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ABSTRACT

Background The development of chimeric antigen
receptor (CAR)-T cell therapies for solid tumors has
attracted considerable attention, yet their clinical efficacy
remains limited. Therefore, various efforts have been
made to improve the efficacy of CAR-T cell therapy. As
one promising strategy, incorporating the T-cell receptor
(TCR) machinery into CAR structures has been reported
to improve the efficacy of CAR-T cells in studies using
conventional CARs targeting such as EGFR. However, in
the case of peptide/major histocompatibility complex
(PMHC)-targeted CARs, the advantages of exploiting TCR
machinery have not been fully elucidated. We recently
developed MAGE-A4-derived pMHC (MAGE-A4 pMHC)-
targeted CAR-T cells (MA-CAR-T cells) using a highly
specific human scFv antibody against MAGE-A4, . ../
HLA-A*02:01. We aimed to determine whether MAGE-A4
pMHC-targeted CAR-T cells using the TCR machinery
(Hybrid MA-TCR-T cells) exhibit superior functionality
without compromising antigen specificity.

Methods We constructed a retroviral vector expressing
Hybrid MA-TCR where MAGE-A4 pMHC-specific scFv are
fused to human TCR constant chains.

Results Hybrid MA-TCR-T cells demonstrated superior
in vitro functions compared with MA-CAR-T cells,

while maintaining strict antigen specificity. In addition,
functional superiority of Hybrid MA-TCR-T cells to MA-
CAR-T cells became more pronounced on repetitive
antigen stimulation. In particular, Hybrid MA-TCR-T cells
significantly inhibited tumor growth in an immunodeficient
mouse model more effectively than MA-CAR-T cells. Ex
vivo analyses indicated that their enhanced therapeutic
efficacy might result from higher infiltration of functionally
active, less differentiated Hybrid MA-TCR-T cells in tumor
tissues.

Conclusions These findings suggest that leveraging the
TCR machinery is a promising strategy for enhancing
pMHC-targeted CAR-T cell therapy for solid tumors,
potentially leading to more effective treatments.

INTRODUCTION

The clinical efficacy of chimeric antigen
receptor (CAR)-T cell therapies has revo-
lutionized the treatment of patients with
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Exploitation of T-cell receptor (TCR) machinery by
conventional chimeric antigen receptors (CARs)
targeting cell surface molecules, such as CD19
and EGFR, improves in vitro and in vivo functions
of CAR-T cells.

WHAT THIS STUDY ADDS
= MAGE-A4 /HLA-A*02:01-targeted CAR-T cells

230-239'
exploitinngCR machinery exhibit significantly en-
hanced in vitro and in vivo functionalities without

compromising antigen specificity.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The results obtained in this study indicate that the
strategy of exploiting TCR machinery could im-
prove efficacies of peptide-major histocompatibility
complex-targeted CAR-T cells, potentially leading to
the development of more effective CAR-T therapies
for solid tumors.

hematological malignancies, paving the way
for their potential use in solid tumors.' ?
However, their success in solid tumors remains
limited,” * with a few promising therapies
targeting disialoganglioside GD2, Claudin-6,
and Claudin-18.2.° A major challenge is
the scarcity of tumorspecific cell surface
molecules, which are ideal targets for CAR-T
therapy.

One strategy to overcome this barrier
involves the development of CARs that use
the scFv antibody, which recognizes the
peptide-major  histocompatibility complex
class I (pMHC), to target a variety of intracel-
lular tumor-specific antigens.*’ Our group
recently reported a novel pMHC-targeted
CAR-T cell therapy using a highly specific
human scFvantibody against MAGE-A4
HLA-A"02:01 (MA-CAR-T)."!

