
function of CD3E proteins on the mini-TCR-expressing DP cells dur-
ing the maturation process, entire T cells, including DP cells, were
further stimulated with an OKT3 anti-CD3 antibody in the presence
of dexamethasone, a steroid that mimics endogenous glucocorticoids
in the thymus (Figure 4A).35,36 Selective activation of CD3+ cells led
to nearly 100% enrichment of GFP+ cells (Figure S3C). The order of
theMFI of CD3E on full-length- andmini-TCR-transduced cells after
OKT3 stimulation was similar to that of DP T cells (Figures 4E and
4F). Notably, viable cell populations were not observed in empty-vec-
tor control samples after maturation (data not shown; no cell popu-
lations were observed in the forward scatter-side scatterplot of the
flow cytometry analysis). Neither mini-TCR- nor full-length TCR-
transduced cells expressed CD4 (Figure 4G); however, both expressed
CD8a and CD8b, phenotypic markers of authentic cytotoxic T lym-
phocytes (CTLs; Figure 4H). These CTLs were expandable when pe-
ripheral bloodmononuclear cells (PBMCs) were co-cultured as feeder
cells, and entire cell yields per HSPC reached at least 105-fold
(Figure 4I).

Avoiding GvHD risk is one of the primary purposes of the mini-
TCRs. While the loss of antigen-recognition capacities by mini-
TCR was experimentally demonstrated in Figure 2E, endogenous
expression of TCRA and TCRB genes in the differentiated CTLs re-
mains the risk associated with GvHD.We performed next-generation
sequencing (NGS) of TCRA and TCRB transcripts, of which cDNA
samples were amplified with the adapter primer at the 50 terminus,
and primers correspond to constant regions (Figure S4A). Then,
sequenced reads were queried to the CDR3 sequence database to
extract in-framed reads that can be translated to CDR3 proteins. It
is worth noting that mini-TCR lacks variable domains, including
CDR3, and the detected TCRA and TCRB transcripts could indicate
endogenous TCR gene expression in mini-TCR-transduced CTLs.
Among the nearly 3� 105 total reads, 33.9% of in-frame TCRA reads
and 4.95% of in-frame TCRB were detected in full-length TCR CTLs
(mean values of two iPSCs) (Figure 4J). Mini-TCR CTLs exhibited
very limited frequencies of in-frame TCRA reads (0.01%–1.29%)
and in-frame TCRB reads (0.01%–0.03%) in both b1a1 and
b1a7 mini-TCR CTLs (Figure 4J).

To determine the endogenous TCR gene expression, we referred to
our previous work that demonstrated the disruption of RAG2-
disabled rearrangement of TCR genes during T cell induction from
two T cell-derived iPSCs (GPC3 T-iPSC and TkT3V1-7) using similar
NGS-based TCR repertoire analysis with the similar depth of the
sequencing (3.3–4.9 � 105 total reads) (Table S1).36 Among the 1.8
or 2.5� 105 total in-frame reads, 86.31% and 91.85% of the reads rep-
resented the original TCRA sequences in the RAG2-KO iPSC-derived
T cells (GPC3 T-iPSC and TkT3V1-7, respectively) (Table S1),
3 overnight and stained with the anti-CD69 antibody. (G) Normalized MFI of OKT3 in

the reactivity of OKT3. All data are shown as mean ± SD of three independent ex-
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whereas only 1,000 to hundreds of reads encoded CDR3 amino acid
sequences other than the original TCRA (Table S1, rank 2–5).
Considering that RAG genes are vital for TCR rearrangement, hun-
dreds of in-frame reads other than the original TCRs were regarded
as sequencing noise levels. In this study, 96.47% and 93.22% of in-
frame reads from full-length TCR CTLs were confirmed to be those
of transduced full-length TCRA and TCRB, respectively (Tables S1,
S2, and S3). Regarding the mini-TCR-transduced CTLs, the numbers
of in-frame reads were also less than hundreds, except for b1a7-trans-
duced FF-WJs527 cells, suggesting that mini-TCR suppressed the
expression of endogenous TCR to the near noise level. Because
CTLs induced with b1a7 exhibited a tendency toward a biased reper-
toire (Figure S4B; Tables S1 and S2), disrupting the RAG2 gene or
TRAC locus would be worth considering to avoid the TCR rearrange-
ment and endogenous TCR expression altogether. In conclusion,
mini-TCRs demonstrated comparable performance to full-length
TCR as inducers of phenotypic CTLs in iPSC-derived HSPCs.

Mini-TCR-expressing iPSCs differentiated into CTLs

We examined whether mini-TCRs could be used in undifferentiated
iPSCs as a cell source for T cell generation (Figure 5A). To address this
question, a clinical-grade iPSC clone37 was transfected with mini-
TCRs b1a1 and b1a7 using the piggyBac system by MaxCyte, and
transgene-positive cells were isolated via fluorescence-activated cell
sorting (FACS) (Figure S5). Concurrently, iPSCs transfected with a
full-length Glypican-3 (GPC3)-specific TCR were generated as a pos-
itive control. The differentiation of both mini-TCR-iPSCs and full-
length TCR-iPSCs into HSPCs was comparable to that of the parental
iPSC line and the full-length TCR iPSC (Figure 5B). Furthermore,
HSPCs derived from mini-TCR-iPSCs were able to differentiate
into CD3+CD4+CD8a+ T cells, similar to full-length TCR-iPSCs,
in a clinical-grade T cell induction condition (Figures 5C and
5D).14 Furthermore, only progenitor cells derived from mini-TCR-
iPSCs and full-length TCR-iPSCs responded to OKT3 stimulation
and matured into CD8ab SP CTLs (Figures 5E–5G).

Cell yields during the differentiation and expansion processes were
estimated to reach the magnitude of 1 � 1010 cells from an initial
1 � 106 iPSCs (full length, 6.84 � 1010; b1a1, 8.58 � 1010; b1a7,
4.35 � 1010) (Figure 5H). Similar to full-length TCR-iPSC-derived
T cells and consistent with our previously reported phenotype of
iPSC-derived T cells, both b1a1 and b1a7 iPSC-derived T cells ex-
hibited elevated expression levels of CD45RA, CD62L, and
CD45RO, and partial expression levels of CD27 and CCR7 (Fig-
Figure 4. Induction of CTLs from iPSC-derived HSPCs by mini-TCRs

(A) Experimental scheme of T cell differentiation using TCR genes. For the stepwise diffe

length TCR,mini-TCR, or empty control vectors were transduced into HSPCs. (B) Repres

protein. (C) MFI of CD3E in GFP+ transduced cells after T cell induction on DLL4 protein.

CD4 and CD8a in CD3E + cells after T cell induction. (E) Representative FACS plots of t

and dexamethasone. (F) MFI of CD3E in GFP+ cells after T cell maturation. Data are sh

CD8a expression after T cell maturation. (H) Representative FACS plots of CD8a and CD

were calculated based on the initially seeded HSPC count and subsequent proliferatio

coding CDR3 amino acid sequence derived from endogenous TCRA or TCRB genes a
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ure 5I).14,38 It is worth noting that these CTL-expressing memory
T cell markers have been shown to correlate significantly with anti-
tumor efficacy in induced pluripotent stem (iPS)-T cells14,38 as well
as in peripheral blood-derived T cells.39 Consequently, iPSCs express-
ing mini-TCR were considered to be a robust cell source for gener-
ating CTLs.
Mini-TCR-iPSC-derived T cells responded to the CD20 antigen

when engineered with anti-CD20 CAR

To investigate whether such expanded CTLs could potentially be used
for CAR T cell therapy, full-length or mini-TCR-iPSC-T cells were
modified by transducing a retroviral vector containing a second-gen-
eration anti-CD20 CAR (CD20CAR) (Figures S6A and S6B). The
effector function of these CAR-expressing cells was evaluated by
co-culturing them with B lymphoblastoid cell line (B-LCL) cells ex-
pressing CD20 (Figures 6A and S6C). CD20CAR-expressing mini-
TCR-iPSC-T cells exhibited significantly elevated expression of the
degranulation marker CD107a compared to CD20CAR-negative
populations (Figures 6B and 6C). Intracellular staining revealed
that CD107a+ cells produced significantly elevated levels of inter-
feron-gamma (IFNg), implying that mini-TCR-iPSC-T cells executed
their CTLs function in a CAR-dependent manner (Figure 6D). More-
over, after co-culturing with B-LCL cells for 3 h, the CD20CAR-trans-
duced mini-TCR-iPSC-T cells (b1a7) efficiently killed the target cells,
with comparable efficacy in comparison to the control CD20CAR-
transduced full-length TCR-iPSC-T cells (Figure 6E). These results
suggest that mini-TCR-iPSC-T cells expressing CAR exhibit robust
effector function, thereby holding promise for potential utilization
in CAR T cell therapy.
iPSC-CAR T cells generated using mini-TCRs had in vivo

antitumor effects

Finally, we evaluated the antitumor effects of CTLs generated using
the mini-TCR b1a7, which showed the highest CD3 recruitment ac-
tivity and higher cytokine production in response to the CAR antigen
(Figure 7A). Another second-generation CAR targeting CD19
(CD19CAR) was transduced into iPSC-derived T cells generated us-
ing mini-TCR b1a7 or full-length TCR (hereafter designated as b1a7
CD19CAR T cells or full-length TCR CD19CAR T cells, respectively)
(Figure S7A). Surface expression of the CD19CAR protein was
confirmed with protein-L staining (Figure S7B). Moreover, lucif-
erase-expressing NALM6 (NALM6-Luc-KO) B-ALL cells were used
as the target cells. The in vitro cytotoxicity against NALM6-Luc-KO
rentiation processes from iPSC-derived HSPCs to CTLs, retroviruses encoding full-
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cells of b1a7 CD19CAR T cells was comparable to that of full-length
TCR CD19CAR T cells (Figure 7B).

To evaluate the in vivo antitumor efficacy, NALM6-Luc-KO cells
were injected to NOD.CG-Prkdc scid Il2rg tm1Wjl/SzJ (NSG) mice
(day �3) (Figure 7A). The mice were grouped based on the amount
of the engrafted tumor (day�1; Figures S7C and S7D). Subsequently,
b1a7 CD19CAR or full-length TCR CD19CAR T cells were injected
into the mice 3 days after injection of NALM6-Luc-KO cells (day
0). In vivo imaging at 3 weeks demonstrated that both b1a7
CD19CAR and full-length TCR CD19CAR T cells significantly sup-
pressed the tumor growth of NALM6-Luc-KO cells compared to un-
treated control mice (total luminescence at 3 weeks: b1a7 CD19CAR
T cells, 135.4 � 105 photons/s; full-length TCR CD19CAR T cells,
130.5 � 105 photons/s; untreated control cells, 336 � 105 photons/
s; Figures 7C and 7D). A similar trend was observed at 4 weeks. These
data indicated that iPSC-derived T cells generated using mini-TCRs
can serve as an allogeneic cell source for CAR T cell therapy.

DISCUSSION
In this study, we developed mini-TCRs, gene constructs of truncated
TCRs, proficient in inducing T cell differentiation from iPSCs.
Furthermore, we substantiated an innovative approach for engineer-
ing allogeneic CAR T cell therapies. Mini-TCRs successfully triggered
T cell differentiation in all four iPSC lines tested. These compelling
findings strongly suggest that mini-TCRs have the potential to
generate CD8+ T cells from iPSCs as a promising allogeneic cell
source platform to enhance CAR T cell therapies. In this section,
we elaborately compare the mini-TCRs with full-length TCR and
other iPS-T cell-related technologies. Additionally, we explore the
future perspectives of iPS-T cells in the context of our findings.

In the screening of mini-TCRs, constant regions of TCRa and TCRb
were cleaved in a stepwise manner, and the combination of these
TCRs resulted in a bimodal distribution of CD3 recruitment to the
cell surface (Figure 1C). One reason for this could be a change in
the interaction between TCRa and TCRb.40 TCRa and TCRb are
held by hydrogen and disulfide bonds in a complex formation that
is responsible for recruiting CD3 molecules and transmitting down-
stream signals.30,41 The deletion of variable regions and extracellular
parts of the constant regions can cause structural changes in the bind-
ing interfaces that interact with CD3 molecules.42,43 These changes
directly affect the stability of the TCR/CD3 complex and the number
of CD3E proteins recruited to the cell surface.44 The CD3 recruitment
activities were markedly decreased when 40–87 amino acids (b4–b9)
Figure 5. Induction of CTLs from mini-TCR-iPSCs

(A) Experimental scheme of T cell differentiation from mini-TCR-iPSCs. TCR genes we

differentiated into CTLs. (B) Representative FACS plots of the CD34 and CD43 express

expression after T cell induction on DLL4 protein. (D) Representative FACS plots of CD

(E–H) Phenotypic analyses of CTLs after T cell maturation using the anti-CD3E antibody a

CD8a (F), and CD8a and CD8b (G) in PI- cells are shown. (H) Estimated cell yields per HS

following proliferation rates (mean of technical duplicate). Representative of three indep

CTLs after T cell maturation. The markers are indicated in the figure. Representative FA
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were removed from the constant region of TCRb, suggesting the pres-
ence of a domain in the constant region of TCRb that inhibits the
binding of CD3molecules and the TCRa in the absence of N-terminal
domains (1–39 amino acids) of the TCRb constant region. Interest-
ingly, combinations of shorter TCRa and TCRb constant regions ex-
erted high CD3 recruitment activities, which raises the possibility of
interaction modes of these TCR/CD3 complexes that differ from
those involving native TCRs.

To date, most studies reporting the induction of T cells from iPSCs
have been performed using full-length TCR-overexpressing iPSCs
or T cell-derived iPSCs.14,18–20,36,45–48 Our mini-TCRs achieved an
efficient lineage commitment to the T cell lineage in the presence of
a DLL4 protein. In T cell development in vivo, Notch signaling and
pre-TCR signaling coordinate the proliferation of DN cells and their
differentiation into DP cells.41,49 Thus, in the differentiation culture
condition, mini-TCRs, as well as full-length TCRs, might partially
mimic the function of the pre-TCR, which consists of a pre-TCRa
and a properly rearranged TCRb, through the engagement of CD3
molecules on the cell surface.

On the other hand, we observed different expression patterns of CD4,
CD8a, and CD8b between full-length TCRs and mini-TCRs when
T cells were differentiated from both retroviral-transduced HSPCs
and iPSCs transfected with transposon. A DN cell population was
formed after the maturation process in mini-TCR-introduced
iPSC-T cells, indicating that the developmental cues received from
mini-TCRs were weaker than those from full-length TCRs (Figure 4).
Moreover, the expression levels of CD3 and CD69 in mini-TCR-ex-
pressing Jurkat cells and iPSC-T cells were lower than full-length
TCRs, while a variety of transduction efficiency was not observed.
Although these phenomena are partially explained by structural dif-
ferences, as discussed above, as well as the differing reactivity of
OKT3 to TCR/CD3 complex, we aim to analyze cellular signaling
and/or copy number in greater detail and to optimize the parameters
of the cell culture conditions as part of a future study.

Recent reports to improve the efficiency of T cell induction and anti-
tumor efficacy are worth considering for combination with the mini-
TCR. Jing et al. reported efficient induction of iPSC-derived CD8ab+

T cells by knocking down EZH1 and demonstrated superior in vivo
antitumor efficacy due to the existence of memory-like T cells that
gave rise to effector T cells.50 EZH1 is a component of Polycomb
Repressive Complex 2 as well as EZH2 and some available EZH1/2
inhibitors, such as lirametostat and valemetostat tosylate, can be
re expressed with the piggyBac transposon method in iPSCs and the iPSCs were

ion in iPSC-derived HSPCs. (C) Representative FACS plots of the CD45 and CD3E

4 and CD8a in CD3E + cells after T cell induction.

nd dexamethasone. Representative FACS plots of CD45 andCD3E (E) and CD4 and

PC. Cell numbers were calculated based on the cell numbers of seeded HSPCs and

endent experiments is shown. (I) Phenotypic analyses of memory T cell markers in

CS plots of three independent experiments are shown.
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Figure 6. Effector functions of mini-TCR-iPS-CAR T cells

(A) Experimental scheme to evaluate effector functions of mini-TCR-iPSC-derived CTLs. The CTLs were transduced with CD20CAR retrovirus, and CD20+ B-LCL cells were

employed as the target cells. (B) Representative FACS plots of CD107a and IFNg in CTLs after co-culture with the target cells. (C) Percentages of CD107a+ cells in

CD20CAR� and CD20CAR+ populations. Data are shown as mean ± SD of three independent experiments. (D) Percentages of CD107a+IFNg+ cells in CD20CAR� and

CD20CAR+ populations. Data are shown as mean ± SD of three independent experiments. Paired t tests, *p < 0.05, **p < 0.01, and ***p < 0.001. (E) In vitro cytotoxicity

comparison between mini-TCR (b1a7)-iPS-CAR T cells and full-length TCR-iPS-CAR T cells. The specific lysis after a 3-h incubation with B-LCL cells is shown (mean of

technical duplicate). The data represent two independent experiments.
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added to the medium for feeder-free differentiation.51 Stegen et al. re-
ported a T cell induction method from iPSCs involving insertion of
the CAR construct to the TRAC locus and achieved high antitumor
efficacy.52 This approach presents an alternative method for inducing
functional CTLs from iPSCs. However, it is essential to note that the
associated costs may limit its practicality. Establishing a master cell
bank for each CAR construct contributes to the overall expenses
involved in this approach. Mini-TCR iPS-T cells offer many specific
advantages, such as accepting newly developed CAR constructs
including co-expression of memory T cell-related cytokines such as
interleukin (IL)-1514,53 and dual-targeting CAR approaches.54,55
Molecular Th
Among hundreds of CAR T-related clinical trials, only a few alloge-
neic peripheral-blood-derived CAR T cell products are under devel-
opment, such as Allo-501A and Allo-715 by Allogene Therapeutics
and CTX110 by CRISPR Therapeutics.56,57 These technologies
require complete deletion of the endogenous TCR activities; other-
wise, the remaining TCRs might recognize the patients’ cells and
induce GvHD due to the presence of allogeneic T cells. In FT819,
the first iPSC-derived CAR T cells in clinical development, the
CAR gene targeting CD19 is inserted into the TRAC locus of T cell-
derived iPSCs to prevent GvHD.58,59 Our concept offers another
safe strategy when starting from allogeneic non-T cell-derived iPSCs
erapy: Methods & Clinical Development Vol. 31 December 2023 11
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because our mini-TCRs, which lack variable regions, would not
recognize host cells. Although we have successfully demonstrated
the loss of antigen-recognition capacity of the mini-TCR protein,
one possible concern at the cellular level is a spontaneous rearrange-
ment of endogenous TCR genes of host iPSCs during differentiation
to express alloreactive TCRs. Several studies have reported that
expression of endogenous TCR genes was not detectable in differen-
tiated T cells when exogenous TCR genes were overexpressed in
iPSCs.18,36,48 However, it is noteworthy that endogenous TCR genes
might still be expressed with a biased repertoire, and the TCR locus
rearrangements might be higher in the mini-TCR compared to the
full-length TCR, albeit at nearly negligible levels in NGS-based TCR
gene expression analysis in this study. In the context of safety assess-
ment for mini-TCR-iPSC-derived CTLs, it is essential to conduct
future studies involving mixed leukocyte reactions and incorporate
comprehensive manufacturing development processes. When aiming
for complete avoidance of the risk of GvHD, disruption of the
rearrangement-activating genes RAG1 or RAG2 would be worth
considering.36

Finally, we present a comprehensive summary of the current state of
iPS-T cell technology based on published research. Although culture
conditions and iPSC lines exhibit variations, iPS-T cells commonly
face challenges in maintaining memory T cell phenotypes, such as
CCR7 and CD62L, and gene expression profiles during culture. More-
over, they demonstrate weaker cytokine and TCR signaling than clini-
cally established primary CAR T cells. However, recent efforts to
enhance iPS-T cell functionhave shownpromising results. For instance,
introducing optimized CAR constructs and membrane-bound IL-15
into iPS-T cells has led to comparable antitumor efficacy to primary
CART cells inmouse tumormodels.14,15Despite the extended duration
required for T cell induction from iPSCs, leading to substantial costs, an
off-the-shelf approach can mitigate expenses through large-scale
manufacturing. It is worth noting that, while numerous engineered re-
ceptors, including CARs, have been reported to activate T cells, they
typically contain variable domains derived from immunoglobulin or
TCR.45,46 Notably, mini-TCRs stand out as the first artificial receptors
that lack variable regions while retaining the ability to activate T cells.
This unique feature makes iPSCs bearing mini-TCRs an ideal platform
for developing allogeneic immunotherapies.