230—239/
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However, the broader application of CAR-T therapy for
solid tumors is hindered by the low in vivo functionality
of CAR-T cells, as evidenced by the overall lack of efficacy
across various CAR-T therapies for solid tumors.'*'* The
primary factors contributing to this low efficacy include
the unique structure of solid tumors, which necessitates
efficient CAR-T cell trafficking to tumor sites and the
immunosuppressive tumor microenvironment (TME).
Additionally, intrinsic functional defects of CAR-T cells,
such as exhaustion due to tonic signaling in either a
ligand-dependent or ligand-independent manner, result
in low persistency and hypo-responsiveness.'*"” There-
fore, various technological innovations have been made
to CAR constructs to enhance CAR-T cell trafficking into
solid tumors, confer resistance against inhibitory signals
in the TME, and improve in vivo persistence by reducing
tonic signaling and/or altering the TME milieu.'"®’

Among these advances, several groups have recently
reported novel CAR constructs, including AbTCR,”
TAC,22 TRuC,? STAR,Q4 and HIT.® These constructs
share the strategy of incorporating TCR machinery into
CAR structures. These studies indicate that CAR-T cells
exploiting TCR machinery enhanced in vitro and in vivo
functions when conventional CARs targeting CD19 and
EGFR are used as templates. Thus, incorporating TCR
machinery into conventional CARs has potential for
improving CAR-T functions and subsequent therapeutic
outcomes in clinical settings.

However, the functional benefits of using TCR
machinery in pMHC-targeted CARs remain unclear.
Furthermore, detailed analyses of antigen specificity
changes, which could potentially damage normal tissues,
are lacking. Therefore, in this study, we performed a
head-to-head comparative functional analysis to clarify
the advantages of pMHC-targeted CAR-T exploiting TCR
machinery (Hybrid MA-TCR-T) using a well-characterized
MAGE-A4 pMHC-targeted CAR. Our results lay the foun-
dation for pMHC-targeted CAR-T cell therapy for solid
tumors.

METHODS

Cell lines

SK-MEL-37 and NW-MEL-38 are MAGE-A4"/HLA-
A"02:01" melanoma cell lines. The MAGE-A4 /HLA-
A"02:01% colon cancer cell line HCT116 served as a
negative control. HLA-A"02:01" TAP-deficient T2 cells,
which effectively load exogenous peptides, were used to
stimulate MA-CAR-T or Hybrid MA-TCR-T cells. All cell
lines were cultured in Roswell Park Memorial Institute
(RPMI)-1640 medium (Thermo Fisher Scientific) supple-
mented with 10% fetal calf serum (Biowest), 2mM gluta-
mine, 100 U/mL penicillin, and 100 pg/mL streptomycin.

Peptides
MAGE-A4 .., (GVYDGREHTV) and all peptides
prepared for the cross-reactivity assay were synthesized

at a purity higher than 80% (Invitrogen, Carlsbad, CA,

USA). All peptides were dissolved in dimethyl sulfoxide at
a concentration of 10mM and stored in aliquots at -80°C
prior to use.

Vector construction and preparation of virus solutions

The construction of the MA-CAR expression vector has
been previously described.'' In summary, the monoclonal
antibody scFv, highly specific to the MAGE-A4 .,/ HLA-
A'02:01 complex in the VH-VL orientation, along with a
CA hinge domain, and a CD28 transmembrane domain
containing CD3{ and glucocorticoid-induced TNFR-
related receptor (GITR) signaling domains, was inserted
into a pMS3 retroviral vector (Takara Bio). For the Hybrid
MA-TCR expressing vector, the identical monoclonal anti-
body scFv VL and VH were fused with the human TCR Co
and CP region, respectively. The two chains were linked
by a furin-p2A cleavable peptide. TCR Co and Cf regions
carried the following mutations: TCR-Co. T48C, TCR-Cf3
S57C, and TCR-Co transmembrane domain LSVIGFRIL
mutated to LLVILLRIL.*® *” This construct was inserted
into the pMS3 retroviral vector. After transduction with
the Lipofectamine LTX & PLUS reagent kit (Invitrogen)
into Platinum-A packaging cells (Cell Biolabs), cell culture
supernatants were used to produce virus solutions.