In conclusion, the development of mini-TCRs and the potential use of
iPSCs as a platform for allogeneic immunotherapies represent signif-
icant advancements in cellular therapies. This approach holds prom-
ise for future clinical applications and contributes to the continued
progress in cutting-edge cellular therapies.

MATERIALS AND METHODS
Sequencing of full-length TCRA and TCRB

Full-length TCRa and TCRb cDNA were amplified using the
SMARTer RACE 50/30 Kit (Takara Bio) with T cell-derived iPSCs
(TkT3v1-7,18 University of Tokyo). Gene-specific primers for
the constant regions for the RACE method were as follows:
TCRA-5RACE, 50-CAGCACTGTTGCTCTTGAAGTCCATAGACC-
12 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
30; TCRA-3RACE, 50-ACCGATTTTGATTCTCAAACAAATGTGTC
ACAAAGTAAGG-30; TCRB-5RACE, 50-GGGTTCTGCCAGAAGGT
GGCCGAGAC-30; and TCRB-3RACE, 50-TGGGAAGGAGGTGCA
CAGTGGGGTC-30. Amplicons were sequenced using the standard
Sanger sequencing method. The sequences of full-length TCRa and
TCRb cDNA are shown in Tables S3 and S4. The TCRb was derived
from the TRBC2 locus.

Vector construction

Vectors expressing TCRa or TCRb

The constant regions were amplified by PCR from the full-length-
TCRa or TCRb cDNA samples and a Myc Tag or FLAG Tag was
fused to the 30 end of the constant regions via a GS (glycine serine)
linker (sequence: GSGSGS) (designated as TCRA-Myc and TCRB-
FLAG, respectively; Figure S1A). The PCR fragment was cloned
into the pcDNA3.1(+) mammalian expression vector (Thermo Fisher
Scientific) using the In-Fusion HD Cloning Kit (Clontech). The vec-
tor was then used as a template for inverse PCR to produce the TCR
libraries with the constant region removed in a stepwise process. The
sequences of TCRa and TCRb of the generated TCR library are
shown in Tables S5–S8. The sequences of the primers used for inverse
PCR are shown in Table S9.

CD3 expression vectors

CD3E (NM_000733.3), CD3G (NM_000073.2), CD3D (NM_000732.
4), CD3z (NM_198053.2), and EGFP were fused with T2A peptides
(CD3E-T2A-CD3G-T2A-CD3D-T2A-CD3Z-T2A-EGFP) and subcl-
oned into the pBApo-EF1a Pur mammalian expression vector (Takara
Bio; pEF1a-CD3E-T2A-CD3G-T2A-CD3D-T2A-CD3Z-T2A-EGFP;
Figure S1D).

TCRb-T2A-TCRa mammalian expression vectors

To express equal number of TCRa and TCRb proteins in each cell, the
selected pairs of TCRa and TCRb genes with signal peptides were fused
with the GS linker (sequence: SGSG) and the T2A peptide (Figure 2B)
and subcloned into the mammalian expression vector comprising EF1
promotor from pBApo-EF1a Pur vector (Takara Bio; Figure S2B),
IRES-Kusabiraorange (hKO1, codon optimized for human use, derived
from phKO1-S1 purchased from MBL), and BGH polyadenylation
signal (designated as pEF1a-IRES-hKO1; Figure S1A).

Cell culture

293T cells (DSMZ), GP2-293 cells (Takara Bio), and 293FT cells (In-
vitrogen) were maintained in Dulbecco’s modified Eagle’s medium
(DMEM, Nacalai Tesque) supplemented with 10% fetal bovine serum
(FBS) and 1% L-glutamine-penicillin-streptomycin solution (PSG;
Sigma) at 37�C in a 5% CO2 atmosphere. Jurkat cells (DSMZ),
B-LCL cells (RIKEN Cell Bank), and NALM6 cells (ATCC) were
cultured in RPMI-1640 (Sigma) supplemented with 10% FBS and
1% PSG at 37�C in a 5% CO2 atmosphere.

Flow cytometry

Cells were washed with phosphate-buffered saline (PBS) supple-
mented with 2% FBS and transferred into 96-well plates (2 � 105
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Figure 7. b1a7 CD19CAR T cells exhibit cytotoxic abilities both in vivo and in vitro

(A) Experimental scheme of the in vitro and in vivo cytotoxicity assays. (B) In vitro cytotoxicity of b1a7 CD19CAR and full-length TCRCD19CART cells against CD19+NALM6-

Luc-KO leukemia cells. Data are shown as mean ± SD of technical triplicates. (C) IVIS images at the indicated time points. (D) Amounts of NALM6-Luc-KO cells at the

indicated time points. The scale bar represents the bioluminescence signal in radiance. Unpaired multiple t tests, *p < 0.05, **p < 0.01, and ***p < 0.001.
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cells/well, 50 mL/well) or 15-mL tubes (1 � 106 cells/tube, 100 mL/
tube). Fluorescent-labeled antibodies (2 mL each for 1 � 106 cells;
detailed information is described in each section) were diluted with
the buffer (total volume was 50 mL/sample) and transferred to the
samples. After incubation at 4�C for 30 min, cells were washed with
the buffer and resuspend in PBS supplemented with 2% FBS and
DAPI (for SONY SH800 cell sorter, FUJIFILM Wako) or propidium
iodide (for other machines, Thermo Fisher Scientific) at the volumes
of 160 mL/well in 96-well plates or 500 mL/tube for 15-mL tubes. FCS
files were analyzed on FlowJo v10 software.

Establishment of CD3-expressing 293T cells

293T cells (1.1 � 105 cells/well) were seeded into 12-well plates. Next
day, the cells were washed with PBS to remove the antibiotics and
Molecular Th
1 mL of DMEM supplemented with 10% FBS was added. The CD3
expression vector pEF1a-CD3E-T2A-CD3G-T2A-CD3D-T2A-
CD3Z-T2A-EGFP (1 mg) and Lipofectamine 2000 (Thermo Fisher
Scientific) were diluted in 50 mL of Opti-MEM (Thermo Fisher
Scientific), respectively. After 5 min, the two diluted solutions were
combined, incubated at room temperature for 5 min to form DNA-
liposome complexes, and transferred into the 293T cells. EGFP+ cells
were purified using FACS SH800 (SONY) andmaintained to establish
a stable transfectant (designated as CD3-OE-293T cells).

Establishment of TCR-KO Jurkat cells

Genome editing targeting TRAC and TRBC loci was performed to
establish a double-KO mutant of Jurkat cells (designated as TCR-KO
Jurkat cells) using the Alt-R CRISPR-Cas9 System (Integrated DNA
erapy: Methods & Clinical Development Vol. 31 December 2023 13
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Technologies). TCRaTCRb double negative cells were purified by
FACS on SONY SH800. Disruption of TCRA and TCRB genes was
confirmed by single transfection with the full-length TCRa or full-
length TCRb expression vector and subsequent FACS analysis using
anti-TCRab and anti-CD3E (approximately 99% of the cells were
negative for TCRab and CD3E). The target genomic sequences were
as follows: TRAC,60 50-GAGAATCAAAATCGGTGAAT-30; TRBC1/
TRBC2,61 50-CAAACACAGCGACCTCGGGT-30. Anti-TCRab-APC
(clone IP26, BioLegend) and anti-CD3E-PE-Cy7 (clone UCHT1,
BioLegend) were used for FACS analysis on a SONY SH800.

Intracellular staining of TCR proteins

To validate the protein expression from TCRA-Myc or TCRB-
FLAG vectors, CD3-OE-293T cells were seeded in 12-well plates
at 1.1 � 105 cells/well. The next day, TCRA-Myc or TCRB-
FLAG (0.8 mg) and pEF1a-IRES-hKO1 vectors (0.2 mg, as a trans-
fection marker) (total 1.0 mg) were mixed in 50 mL of Opti-MEM
and cotransfected into CD3-OE-293T cells as described in the
“establishment of CD3-expressing 293T cells” section. Two days
after transfection, cells were harvested with trypsin (0.05%)-
EDTA phenol red (Gibco) and washed with FACS buffer (PBS
[Nacalai Tesque] + 2% FBS [Access Cell Culture] + 1 mM
EDTA [Invitrogen]). Then, the cells were fixed with Fixation
Buffer (BioLegend) and permeabilized with Perm Wash Buffer
(BioLegend). The cells were stained with anti-Myc Tag-Alexa
Fluor 647 (clone 9B11, Cell Signaling) or anti-DYKDDDDK
(FLAG) Tag-Alexa Fluor 647 (clone L5, BioLegend). The stained
cells were suspended in Cell Staining Buffer (BioLegend) and
analyzed using BD LSRII (BD Bioscience).

Detection of CD3E protein on CD3-OE-293T cells

To detect cell surface localization of CD3E protein on CD3-OE-293T
cells, the following two combinations of vectors were transfected as
described in the “intracellular staining of TCR proteins” section.

(1) TCRA-Myc (0.4 mg), TCRB-FLAG (0.4 mg), and pEF1a-IRES-
hKO1 vectors (0.2 mg, as a transfection marker) (total 1.0 mg)
(Figures 1 and S1)

(2) TCRb-T2A-TCRa-pEF1a-IRES-hKO1vectors (1.0mg) (Figure 2)

Two to 3 days later, cells were harvested by trypsinization, stained
with anti-CD3E-APC (clone UCHT1, BioLegend), and analyzed us-
ing a BD LSRII (BD Bioscience).