T cell transduction

Human T cells expressing MA-CAR or Hybrid MA-TCR
were prepared by retroviral transduction, as previously
described.'” ' Briefly, peripheral blood mononuclear
cells (PBMCs) were stimulated with plate-coated anti-
CD3 (5pg/mL; OKT3, Janssen Pharmaceutical, Beerse,
Belgium) and RetroNectin (25 pg/ml; Takara Bio) on day
0. PBMCs were cultured in the GT-T551 medium (Takara
Bio) supplemented with 300IU/mL human recombi-
nant IL-2 (Novartis), 0.2% human serum albumin (CLC
Behring, USA), and 0.6% autologous human plasma. On
days 3 and 4, these cells (mostly T cells) were transduced
with the retroviral vector pMS3 containing MA-CAR or
Hybrid MA-TCR using the RetroNectin-bound virus infec-
tion method. The retroviral solutions were preloaded
onto RetroNectin (Takara Bio)-coated plates and centri-
fuged at 2000xg for 2hours at 32°C, followed by expan-
sion culture. The cells were used for experiments on days
10-14.

Antigen sensitivity assay and cross-reactivity assay

For antigen sensitivity assay, T2 cells were washed with
plain RPMI medium and cultured in X-VIVO15 (Lonza)
with MAGE—A4P230_239 peptide at different concentrations
for 18 hours. Then, T2 cells were rewashed with RPMI
medium and cocultured with effector T cells for 24 hours.
Subsequently, the supernatant was used to analyze
interferon-gamma (IFN-y) levels using a human IFN-y
ELISA development kit (Mabtech, USA) according to the
manufacturer’s instructions. In several experiments, we
analyzed granzyme B or TNF-o levels using the human
granzyme B or TNF-o0 ELISA development kit (Mabtech).
For cross-reactivity analysis, the human IFN-y levels were
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detected using the ELISPOT assay. Effector cells (1x10%)
and peptide-pulsed T2 cells (1x10*) were seeded into
the anti-human IFN-y monoclonal antibody (1-DIK;
Mabtech) pre-coated plate. Following a 22-hour incu-
bation at 37°C with 5% CO,, the plate was washed, and
the biotinylated anti-human IFN-y monoclonal antibody
(7-B6-1; Mabtech) was added. Subsequently, the plate was
incubated at 4°C overnight. After washing plates, spots
were developed using streptavidin-alkaline phosphatase
conjugated (Roche) and Sigmafast BICP/NBT (Sigma-
Aldrich). Spots were counted using an ELISPOT Plate
Reader (ImmunoSpot, CTL-Europe).

Cellular cytotoxicity assay

For the T cell cytotoxicity assay, we used a non-radioactive
cellular cytotoxicity assay kit (Techno Suzuta, Heiwa,
Nagasaki, Japan), as previously described." ** According
to the manufacturer’s instruction, 1><106/ mL SK-MEL-37
cells or HCT116 cells were incubated with 2.5 pL. of bis (bu-
tyryloxymethyl)  4-hydroxymethyl-2,2":6’,2"-terpyridine-
6,6”-dicarboxylate (BM-HT) Reagent at 37°C and 5%
CO, for 15min. Subsequently, the cells were washed three
times with RPMI1640, and 1x10*/100 pL tumor cells per
well were coculture with 100 pL effector cells at effector-
to-target ratios of 10:1, 3:1, and 1:1 at 37°C with 5% CO,,.
After coculturing for 120 min, the cells were centrifuged
at 600xg for 5min, and 25 pL of supernatant per well was
mixed with 250pL of europium solution. The 200pL
per well mixture was placed onto a 96-well White Poly-
styrene Plate (Thermo Fisher Scientific), and detection
was performed using TriStar? S LB 942 Multimode Micro-
plate Reader (Berthold Technologies). All experiments
were performed in triplicates. Specific lysis (%) was
calculated as 100x[experimental release (counts)-spon-
taneous release (counts)]/[maximum release (counts)-—
spontaneous release (counts)]. Long-term cytotoxicity
was measured using the xCELLigence (ACEA Biosci-
ence) impedance-based assay.” Briefly, tumor cells were
plated at a density of 12,000 cells/well. After 17hours, the
effector cells were added to the wells at effector-to-target
ratios of 5:1, 2:1, and 1:1. and tumor growth or death as
indicated by cell index was monitored up to 80 hours.