Tetramer binding assay

TCRb-T2A-TCRa-pEF1a-IRES-hKO1 vectors (1.0 mg) including full-
length TCRs35 were transfected into CD3-OE-293T cells as described
in the “intracellular staining of TCR proteins” section. Two to 3 days
later, cells were harvested by trypsinization, stained with T-Select
HLA-A*24:02 modified WT1 tetramer-CYTWNQMNL-APC (MBL)
and HLA-A*24:02 control tetramer-AYAAAAAAL-APC (MBL) as
described in the “flow cytometry” section and analyzed using a BD
LSRII (BD Bioscience).
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Detection of CD3 proteins on TCR-KO Jurkat cells

To detect cell surface expression of CD3E and CD3D proteins on
TCR-KO Jurkat cells, TCRb-T2A-TCRa-pEF1a-IRES-hKO1 vectors
(2 mg) were transfected into TCR-KO Jurkat cells (1 � 106 cells/sam-
ple, 100 mL/well) by using the 4D-Nucleofector electroporator (Lonza,
program: CL-120) and SE Cell Line 4D-Nucleofector X Kit L (Lonza)
according to the manufacturer’s instruction.

Two days later, transfected cells were harvested and stained with anti-
CD3E-PE-Cy7 (clone UCHT1, BioLegend) and anti-CD3D-APC
(clone 7D6, Invitrogen). Biotinylated anti-CD3E antibody OKT3
(BioLegend) was diluted to 200 mg/mL and serial dilution was per-
formed (1:5). Diluted antibody solution (100 mL/well) was transferred
to a 96-well plate and mixed with equal amount of TCR-transfected
TCR-KO Jurkat cells (1 � 105 cells/sample, 100 mL/well). After incu-
bation (4�C, 30 min), cells were washed twice and stained with Alexa
647-labeled streptavidin (BioLegend, diluted in 1:400, 50 mL/sample).
Samples were prepared as described in the “flow cytometry” section
and analyzed using a BD LSRII (BD Bioscience).
CD3 stimulation of TCR-KO Jurkat cells

Transfection into TCR-KO Jurkat cells was performed as described in
the “detection of CD3 proteins on TCR-KO Jurkat cells” section and
incubated overnight (day 0). Ultra-LEAF purified anti-human CD3
(clone OKT3, BioLegend) was plated into 96-well plates (10 mg/mL
in PBS, 100 mL/well) and incubated overnight (day 0). After washing
the CD3-coated plate with PBS, transfected TCR-KO Jurkat cells or
parental Jurkat cells were seeded at the cell density of 1–2 � 105

cells/well and incubated overnight (day 1). Jurkat cells were stained
with anti-CD69-Alexa Fluor 647 (clone FN50, BioLegend) and
analyzed using a BD LSRII (BD Bioscience).
Retroviral production

Full-length and selected pairs of TCRb and TCRa (b1a1 and b1a7)
described in the section “TCRb-T2A-TCRa mammalian expression
vectors” were transferred into pMYs-IRES-GFP retroviral vector
(pMYs-IG, Cell Biolabs). The CD19CAR sequence was obtained
from an application for a US patent (US2014-0271635). The synthe-
sized CD19CAR cDNAwas subcloned into pMYs-IG. The CD20CAR
cDNA16,62 was subcloned into the pGCDNsam vector.63

For viral production, GP2-293 cells (Takara Bio) were seeded onto
poly-L-lysine 5� (Sigma-Aldrich)-coated 10-cm dishes (5 � 106

cells/dish) and incubated overnight. pMYs-IG vectors (2 mg) and
VSV-G vector (Takara Bio, 2 mg) were diluted in Opti-MEM
(200 mL) and combined with Lipofectamine 2000 (Thermo Fisher
Scientific; 12 mL were diluted in Opti-MEM 200 mL). After 5 min of
incubation at room temperature, they were transfected into the
GP2-293 cells and incubated for 2 days. The harvested supernatant
(10 mL/dish) was filtered and mixed with a Retro-X Concentrator
(Takara Bio, 3.3 mL) and incubated overnight at 4�C. After centrifu-
gation (at 1,500 � g, 45 min, 4�C), the pellet was resuspended in
alpha-MEM (300 mL). The titers were determined by infection with
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the serial diluted viruses to Jurkat cells and FACS analyses. Aliquots
were stored in a �80�C deep freezer until further use.

Lentiviral production and establishment of NALM6-Luc-KO cells

The GFP gene in CMV-Luciferase-EF1a-copGFP-T2A-Puro Lenti-
vector (System Biosciences) was replaced with hKO1 amplified
from the phKO1-S1 vector (MBL). Lentivirus was produced as previ-
ously described using 293FT cells.35 The concentrated lentivirus was
titrated with Jurkat cells and infected to NALM6 cells (MOI = 6) by
the spin-infection method in 24-well plates (32�C, 2000 � g, 2 h).
hKO1+ NALM6 cells were sorted on BD FACSAria II and expanded.

T cell induction from iPSCs

Maintenance of feeder-free iPSCs

Myeloid-derived iPSCs (Ff-WJs513, Ff-WJs524, Ff-WJs527, and
FfI01s04; all clones were established from cord-blood cells in CiRA,
Kyoto University64,65) and T cell-derived iPSCs (TkT3V1-7, provided
by the University of Tokyo) were maintained in StemFit AK03N (Aji-
nomoto) on iMatrix-511 (Matrixome) as previously reported.37

Establishment of TCR-expressing iPSCs

Full-length GPC3-specific TCRs (provided by Shinobi Therapeutics)
and selected pairs of TCRb and TCRa (b1a1 and b1a7) described in
section “TCRb-T2A-TCRa mammalian expression vectors” were
transferred into piggyBac transfer vector (kindly provided by Dr.
Yozo Nakazawa, Shinshu University). iPSCs (FfI01s04, 4 � 106

cells/sample) were washed with MaxCyte buffer (HyClone, EPB1)
three times and resuspended in MaxCyte buffer (4 � 106 cells per
100 mL) in an OC-100 cuvette. Then, the transfer and transposase vec-
tors (16 mg each) were electroporated into the cells using MaxCyte
STX (MaxCyte) in the Optimization 8 condition. Following the elec-
troporation, the cells were immediately placed in culture medium and
incubated at 37�C and 5% CO2 for 30 min. Then, the cells were trans-
ferred to iMatrix-511 coated six-well plates with StemFit AK03. After
5–7 days, CD19-positive cells were sorted by FACS (Figure S5).

Generation of HSPCs from iPSCs

HSPCs were induced by using the embryoid body (EB) method as
previously reported.14 Briefly, iPSCs dissociated into single cells using
0.5� TrypLE Select (Thermo Fisher Scientific) and 0.75 mM EDTA
were resuspended in StemFit AK02N supplemented with 10 mM
Y-27632 (Nacalai Tesque) and 10 mM CHIR99021 (Tocris Biosci-
ence) and cultured in six-well ultra-low attachment plates (Corning)
for 24 h at a concentration of 0.2–0.3� 106 cells/well in a 5%O2 incu-
bator (day 0). The next day, the cells were harvested and resuspended
in 2 mL of StemPro-34 (Thermo Fisher Scientific) supplemented with
0.2� PSG, 1� GlutaMAX (Thermo Fisher Scientific), 50 mg/mL
ascorbic acid-2-phosphate (PAA, FUJIFILM Wako), 45 mM mono-
thioglycerol (FUJIFILMWako), and 1� insulin-transferrin-selenium
solution (Thermo Fisher Scientific) (hereafter referred to as EB basal
medium), 50 ng/mL recombinant human (rh) BMP-4 (Miltenyi Bio-
tec), 50 ng/mL rhVEGF (FUJIFILM Wako), and 50 ng/mL bFGF
(FUJIFILM Wako) per well (day 1, 5% O2, 5% CO2). After 24 h,
6 mM SB431542 (FUJIFILM Wako) was added (day 2, 5% O2, 5%
Molecular Th
CO2). After 2 days, the differentiating EBs were collected, washed,
and resuspended in 2 mL of EB basal medium supplemented with
50 ng/mL rhVEGF, 50 ng/mL rhbFGF, and 50 ng/mL rhSCF (R&D
Systems) per well and cultured for 2 days (day 4, 5% O2, 5% CO2).
After 2 days, the EBs were cultured in 2 mL of EB basal medium sup-
plemented with 50 ng/mL rhVEGF, 50 ng/mL rhbFGF, 50 ng/mL
rhSCF (R&D Systems), 30 ng/mL rhTPO (FUJIFILM Wako), and
10 ng/mL rhFLT3L (FUJIFILMWako) (day 6, 5% CO2). The medium
was changed every 2–3 days until day 13. Harvested cells were resus-
pended in TC-Protector cell freezing medium (Iwai) and stored in a
�150�C deep freezer.

Transduction of TCR genes and T cell induction

HSPCs were differentiated into T cells as previously described.14

Briefly, thawed EB-derived HSPCs (from Ff-WJs513, Ff-WJs524,
and Ff-WJs527 cells) were incubated in EB medium supplemented
with 50 ng/mL VEGF-165A, 50 ng/mL rhbFGF, 50 ng/mL rhSCF,
50 ng/mL rhTPO, and 10 ng/mL rhFLT3L (day �2). The next day,
cells were seeded into 48-well plates coated with RetroNectin (Takara
Bio, 100 mg/mL) at a cell density of 2–4 � 104 cells/well. Titrated
retrovirus was added to the cell suspension (day �1, MOI = 20).
The next day, cells were seeded into plates coated with RetroNectin
(5 mg/mL) and DLL4 protein (5 mg/mL) and incubated in alpha-
MEM supplemented with 50 ng/mL rhSCF, 50 ng/mL rhIL-7
(FUJIFILM Wako), 50 ng/mL rhFLT3L, 100 ng/mL rhTPO, 30 nM
rhSDF-1a (FUJIFILM Wako), 15 mM SB203580 (FUJIFILM Wako),
50 mg/mL PAA, 15% FBS, and 1% PSG (day 0). The medium was
changed every 2–3 days, and cells were reseeded into fresh
RetroNectin- and DLL4-coated 48-well plates every 7 days until
day 21. Anti-CD3-BV510 (BioLegend) and anti-CD45-APC-Cy7
(BioLegend) were used for FACS analysis.

Maturation of T cell progenitors to CD8a+CD8b+ CTLs

T cells induced on DLL4 proteins were seeded into 48-well plates at a
density of 1–10� 104 cells/well and stimulated with OKT3 anti-CD3
antibody (eBioscience, 500 ng/mL) in alpha-MEM supplemented
with 15% FBS, 50 mg/mL PAA, 1% PSG, 10 ng/mL rhIL-7, and
10 nM dexamethasone (DEXART, Fuji Pharma) for 3 days (days
21–24).14,36 OKT3 and dexamethasone were removed by changing
the medium (alpha-MEM supplemented with 15% FBS, 50 mg/mL
PAA, 1% PSG, and 10 ng/mL rhIL-7), and cells were incubated for
another 7 days (days 24–31). Anti-CD8b-PE-Cy7, anti-CD8a-APC,
anti-CD45-APC-Cy7, anti-CD4-BV421, and anti-CD3-BV510 anti-
bodies were used for FACS analysis.

T cell expansion

CTLs were co-cultured with irradiated PBMCs (40 Gy) as feeder cells
in alpha-MEM supplemented with 10% FBS, 1% PSG, IL-7 (5 ng/mL),
IL-15 (5 ng/mL), pan-caspase inhibitor Z-VAD-FMK (10 mM, R&D
Systems), PAA (50 mg/mL), ITS-G, and phytohemagglutinin (PHA;
2 mg/mL, FUJIFILM Wako) for 14 days. Feeder-free expansion was
performed based on the previous report.14 The medium was replen-
ished every 2–3 days, and cell passaging was performed every
2–6 days.
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TCR gene expression analysis

The NGS to evaluate expression of endogenous and transduced TCR
genes was performed as previously described.36 Total RNA was iso-
lated from CTLs after expansion (see the section “T cell expansion”)
using RNeasy micro kit (QIAGEN) following the manufacturer’s
instructions. After reverse transcription, the cDNA was amplified
by using adopter primer at the 50 and the reverse primers to constant
domains of TCRA and TCRB. After the sequencing of the amplified
CDR3 regions from both TCRA and TCRB genes on a next-genera-
tion sequencer, entire sequenced reads (number of reads are depicted
as “Total reads” in Tables S1 and S2) were analyzed using the reper-
toire analysis software Repertoire Genesis to assign TRV and TRJ al-
leles to queries and then generate CDR3 sequences and aggregate
their combination patterns ("Total assigned reads" in Tables S1 and
S2). In-frame sequences for which the CDR3 region can be translated
to amino acid sequences were analyzed (Figures 4J and S4B; "Total in-
frame reads" in Tables S1 and S2).

Retroviral transduction into iPSC-derived T cells

Anti-CD19 CAR retrovirus was transduced into iPS-T cells. A 96-well
plate was coated with RetroNectin (Takara Bio) for 2 h at room tem-
perature or overnight at 4�C. Two days after CD3/CD28 stimulation,
iPS-T cells were transduced with concentrated retroviral supernatants
by centrifugation on a RetroNectin-coated plate (MOI = 20). Cells
were cultured for 11 days from transduction (total 13 days). Trans-
duction was confirmed with flow cytometry with protein-L
(GenScript) and streptavadin-APC (BioLegend). The cryopreserved
cell stocks were prepared as outlined in “generation of HSPCs from
iPSCs” section (Figure S7A).

CD107a and cytokine detection

For detection of CD107a and IFNg expression of iPSC-T cells, T cells
were co-cultured with B-LCLs cells at a 1:1 ratio in a 96-well plate for
5 h in 100 mL of RPMI-1640 supplemented with glutamine, 1�Mon-
ensin (BioLegend), 10% FBS, and anti-CD107a-APC antibody
(BioLegend, Clone H4A3, 1 mL). Then the cell surface was stained
with anti-CD20-PE-Cy7 (BD Pharmingen) and anti-EGFR-PE
(BioLegend). Samples were washed and fixed with Fixation Buffer
(BioLegend) for 20 min. Samples were washed twice with Permeabi-
lization Wash Buffer (BioLegend) and were stained with IFNg-APC-
Cy7 (BioLegend) for 20 min. The washed and resuspended cells were
analyzed using BD FACSAria II.

In vitro cytotoxicity assay

A nonradioactive cellular cytotoxicity assay kit (Techno-Suzuta, Na-
gasaki, Japan) was used for CD20CAR T cells. Briefly, target B-LCLs
were pulsed with BM-HT reagent at 37�C for 15 min, washed three
times, and seeded into 96-well plates at a density of 5,000 cells/well.
Effector cells were added to the wells at effector-to-target (E:T) ratios
ranging from 5:1 to 0.625:1 and were co-cultured for 3 h with a-MEM
supplemented with 15% FBS and 1% PSG at 37�C with 5% CO2.
Then, 40 mL of the co-culture supernatant was collected and mixed
with 160 mL of Eu solution, and time-resolved fluorescence was
measured using a NIVO plate reader (PerkinElmer, Waltham, MA).
16 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
In vitro cytotoxicity of the CD19CAR T cells were examined using the
standard 51Cr release method. Briefly, target NALM6-Luc-KO cells
were loaded with 1.85 MBq 51Cr for 1 h in a-MEM supplemented
with 15% FBS and 1% PSG. Target cells (5,000 cells/well) were co-
cultured with effector iPSC-derived CART cells for 5 h in themedium
with various effector-to-target (E:T) ratios ranging from 16:1 to 1:1.
Supernatants were harvested and the released 51Cr was measured us-
ing a beta counter (PerkinElmer).

Mouse leukemia model

Male NSG mice (11 weeks old; Charles River Laboratories Japan)
were housed under controlled humidity and light/dark cycle in a spe-
cific pathogen-free facility. All animal experiments were performed in
accordance with the Animal Review Board of Kyoto University. A to-
tal of 1 � 106 NALM6-Luc-KO cells were intraperitoneally (i.p.) in-
jected to establish a mouse leukemia model (day �3). From day
�1, the tumor burden was monitored weekly by in vivo biolumines-
cence imaging using IVIS SPECTRUM and Living Image 4.7.3
software (PerkinElmer). CAR T cells (1.6 � 106 cells/mouse) were
i.p. injected into mice grouped according to the luminescence on
day 0. From day �3, body weight was monitored daily, and 20%
weight loss compared to that on day �3 was used as the humane
endpoint for sacrifice.
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Figure S1, Related to Figure 1. Details of the experimental materials and 
verification of TCR protein expression. !
(A) Structures of the TCRA-Myc (top), TCRB-FLAG (middle), and hKO1 (bottom)  
expression vectors used in the screening of TCR constructs. hKO1 fluorescent 
protein was used as a transfection marker.  
(B) (C) Intracellular staining to evaluate expression of TCRA-Myc (B) and TCRB-
FLAG proteins (C). hKO1+GFP+ cells are shown. 
 (D) The CD3 protein expression vector used in the CD3-OE-293T cells.  
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Figure S2, Related to Figure 3. Details of TCR-KO Jurkat cells 
(A) gRNA sequences targeting TRAC (left) and TRBC1 (right) loci using the 
CRISPR/Cas9 method. !
(B) FACS plots of TCR-KO and parental Jurkat cells after electroporation of full-
length TCRα and/or TCRβ or empty control vector. !
(C) Representative FACS plots of CD69 expression on non-stimulated TCR-KO 
Jurkat cells electroporated with each vector, related to Figure 3E-F.  
(D) Mean fluorescence intensity (MFI) of OKT3 to TCR-KO Jurkat cells 
electroporated with each vector before normalization, related to Figure 3G. 
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Figure S3, Related to Figure 4.  
(A) Fluorescent microscopy images of iPSC-derived HSPCs six days after 
retroviral transduction.  
(B) MFI of GFP in GFP+ cells after T cell induction on DLL4 protein (Day 21). 
(C) Flow cytometry before (Day 21) and after (Day 31) T cell maturation with anti-
CD3E antibody OKT3 and dexamethasone. 
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Figure S4, Related to Figure 4. TCR gene expression analysis by Next-
generation sequencing 

(A) Schematic illustration of NGS-based analysis of TCR gene expression.  
(B) TRAVJ (left) and TRBVJ (right) repertoire 3D graph. Data from FF-WJs524 

iPSCs are shown as representative of two iPSC-derived CTLs.  
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Figure S5, Related to Figure 5. Establishment of Mini-TCR-iPSCs.  
Full-length or Mini-TCR b1a1 or b1a7 were inserted into the transposon vector 
and transfected into iPSCs (clone FfI01s04). Flow cytometry data before FACS 
(upper panels) and reanalysis data after FACS to confirm the purity (lower 
panels). CD19 was used as the transfection marker.  
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Figure S6, Related to Figure 6. Details of the cytokine production and in 
vitro cytotoxicity assay. !
(A) The structures of the CD20CAR expression vector. 
(B) Representative plots of CD20CAR expressing iPSC-derived T cells. 
(C) The gating strategy for the cytokine production assay of CD20CAR 
expressing iPSC-derived CTLs. 
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Figure S7, Related to Figure 7. Experimental materials.!
(A) Preparation of CD19CAR iPS-T cells and the structure of the CD19CAR 
vector.  
(B) Expression of the CD19CAR protein in iPSC-T cells induced with full-length-
TCR or Mini-TCR b1a7. The CD19CAR protein was detected with protein-L that 
binds to the anti-CD19 single-chain variable fragment (scFv).  
(C) In vivo bioluminescence images to monitor the amounts of NALM6-Luc-KO 
cells on Day −1.  
(D) Total flux (photons/s) on Day -1. Data are shown as mean ± S.D. of 5 
biological replicates.   
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Table S1. The details of sequencing read in the NGS-based TCRA gene 
expression analysis 
Numbers of sequenced reads were compared with the previous report.35  
In-frame: Number of reads for which the CDR3 region can be translated to 
amino acid sequences 
Assigned: Number of reads judged as TCRA genes in the Repertoire Genesis 
software 
Total: Number of total reads in NGS  
%Read = (Number of reads) / (In-frame read number) x 100 
36: Data from our earlier report (Minagawa, A. et al. (2018). Enhancing T Cell 
Receptor Stability in Rejuvenated iPSC-Derived T Cells Improves Their Use in 
Cancer Immunotherapy. Cell Stem Cell 23, 850–858.e4.) 
 