Intracellular cytokine staining assay

For intracellular cytokine staining (ICS), effector cells
(1x10° cells/well) were cocultured with tumor cells (1x10°
cells/well) for lhour. A GolgiStop Protein Transport
Inhibitor (BD Biosciences) was added, and the cells were
incubated for an additional 4hours. The final stimulus
concentrations of phorbol 12-myristate 13-acetate and
ionomycin are 50nM and 1 pg/mL, respectively. Staining
of cells for extracellular markers was performed, followed
by fixation and permeabilization using a Cytofix/Cyto-
perm Kit (BD Biosciences) and subsequent IFN-y staining.

Flow cytometry
Flow cytometry data for cell surface molecules and intra-
cellular cytokines were collected using the LSR Fortessa

X-20 (BD Bioscience) and analyzed with Flow]o software
(FlowJo, Oregon). The following antibodies were used
for cell surface and intracellular staining: PE/Cyanine7
anti-human CD8a (Clone: RPA-T8), PE/Cyanine7 anti-
human CD4 (Clone: RPA-T4), APC anti-human CD4
(Clone: OKT-4), Brilliant Violet 421 anti-human CD45
(Clone: HI30), FITC anti-human CD45 (Clone: HI30),
FITC anti-human CD62L (Clone: DREG-56), Brilliant
Violet 711 anti-human CD45RA (Clone: HI100), APC
anti-human CD279 (PD-1) (Clone: EH12.2H7), Brilliant
Violet 711 anti-human CD366 (Tim-3) (Clone: F38-2E2),
Brilliant Violet 421 anti-human CD223 (LAG-3) (Clone:
11C3C65), Brilliant Violet 421 anti-human CD69 (Clone:
FN50), FITC anti-human CD25 (Clone: BC96), FITC
Mouse IgGl, x Isotype Ctrl (Clone: MOPC-21), APC
Mouse IgGl, x Isotype Ctrl (FC) (Clone: MOPC-21),
Brilliant Violet 711 Mouse IgGl, « Isotype Ctrl (Clone:
MOPC-21), Brilliant Violet 421 Mouse IgGl, x Isotype
Ctrl (Clone: MOPC-21), Brilliant Violet 421 anti-human
IFN-y (Clone: 4S. B3). The antibodies were purchased
from BioLegend. IFN-y Monoclonal Antibody, eFluor 450
(Clone: 4S. B3) was purchased from eBiosciences (San
Jose, CA, USA). MAGE-A4"/HLA-A"02:01 PE-Tetramers
were produced using refolded monomeric biotinylated
pMHC and Streptavidin-R-Phycoerythrin (Agilent Tech-
nologies, Santa Clara, CA, USA) at a 1:4 molar ratio.
Streptavidin-R-phycoerythrin was added in 10 aliquots,
with 10 min of incubation at room temperature between
each addition, then stored at 4°C.

Repetitive (chronic) antigen stimulation

24 well plates were coated with 10pg/mL NeutrAvidin
(Thermo Fisher Scientific) for 18hours at 4°C. Then,
plates were washed two times with PBS (-). Subsequently,
the plates were coated with 10 pg/mL MAGE-A4"/HLA-
A02:01 monomer for 18 hours at 4°C. On day 0, the plates
were washed two times with PBS (=), then 5x10° MA-CAR,
Hybrid MA-TCR, or NGM (non-gene modified) T cells
for each well were seeded on the plate and cultured in
GT-T551 (Takara Bio) supplemented with 300IU/mL
human recombinant IL-2 (Novartis) and 0.6% autologous
plasma. Cells were collected every 48 hours, and the cell
count was adjusted to 5x10° MA-CAR, HybridMA-TCR,
or NGM T cells for each well before reseeding onto new
pre-coated wells. On day 8, cells were collected for pheno-
typic staining and functional assays.