Sample Rank TRAV TRAJ CDR3 Reads %Read 

FF-

WJs524-

Full-

length 

1 TRAV38-2/DV8 TRAJ31 CAYWSNNNARLMF 107486 96.51 

2 TRAV38-2/DV8 TRAJ31 CAYWSNNNDRLMF 144 0.13 

3 TRAV38-2/DV8 TRAJ31 CAYWSNSNARLMF 107 0.10 

4 TRAV38-2/DV8 TRAJ31 CAYWSNNNVRLMF 106 0.10 

5 TRAV38-2/DV8 TRAJ31 CAYWGNNNARLMF 99 0.09 

In-frame 111368 35.03 

Assigned 113385 35.66 

Total 317963  

FF-

WJs524-

b1a1 

1 TRAV21 TRAJ42 CAVILWRSQGNLIF 12 17.39 

2 TRAV38-2/DV8 TRAJ48 CVSNFGNEKLTF 9 13.04 

3 TRAV38-2/DV8 TRAJ31 CAYWSNNNARLMF 4 5.80 

4 TRAV38-2/DV8 TRAJ12 CGMDSSYKLIF 4 5.80 

5 TRAV38-2/DV8 TRAJ49 CLSQWNTGNQFYF 3 4.35 

In-frame 69 0.02 

Assigned 649 0.19 

Total 338072  

FF-

WJs524-

b1a7 

1 TRAV19 TRAJ49 
CALSEASNTGNQFY

F 
471 67.38 

2 TRAV24 TRAJ41 CAASNSNSGYALNF 98 14.02 

3 TRAV38-2/DV8 TRAJ48 CVSNFGNEKLTF 11 1.57 

4 TRAV38-2/DV8 TRAJ12 CGMDSSYKLIF 5 0.72 
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5 TRAV38-2/DV8 TRAJ49 CLSQWNTGNQFYF 4 0.57 

In-frame 699 0.23 

Assigned 1761 0.59 

Total 297521  

FF-

WJs527-

Full-

length 

1 TRAV38-2/DV8 TRAJ31 CAYWSNNNARLMF 124717 96.43 

2 TRAV3 TRAJ17 
CAVRDSRAAGNKL

TF 
931 0.72 

3 TRAV38-2/DV8 TRAJ31 CAYWSNNNAGLMF 145 0.11 

4 TRAV38-2/DV8 TRAJ31 CAYWSNNNDRLMF 122 0.09 

5 TRAV38-2/DV8 TRAJ31 CAYWSNSNARLMF 120 0.09 

In-frame 129340  

Assigned 131259  

Total 393623  

FF-

WJs527-

b1a1 

1 TRAV38-2/DV8 TRAJ48 CVSNFGNEKLTF 5 16.67 

2 TRAV38-2/DV8 TRAJ31 CAYWSNNNARLMF 3 10.00 

3 TRAV38-2/DV8 TRAJ49 CLSQWNTGNQFYF 2 6.67 

4 TRAV38-2/DV8 TRAJ47 CVEYGNKLVF 2 6.67 

5 TRAV8-4 TRAJ48 CVSNFGNEKLTF 1 3.33 

In-frame 30  

Assigned 304  

Total 238460  

FF-

WJs527-

b1a7 

1 TRAV5 TRAJ8 CAEERTGFQKLVF 3815 66.95 

2 TRAV17 TRAJ40 CATAGWGTYKYIF 1349 23.67 

3 TRAV17 TRAJ40 CVTAGWGTYKYIF 117 2.05 

4 TRAV38-2/DV8 TRAJ12 CGMDSSYKLIF 24 0.42 

5 TRAV38-2/DV8 TRAJ48 CVSNFGNEKLTF 21 0.37 

In-frame 5698  

Assigned 7253  

Total 440363  

GPC3 T-

iPSCs 

WT36 

1 TRAV19 TRAJ10 
CALTYILTGGGNKL

TF 
76811 29.29 

2 TRAV1-1 TRAJ33 CAVMDSNYQLIW 6540 2.49 

3 TRAV1-1 TRAJ31 CAVRDNNARLMF 5989 2.28 

4 TRAV9-2 TRAJ4 CALSDSGGYNKLIF 4624 1.76 

5 TRAV1-1 TRAJ34 CAVRDNTDKLIF 3937 1.50 
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In-frame 262206  

Assigned 358316  

Total 415348  

GPC3 T-

iPSCs 

RAG2 

KO36 

1 TRAV19 TRAJ10 
CALTYILTGGGNKL

TF 
153535 86.31 

2 TRAV19 TRAJ10 
CALTYIRTGGGNKL

TF 
1064 0.60 

3 TRAV19 TRAJ10 
CALTDILTGGGNKL

TF 
764 0.43 

4 TRAV19 TRAJ10 
CALTYILTGGGNKR

TF 
626 0.35 

5 TRAV19 TRAJ10 
CALTYMLTGGGNKL

TF 
617 0.35 

In-frame 177884  

Assigned 269603  

Total 338666  

TkT3v1-

7 WT36 

1 TRAV38-2 TRAJ31 CAYWSNNNARLMF 27928 8.17 

2 TRAV39 TRAJ39 CAVVNNAGNMLTF 4270 1.25 

3 TRAV21 TRAJ11 CAVISSGYSTLTF 4122 1.21 

4 TRAV27 TRAJ22 CAGAGSARQLTF 3914 1.15 

5 TRAV30 TRAJ6 CGTSGGSYIPTF 3866 1.13 

In-frame 341648  

Assigned 421059  

Total 491249  

TkT3v1-

7 RAG2 

KO36 

1 TRAV38-2 TRAJ31 CAYWSNNNARLMF 225909 91.85 

2 TRAV38-2 TRAJ31 CADWSNNNARLMF 747 0.30 

3 TRAV38-2 TRAJ31 CAYWSNSNARLMF 734 0.30 

4 TRAV38-2 TRAJ31 CDYWSNNNARLMF 637 0.26 

5 TRAV38-2 TRAJ31 CAYWSNNNVRLMF 545 0.22 

In-frame 245943  

Assigned 250110  

Total 325934  
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Table S2. The details of sequencing read in the NGS-based TCRB gene 
expression analysis 
In-frame: Number of reads for which the CDR3 region can be translated to 
amino acid sequences 
Assigned: Number of reads judged as TCRA genes in the Repertoire Genesis 
software 
Total: Number of total reads in NGS  
%Read = (Number of reads) / (In-frame read number) x 100 
 

Sample Rank TRBV TRBJ CDR3 Reads %Read 

FF-

WJs524-

Full-

length 

1 TRBV29-1 TRBJ2-2 CSVDGQGNTGELFF 31358 93.19 

2 TRBV29-1 TRBJ2-2 CSVDGQGNTEELFF 68 0.20 

3 TRBV29-1 TRBJ2-2 GSVDGQGNTGELFF 53 0.16 

4 TRBV29-1 TRBJ2-2 CSVDGQRNTGELFF 51 0.15 

5 TRBV29-1 TRBJ2-2 CSVEGQGNTGELFF 43 0.13 

In-frame 33651  

Assigned 34908  

Total 484086  

FF-

WJs524-

b1a1 

1 TRBV28 TRBJ1-5 CASSNPGLKQPQHF 10 13.16 

2 TRBV29-1 TRBJ1-5 CSNQPQHF 5 6.58 

3 TRBV2 TRBJ1-5 CSNQPQHF 4 5.26 

4 TRBV9 TRBJ1-4 CATNEKLFF 2 2.63 

5 TRBV7-7 TRBJ1-5 CSNQPQHF 2 2.63 

In-frame 76  

Assigned 548  

Total 364343  

FF-

WJs524-

b1a7 

1 
TRBV9 TRBJ2-7 

CASSVGERWTSGDEQ

YF 16 15.24 

2 TRBV29-1 TRBJ1-5 CSNQPQHF 6 5.71 

3 TRBV5-1 TRBJ1-5 CSNQPQHF 3 2.86 

4 TRBV7-2 TRBJ2-2 CANTGELFF 2 1.90 

5 TRBV7-2 TRBJ1-5 CSNQPQHF 2 1.90 

In-frame 105  

Assigned 634  

Total 339996  
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FF-

WJs527-

Full-

length 

1 TRBV29-1 TRBJ2-2 CSVDGQGNTGELFF 13328 93.24 

2 TRBV20-1 TRBJ1-5 CSAGNPGTPAGPQHF 31 0.22 

3 TRBV29-1 TRBJ2-2 GSVDGQGNTGELFF 24 0.17 

4 TRBV29-1 TRBJ2-2 CSVDGQGNPGELFF 23 0.16 

5 TRBV29-1 TRBJ2-2 CSVEGQGNTGELFF 22 0.15 

In-frame 14294  

Assigned 14853  

Total 331814  

FF-

WJs527-

b1a1 

1 TRBV7-2 TRBJ1-5 CSNQPQHF 5 8.06 

2 TRBV7-2 TRBJ2-2 CANTGELFF 3 4.84 

3 TRBV4-1 TRBJ1-5 CSNQPQHF 3 4.84 

4 TRBV5-4 TRBJ1-5 CSNQPQHF 2 3.23 

5 TRBV3-1 TRBJ1-5 CSNQPQHF 2 3.23 

In-frame 62  

Assigned 572  

Total 440286  

FF-

WJs527-

b1a7 

1 TRBV28 TRBJ1-2 CASSRGMGGSGYTF 80 52.98 

2 TRBV29-1 TRBJ1-5 CSNQPQHF 6 3.97 

3 TRBV4-3 TRBJ1-5 CSNQPQHF 3 1.99 

4 TRBV6-3 TRBJ1-5 CSNQPQHF 2 1.32 

5 
TRBV29/O

R9-2 TRBJ1-5 CSNQPQHF 2 1.32 

In-frame 151  

Assigned 538  

Total 383582  
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Table S3. cDNA sequences of the full-length TCR and the T2A peptide 
Name DNA sequence 

TCRβ 

ATGCTGAGTCTTCTGCTCCTTCTCCTGGGACTAGGCTCTGTGTTCAGTGC

TGTCATCTCTCAAAAGCCAAGCAGGGATATCTGTCAACGTGGAACCTCCC

TGACGATCCAGTGTCAAGTCGATAGCCAAGTCACCATGATGTTCTGGTAC

CGTCAGCAACCTGGACAGAGCCTGACACTGATCGCAACTGCAAATCAGG

GCTCTGAGGCCACATATGAGAGTGGATTTGTCATTGACAAGTTTCCCATC

AGCCGCCCAAACCTAACATTCTCAACTCTGACTGTGAGCAACATGAGCCC

TGAAGACAGCAGCATATATCTCTGCAGCGTTGATGGACAGGGAAACACCG

GGGAGCTGTTTTTTGGAGAAGGCTCTAGGCTGACCGTACTGGAGGACCT

GAAAAACGTGTTCCCACCCGAGGTCGCTGTGTTTGAGCCATCAGAAGCAG

AGATCTCCCACACCCAAAAGGCCACACTGGTGTGCCTGGCCACAGGCTT

CTACCCCGACCACGTGGAGCTGAGCTGGTGGGTGAATGGGAAGGAGGT

GCACAGTGGGGTCAGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGC

CCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCTCGGCC

ACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCTA

CGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCTGTC

ACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTCA

CCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAG

ATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCGT

GCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

T2A 
peptide 

TCCGGAAGCGGAGAGGGCAGAGGAAGTCTGCTAACATGCGGTGACGTCG

AGGAGAATCCTGGCCCC 

TCRα 

ATGGCATGCCCTGGCTTCCTGTGGGCACTTGTGATCTCCACCTGTCTTGA

ATTTAGCATGGCTCAGACAGTCACTCAGTCTCAACCAGAGATGTCTGTGC

AGGAGGCAGAGACCGTGACCCTGAGCTGCACATATGACACCAGTGAGAG

TGATTATTATTTATTCTGGTACAAGCAGCCTCCCAGCAGGCAGATGATTCT

CGTTATTCGCCAAGAAGCTTATAAGCAACAGAATGCAACAGAGAATCGTTT

CTCTGTGAACTTCCAGAAAGCAGCCAAATCCTTCAGTCTCAAGATCTCAGA

CTCACAGCTGGGGGATGCCGCGATGTATTTCTGTGCTTATTGGAGTAATA

ACAATGCCAGACTCATGTTTGGAGATGGAACTCAGCTGGTGGTGAAGCCC

AATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGAGAGACTCTAAATC

CAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTCAAACAAATGT

GTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGA

CATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACA

AATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAG
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ACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAG

AAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATT

GGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGAC

GCTGCGGCTGTGGTCCAGCTGA 

 
 
 
Table S4. Amino acid sequences of the full-length-TCR and the T2A 
peptide 

Name Amino acid sequence 

TCRβ 

MLSLLLLLLGLGSVFSAVISQKPSRDICQRGTSLTIQCQVDSQVTMMFWYRQ

QPGQSLTLIATANQGSEATYESGFVIDKFPISRPNLTFSTLTVSNMSPEDSSIY

LCSVDGQGNTGELFFGEGSRLTVLEDLKNVFPPEVAVFEPSEAEISHTQKATL

VCLATGFYPDHVELSWWVNGKEVHSGVSTDPQPLKEQPALNDSRYCLSSRL

RVSATFWQNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRAD

CGFTSESYQQGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

T2A 
peptide 

SGSGEGRGSLLTCGDVEENPGP 

TCRα 

MACPGFLWALVISTCLEFSMAQTVTQSQPEMSVQEAETVTLSCTYDTSESDY

YLFWYKQPPSRQMILVIRQEAYKQQNATENRFSVNFQKAAKSFSLKISDSQL

GDAAMYFCAYWSNNNARLMFGDGTQLVVKPNIQNPDPAVYQLRDSKSSDK

SVCLFTDFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDF

ACANAFNNSIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLK

VAGFNLLMTLRLWSS 
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Table S5. cDNA sequences of TCRα constructs 
Name Length DNA sequence 

α1 423 

AATATCCAGAACCCTGACCCTGCCGTGTACCAGCTGAGAGACTCTA

AATCCAGTGACAAGTCTGTCTGCCTATTCACCGATTTTGATTCTCAA

ACAAATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAA

AACTGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCT

GTGGCCTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCA

ACAACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAG

TTCCTGTGATGTCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACG

AACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCT

CCTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTG

GTCCAGC 

α2 396 

TACCAGCTGAGAGACTCTAAATCCAGTGACAAGTCTGTCTGCCTATT

CACCGATTTTGATTCTCAAACAAATGTGTCACAAAGTAAGGATTCTG

ATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGGA

CTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTTT

GCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCT

TCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAA

AAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGA

TTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCT

CATGACGCTGCGGCTGTGGTCCAGC 

α3 363 

TCTGTCTGCCTATTCACCGATTTTGATTCTCAAACAAATGTGTCACA

AAGTAAGGATTCTGATGTGTATATCACAGACAAAACTGTGCTAGACA

TGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAA

CAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCATTATTC

CAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAA

GCTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACTTTCAAA

ACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGG

GTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC 

α4 327 

AATGTGTCACAAAGTAAGGATTCTGATGTGTATATCACAGACAAAAC

TGTGCTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTG

GCCTGGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACA

ACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTC

CTGTGATGTCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAAC

CTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCT

GAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTC
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CAGC 

α5 303 

GATGTGTATATCACAGACAAAACTGTGCTAGACATGAGGTCTATGG

ACTTCAAGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTT

TGCATGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACC

TTCTTCCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGA

AAAGCTTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTG

ATTGGGTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGC

TCATGACGCTGCGGCTGTGGTCCAGC 

α6 276 

CTAGACATGAGGTCTATGGACTTCAAGAGCAACAGTGCTGTGGCCT

GGAGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAG

CATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGT

GATGTCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAA

ACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAA

GTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC 

α7 252 

AAGAGCAACAGTGCTGTGGCCTGGAGCAACAAATCTGACTTTGCAT

GTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTTC

CCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGCT

TTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGG

TTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGA

CGCTGCGGCTGTGGTCCAGC 

α8 228 

AGCAACAAATCTGACTTTGCATGTGCAAACGCCTTCAACAACAGCAT

TATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGAT

GTCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACT

TTCAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGT

GGCCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC 

α9 207 

TGTGCAAACGCCTTCAACAACAGCATTATTCCAGAAGACACCTTCTT

CCCCAGCCCAGAAAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGC

TTTGAAACAGATACGAACCTAAACTTTCAAAACCTGTCAGTGATTGG

GTTCCGAATCCTCCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATG

ACGCTGCGGCTGTGGTCCAGC 

α10 195 

TTCAACAACAGCATTATTCCAGAAGACACCTTCTTCCCCAGCCCAGA

AAGTTCCTGTGATGTCAAGCTGGTCGAGAAAAGCTTTGAAACAGAT

ACGAACCTAAACTTTCAAAACCTGTCAGTGATTGGGTTCCGAATCCT

CCTCCTGAAAGTGGCCGGGTTTAATCTGCTCATGACGCTGCGGCTG

TGGTCCAGC 
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α11 180 

ATTCCAGAAGACACCTTCTTCCCCAGCCCAGAAAGTTCCTGTGATG

TCAAGCTGGTCGAGAAAAGCTTTGAAACAGATACGAACCTAAACTTT

CAAAACCTGTCAGTGATTGGGTTCCGAATCCTCCTCCTGAAAGTGG

CCGGGTTTAATCTGCTCATGACGCTGCGGCTGTGGTCCAGC 
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Table S6. cDNA sequences of TCRβ constructs 
Name Length DNA sequence 