Measurement of the oxygen consumption rate

The oxygen consumption rate (OCR) was measured
using a Seahorse XF Cell Mito Stress Test Kit (Agilent
Technologies) and a Seahorse XF HS Mini Analyzer.”
Briefly, 2.5><105/ well MA-CAR or Hybrid MA-TCR T cells,
before chronic stimulation and after chronic antigen
stimulation, were seeded into cell culture plates with
assay medium and cultured in a 37°C, COfree incubator
for 50—60 min until analysis. The final concentrations of
oligomycin, FCCP, and rotenone/antimycin A were 1.5,
1.0, and 0.5 pM, respectively.
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In vivo antitumor activity

NOD/Shi-scid/IL-2Rynull (NOG) mice were subcutane-
ously injected with NW-MEL-38 tumor cells (2.5x10°or
3x10%0r 5x10° cells) on day 0, followed by intravenous
injections of MA-CAR-T cells, Hybrid MA-TCR-T cells,
NGMC, and PBS (-) on days 4, 14, and 29. Tumor growth
was measured using calipers and calculated as tumor
Volume:(lengthxwidthQ)/ 2. When the tumors reached a
maximum diameter of 20 mm, the mice were humanely
euthanized according to our institutional policy.

Ex vivo assay

NOG mice were inoculated subcutaneously with
NW-MEL-38 (5x10° cells) on day 0, followed by an intra-
venous injection of MA-CAR-T cells or Hybrid MA-TCR-T
cells on day 29. Tumors (day 37) or spleens (day 43) were
collected and lysed from NOG mice transferred with
MA-CAR or Hybrid MA-TCR T cells. The tumor tissue was
minced and mixed with 10mL HBSS containing 10mg/
mL of collagenase (Bio-Rad) and incubated at 37°C for 30
min with frequent mixing. The mixture was then filtered
through a pre-wet 40 pm strainer. The ACK lysing buffer
was used for lysis of red blood cells in murine splenic cells.

Statistical analysis

Data are presented as mean+SD, where error bars are
shown. Statistical analyses were performed using unpaired
two-tailed Student’s t-tests in GraphPad Prism V.10. The
significance level was set at p<0.05.

RESULTS
Structure of Hybrid MA-TCR and successful transduction into
human T cells
We previously reported that MAGE-A4 pMHC-targeted
CAR-T (MA-CAR-T) cells using the GITR intracellular
domain (ICD) have superior in vitro and in vivo func-
tions compared with those using CD28 or 4-1BB ICD.M In
this study, we focused on MA-CAR-T cells with GITR ICD
for a comparative analysis with Hybrid MA-TCR-T cells
(figure 1A). To create Hybrid MA-TCR-T cells with the
same scFv antibody as MA-CAR-T cells, we constructed a
retroviral vector expressing Hybrid MA-TCR, combining
human TCR Co and CB with the identical human scFv
antibody VL and VH (Hybrid MA-TCR (LH)) (figure 1B).
We then determined whether Hybrid MA-TCR (LH)
could be transduced into human T cells. As shown in
figure 1C, the tetramer staining assay confirmed the
successful transduction of Hybrid MA-TCR (LH) into
human CD8" and CD4" T cells. Although the number of
Hybrid MA-TCR molecules was significantly lower than
that of MA-CAR (figure 1C,D), Hybrid MA-TCR-T cells
could recognize T2 cells loaded with a lower amount of
MAGE-A4 . ., Peptide compared with MA-CAR-T cells
(EC,,0.373nM vs 1.885nM), indicating improved antigen
sensitivity of Hybrid MA-TCR-T cells (figure 1E). Notably,
we observed no auto-activation of Hybrid MA-TCR-T cells
under non-stimulation conditions, while comparable

activation of Hybrid MA-TCR-T cells and MA-CAR-T cells
was observed under stimulation conditions, as measured
by CD69 expression (figure 1F).

We also attempted to construct another retroviral
vector expressing CAR in which the antibody VH and VL
domains were combined with TCR Ca and CB, respec-
tively (Hybrid MA-TCR (HL)) (online supplemental
figure SIA). However, these CAR-T cells did not recog-
nize MAGE-A4" HLA-A"02:01" tumor cell lines (online
supplemental figure S1B,C). Consequently, we used
Hybrid MA-TCR (LH) for subsequent functional assays.

Hybrid MA-TCR-T cells show superior functional capacities to
MA-CAR-T cells in vitro

Next, we investigated the functional capacities of Hybrid
MA-TCR-T cells compared with MA-CAR-T cells in vitro.
For the cytotoxicity assay, we used SK-MEL-37 (MAGE-A4"
HLA-A"02:01") and HCT116 (MAGE-A4~ HLA-A"02:01")
melanoma cell lines as targets. As shown in figure 2A,
mock-transduced T-cells without genetic modifications
(NGMC) did not exhibit any reactivity against these
tumor cell lines. In contrast, both Hybrid MA-TCR-T
cells and MA-CAR-T cells lysed SK-MEL-37 cells, but
not HCT116 cells. Comparable cytotoxic activities were
observed using a real-time cytolytic analyzer over a longer
period (figure 2B).

Both types of CAR-T cells were further compared
regarding cytokine secretion on interaction with MAGE-
A4" HLA-A"02:01" tumor cells. As shown in figure 2C, both
types of CAR-T cells secreted IFN-y when cocultured with
SK-MEL-37, but not HCT116. Notably, Hybrid MA-TCR-T
cells secreted significantly more IFN-y, granzyme B, and
TNF-0. compared with MA-CAR-T cells (figure 2C online
supplemental figure S2). Moreover, ICS analysis revealed
a higher proportion of Hybrid MA-TCR-T cells secreting
IFN-y compared with MA-CAR-T cells (figure 2D).

In summary, Hybrid MA-TCR-T cells efficiently recog-
nized the endogenously derived MAGE-A4 peptide in the
context of HLA-A"02:01, showing comparable cytotoxic
activity, but significantly higher cytokine production than
MA-CAR-T cells.

Hybrid MA-TCR-T cells retain strict antigen specificity

Given the potential risk of altered antigen specificity
due to genetic recombination and the increased
antigen sensitivity of Hybrid MA-TCR-T cells, we eval-
uated their antigen specificity. We first conducted an
IFN-y ELISPOT assay to determine the reactivity of
Hybrid MA-TCR-T cells to T2 cells pulsed with a series
of MAGE-A4 . .., analogous peptides, each substi-
tuted with alanine at different positions (figure 3A).
As shown in figure 3B, the alanine substitution assay
revealed that amino acid residues at positions 1-6
and 8 of the MAGE-A4 . .., peptide (GVYDGREHTYV)
were critical for recognition by Hybrid MA-TCR-T
cells. To perform a more detailed analysis, we further
conducted an IFN-y ELISPOT assay to investigate the
reactivity of Hybrid MA-TCR-T cells against T2 cells
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Figure 2 Hybrid MA-TCR-T cells show superior in vitro functions to MA-CAR-T cells. (A) Cellular cytotoxicity assay of
NGMC, MA-CAR, and Hybrid MA-TCR T cells coculture with SK-MEL-37 or HCT116 cells at 10:1, 3:1, and 1:1 ratios (effector
cells:target cells) for 2 hours using a non-radioactive cellular cytotoxicity assay kit. Data shown as means+SD are technical
duplicates from one of three independent experiments. (B) Analysis of NGMC, MA-CAR, and Hybrid MA-TCR T cells’ killing
function in a long-term cytotoxicity assay based on impedance detection. NGMC, MA-CAR, and Hybrid MA-TCR T cells
were cocultured with SK-MEL-37 cells at 5:1 and 3:1 ratios (effector cells:target cells). SK-MEL-37 lysis was measured in