β1 537 

GAGGACCTGAAAAACGTGTTCCCACCCGAGGTCGCTGTGTTTGAG

CCATCAGAAGCAGAGATCTCCCACACCCAAAAGGCCACACTGGTGT

GCCTGGCCACAGGCTTCTACCCCGACCACGTGGAGCTGAGCTGGT

GGGTGAATGGGAAGGAGGTGCACAGTGGGGTCAGCACAGACCCG

CAGCCCCTCAAGGAGCAGCCCGCCCTCAATGACTCCAGATACTGC

CTGAGCAGCCGCCTGAGGGTCTCGGCCACCTTCTGGCAGAACCCC

CGCAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGA

ATGACGAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCG

TCAGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCG

AGTCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGAT

CTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCT

CGTGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β2 489 

TCAGAAGCAGAGATCTCCCACACCCAAAAGGCCACACTGGTGTGC

CTGGCCACAGGCTTCTACCCCGACCACGTGGAGCTGAGCTGGTGG

GTGAATGGGAAGGAGGTGCACAGTGGGGTCAGCACAGACCCGCA

GCCCCTCAAGGAGCAGCCCGCCCTCAATGACTCCAGATACTGCCT

GAGCAGCCGCCTGAGGGTCTCGGCCACCTTCTGGCAGAACCCCCG

CAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAAT

GACGAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTC

AGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCGAG

TCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCT

TGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCG

TGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β3 459 

GCCACACTGGTGTGCCTGGCCACAGGCTTCTACCCCGACCACGTG

GAGCTGAGCTGGTGGGTGAATGGGAAGGAGGTGCACAGTGGGGT

CAGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGCCCTCAATGA

CTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCTCGGCCACCTT

CTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCTAC

GGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCT

GTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGT

GGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCACCA

TCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCT

GGTCAGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGATTC

CAGAGGC 
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β4 417 

GTGGAGCTGAGCTGGTGGGTGAATGGGAAGGAGGTGCACAGTGG

GGTCAGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGCCCTCAA

TGACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCTCGGCCAC

CTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTC

TACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAA

CCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGAC

TGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCA

CCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGT

GCTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGA

TTCCAGAGGC 

β5 399 

GTGAATGGGAAGGAGGTGCACAGTGGGGTCAGCACAGACCCGCA

GCCCCTCAAGGAGCAGCCCGCCCTCAATGACTCCAGATACTGCCT

GAGCAGCCGCCTGAGGGTCTCGGCCACCTTCTGGCAGAACCCCCG

CAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAAT

GACGAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTC

AGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCGAG

TCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCT

TGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCG

TGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β6 372 

GTCAGCACAGACCCGCAGCCCCTCAAGGAGCAGCCCGCCCTCAAT

GACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTCTCGGCCACC

TTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCT

ACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAAC

CTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACT

GTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCAC

CATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTG

CTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGATT

CCAGAGGC 

β7 336 

GCCCTCAATGACTCCAGATACTGCCTGAGCAGCCGCCTGAGGGTC

TCGGCCACCTTCTGGCAGAACCCCCGCAACCACTTCCGCTGTCAA

GTCCAGTTCTACGGGCTCTCGGAGAATGACGAGTGGACCCAGGAT

AGGGCCAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGT

AGAGCAGACTGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTC

CTGTCTGCCACCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCT

TGTATGCCGTGCTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAA

GAGAAAGGATTCCAGAGGC 
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β8 303 

CGCCTGAGGGTCTCGGCCACCTTCTGGCAGAACCCCCGCAACCAC

TTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAATGACGAGT

GGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTCAGCGCCG

AGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCGAGTCTTACC

AGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGCTAGG

GAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCGTGCTGAT

GGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β9 276 

CAGAACCCCCGCAACCACTTCCGCTGTCAAGTCCAGTTCTACGGGC

TCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAACCTGTCA

CCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGACTGTGGCT

TCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCACCATCCT

CTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGTGCTGGTC

AGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGATTCCAGA

GGC 

β10 258 

TTCCGCTGTCAAGTCCAGTTCTACGGGCTCTCGGAGAATGACGAGT

GGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTCAGCGCCG

AGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCGAGTCTTACC

AGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGCTAGG

GAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCGTGCTGAT

GGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β11 237 

TACGGGCTCTCGGAGAATGACGAGTGGACCCAGGATAGGGCCAAA

CCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGAGCAGAC

TGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGTCTGCCA

CCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTATGCCGT

GCTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAAGAGAAAGGA

TTCCAGAGGC 

β12 216 

GAGTGGACCCAGGATAGGGCCAAACCTGTCACCCAGATCGTCAGC

GCCGAGGCCTGGGGTAGAGCAGACTGTGGCTTCACCTCCGAGTCT

TACCAGCAAGGGGTCCTGTCTGCCACCATCCTCTATGAGATCTTGC

TAGGGAAGGCCACCTTGTATGCCGTGCTGGTCAGTGCCCTCGTGC

TGATGGCCATGGTCAAGAGAAAGGATTCCAGAGGC 

β13 198 

GCCAAACCTGTCACCCAGATCGTCAGCGCCGAGGCCTGGGGTAGA

GCAGACTGTGGCTTCACCTCCGAGTCTTACCAGCAAGGGGTCCTGT

CTGCCACCATCCTCTATGAGATCTTGCTAGGGAAGGCCACCTTGTA

TGCCGTGCTGGTCAGTGCCCTCGTGCTGATGGCCATGGTCAAGAG

AAAGGATTCCAGAGGC 
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Table S7. Amino acid sequences of TCRα constructs 
Name Length Amino acid sequence 

α1 141 
NIQNPDPAVYQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKT

VLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTFFPSPESSCD

VKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS 

α2 132 
YQLRDSKSSDKSVCLFTDFDSQTNVSQSKDSDVYITDKTVLDMRSMDF

KSNSAVAWSNKSDFACANAFNNSIIPEDTFFPSPESSCDVKLVEKSFET

DTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS 

α3 121 
SVCLFTDFDSQTNVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSN

KSDFACANAFNNSIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLS

VIGFRILLLKVAGFNLLMTLRLWSS 

α4 109 
NVSQSKDSDVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNN

SIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGF

NLLMTLRLWSS 

α5 101 
DVYITDKTVLDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTFFP

SPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRL

WSS 

α6 92 
LDMRSMDFKSNSAVAWSNKSDFACANAFNNSIIPEDTFFPSPESSCDV

KLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS 

α7 84 
KSNSAVAWSNKSDFACANAFNNSIIPEDTFFPSPESSCDVKLVEKSFET

DTNLNFQNLSVIGFRILLLKVAGFNLLMTLRLWSS 

α8 76 
SNKSDFACANAFNNSIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQN

LSVIGFRILLLKVAGFNLLMTLRLWSS 

α9 69 
CANAFNNSIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRI

LLLKVAGFNLLMTLRLWSS 

α10 65 
FNNSIIPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKV

AGFNLLMTLRLWSS 

α11 60 
IPEDTFFPSPESSCDVKLVEKSFETDTNLNFQNLSVIGFRILLLKVAGFN

LLMTLRLWSS 
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Table S8. Amino acid sequences of TCRβ constructs 
Name Length Amino acid sequence 

β1 179 

EDLKNVFPPEVAVFEPSEAEISHTQKATLVCLATGFYPDHVELSWWVN

GKEVHSGVSTDPQPLKEQPALNDSRYCLSSRLRVSATFWQNPRNHFR

CQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADCGFTSESYQQG

VLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

β2 163 

SEAEISHTQKATLVCLATGFYPDHVELSWWVNGKEVHSGVSTDPQPL

KEQPALNDSRYCLSSRLRVSATFWQNPRNHFRCQVQFYGLSENDEW

TQDRAKPVTQIVSAEAWGRADCGFTSESYQQGVLSATILYEILLGKATL

YAVLVSALVLMAMVKRKDSRG 

β3 153 

ATLVCLATGFYPDHVELSWWVNGKEVHSGVSTDPQPLKEQPALNDSR

YCLSSRLRVSATFWQNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQI

VSAEAWGRADCGFTSESYQQGVLSATILYEILLGKATLYAVLVSALVLM

AMVKRKDSRG 

β4 139 
VELSWWVNGKEVHSGVSTDPQPLKEQPALNDSRYCLSSRLRVSATF

WQNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADC

GFTSESYQQGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

β5 133 
VNGKEVHSGVSTDPQPLKEQPALNDSRYCLSSRLRVSATFWQNPRNH

FRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADCGFTSESYQ

QGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

β6 124 
VSTDPQPLKEQPALNDSRYCLSSRLRVSATFWQNPRNHFRCQVQFYG

LSENDEWTQDRAKPVTQIVSAEAWGRADCGFTSESYQQGVLSATILY

EILLGKATLYAVLVSALVLMAMVKRKDSRG 

β7 112 
ALNDSRYCLSSRLRVSATFWQNPRNHFRCQVQFYGLSENDEWTQDR

AKPVTQIVSAEAWGRADCGFTSESYQQGVLSATILYEILLGKATLYAVL

VSALVLMAMVKRKDSRG 

β8 101 
RLRVSATFWQNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEA

WGRADCGFTSESYQQGVLSATILYEILLGKATLYAVLVSALVLMAMVKR

KDSRG 

β9 92 
QNPRNHFRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADCGF

TSESYQQGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

β10 86 
FRCQVQFYGLSENDEWTQDRAKPVTQIVSAEAWGRADCGFTSESYQ

QGVLSATILYEILLGKATLYAVLVSALVLMAMVKRKDSRG 

β11 79 
YGLSENDEWTQDRAKPVTQIVSAEAWGRADCGFTSESYQQGVLSATI

LYEILLGKATLYAVLVSALVLMAMVKRKDSRG 
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β12 72 
EWTQDRAKPVTQIVSAEAWGRADCGFTSESYQQGVLSATILYEILLGK

ATLYAVLVSALVLMAMVKRKDSRG 

β13 66 
AKPVTQIVSAEAWGRADCGFTSESYQQGVLSATILYEILLGKATLYAVL

VSALVLMAMVKRKDSRG 
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Table S9. Primer sequences for inverse PCR 
Construct Forward 

Primer 
Reverse 
Primer 

α2 TACCAGCTGAGAGACTCTAAATCC 

AGCCATGCTAA

ATTCAAGACAG

GTG 

α3 TCTGTCTGCCTATTCACCGATTTTG 

α4 AATGTGTCACAAAGTAAGGATTCTGATGTG 

α5 GATGTGTATATCACAGACAAAACTGTGCTAG 

α6 CTAGACATGAGGTCTATGGACTTCAAG 

α7 AAGAGCAACAGTGCTGTGGCC 

α8 AGCAACAAATCTGACTTTGCATGTG 

α9 TGTGCAAACGCCTTCAACAACAG 

α10 TTCAACAACAGCATTATTCCAGAAGAC 

α11 ATTCCAGAAGACACCTTCTTCCCC 

β2 TCAGAAGCAGAGATCTCCCACACCC 

ACTGAACACAG

AGCCTAGTCCC

AG 

β3 GCCACACTGGTGTGCCTGGCC 

β4 GTGGAGCTGAGCTGGTGGGTG 

β5 GTGAATGGGAAGGAGGTGCACAGTG 

β6 GTCAGCACAGACCCGCAGCCCC 

β7 GCCCTCAATGACTCCAGATACTGCC 

β8 CGCCTGAGGGTCTCGGCCAC 

β9 CAGAACCCCCGCAACCACTTCC 

β10 TTCCGCTGTCAAGTCCAGTTCTACG 

β11 TACGGGCTCTCGGAGAATGACG 

β12 GAGTGGACCCAGGATAGGGCCAAACC 

β13 GCCAAACCTGTCACCCAGATCGTC 
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