an impedance-based real-time cytotoxicity assay. Data are representative of two independent experiments and shown as
means+SD. (C) Detection of IFN-y secretion by NGMC, MA-CAR, and Hybrid MA-TCR T cells following a 24 hours coculture
with SK-MEL-37 or HCT116 cells at 1:1 and 1:5 ratios (effector cells:target cells). Measurement of supernatant IFN-y levels by
ELISA. Data are means=SD of three experimental replicates. (D) Intracellular staining of IFN-yin MA-CAR and Hybrid MA-TCR
T cells after a 5hours coculture with SK-MEL-37 cells, HCT116 cells, RPMI medium only, or PMA and lonomycin for 5hours.
Frequency of IFN-y* cells in MA-CAR" or Hybrid MA-TCR* populations are indicated within the dot plot. IFN-y, interferon-
gamma; PMA, phorbol 12-myristate 13-acetate.
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Figure 3 Hybrid MA-TCR-T cells maintain strict antigen specificity. (A) Schematic representation of the alanine substitution
analysis. (B) Hybrid MA-TCR T cells were analyzed for their recognition of MAGE—A4p230_239 peptide residues using alanine

substitution analysis. The MAGE-A4_

230-23!

, peptide sequence was substituted with alanine at residues 1 through 10. T2 peptide-

pulsed cells and effector cells were seeded into anti-human IFN-y monoclonal antibody (1-D1K; Mabtech) pre-coated plates
at an E:T ratio of 1:1 and assayed for IFN-y by enzyme-linked immunosorbent spot (ELISpot). Data are representative of three
independent experiments and shown as means. (C) Potential cross-reactivity of Hybrid MA-TCR T cells was identified through
comprehensive amino acid substitution analysis. The MAGE-A4p230_239 peptide was substituted with all 20 amino acids. Hybrid
MA-TCR T cells were cultured with T2 cells pulsed with these peptides and assayed through an IFN-y ELISPOT assay. The
percentage data shown in the heatmap in the upper panel were calculated as follows: (experimental spot counts)/(parental

MAGE-A4

230-239

spot counts). Permissible amino acid residues were defined (lower panel) based on a 0.1 (10%) cut-off value.

Data are representative of two independent experiments and shown as means. IFN-y, interferon-gamma.

pulsed with an array of MAGE-A4 ., ., analogous
peptides, each substituted at every position with all
20 amino acids. The results showed that a few amino
acid substitutions in the N-terminal contiguous

6-amino acid sequence were permissive for MAGE-A4
PMHC recognition by the Hybrid MA-TCR-T cells
(figure 3C). These findings are consistent with those
previously reported by our group for MA-CAR-T
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cells."" Thus, we concluded that Hybrid MA-TCR-T
cells retain strict antigen specificity, despite genetic
modifications.

In vitro functional superiority of Hybrid MA-TCR-T cells to MA-
CAR-T cells becomes more pronounced on repetitive antigen
stimulation

Chronic CAR activation via engagement with the target
antigen causes CAR-T dysfunction, resulting in clinical in
vivo failure.”’™® Hence, we performed an in vitro compar-
ative functional analysis of Hybrid MA-TCR-T cells and
MA-CAR-T cells using a protocol of repetitive antigen stim-
ulation that mimicked in vivo conditions (figure 4A) 3
Plate-bound MAGE-pMHC monomers were used to stim-
ulate both types of CAR-T cells. Two days after the fourth
stimulation, these CAR-T cells were analyzed for PD-1,
TIM3, and LAG3 expression. As shown in figure 4B, fully
exhausted CAR-T cells (PD-1"TIM3'LAG3") were more
abundant in MA-CAR-T cells than in Hybrid MA-TCR-T
cells, indicating the relative resistance to exhaustion of
Hybrid MA-TCR-T cells.

Next, we assessed cytotoxic activity and IFN-y produc-
tion after repetitive antigen stimulation. Despite compa-
rable cytotoxic function under conventional conditions
(figure 2A,B), we found that Hybrid MA-TCR-T cells
exhibited significantly higher cytotoxic activity and IFN-y
production than MA-CAR-T cells (figure 4C,D).

We then conducted a phenotypic analysis of these
CAR-T cells with respect to memory formation because
the memory phenotypes of infused CAR-T cells have been
reported to predict CAR-T cell persistence in vivo.””™’
Both types of CAR-T cells exhibited a naive-like phenotype
(CD62L'CD45RA) in both CD8" and CD4" cells before
stimulation. However, most MA-CAR-T cells exhibited
an effector phenotype (CD62L CD45RA") after repeti-
tive antigen stimulation. In contrast, the Hybrid MA-T-
CR-T cells were still rich in naive (CD62L"'CD45RA") and
central memory T cells (CD62L"CD45RA") (figure 4E).
These results suggest that MA-CAR-T cells differentiate
into effector cells on repeated antigen stimulation, many
of which become exhausted.

Consistent with these results, Hybrid MA-TCR-T
cells showed a higher spare-respiratory capacity than
MA-CAR-T cells after repetitive antigen stimulation,
whereas both types of CAR-T cells showed comparable
OCRs before stimulation (figure 4F).

Overall, Hybrid MA-TCR-T cells exhibited superior in
vitro functional capacities compared with MA-CAR-T cells
with respect to cytotoxicity, cytokine production, reduced
exhaustion, memory phenotype, and mitochondrial func-
tion after repetitive stimulation with antigens.

Hybrid MA-TCR-T cells exhibit higher therapeutic efficacy
than MA-CAR-T cells

The observed superior in vitro functionalities of Hybrid
MA-TCR-T cells encouraged us to evaluate their ther-
apeutic efficacy using a xenograft model with immuno-
deficient NOD/Shi-scid/IL-2Rynull (NOG) mice. We

adoptively transferred 2.5x10° effector T cells (Hybrid
MA-TCR-T, MA-CAR-T, NGMC), prepared from an iden-
tical healthy donor, 4 days after subcutaneous inoculation
with 2.5x10° NW-MEL-38 (MAGE-A4" HLA-A"02:01")
tumor cells (figure 5A). As expected, the adoptive
transfer of Hybrid MA-TCR-T cells or MA-CAR-T cells
significantly suppressed the growth of NW-MEL-38 cells.
Surprisingly, Hybrid MA-TCR-T cells eradicated tumors
in all four mice tested, demonstrating significantly higher
therapeutic efficacy than MA-CAR-T cells (figure 5B,C).

We then examined the minimum number of Hybrid
MA-TCR-T cells required for tumor eradication under
more stringent experimental conditions. For this
purpose, we adoptively transferred different numbers of
Hybrid MA-TCR-T cells (3x10°, 1x10° and $x10°) into
NOG mice 14 days after subcutaneous inoculation with
5x10° NW-MEL-38 tumor cells (figure 5D). We observed
that even 3x10° Hybrid MA-TCR-T cells significantly
inhibited tumor growth, and 1x10° Hybrid MA-TCR-T
cells eradicated established tumors in all mice tested
(figure 5E,F). Collectively, the Hybrid MA-TCR-T cells
showed significantly higher therapeutic efficacy than the
MA-CAR-T cells. Notably, in these experiments, no symp-
toms suggestive of GVHD, such as decreased body weight,
were observed (online supplemental figure S3).

High infiltration of functional Hybrid MA-TCR*-T cells in tumor
tissue might dictate their superior therapeutic efficacy

The unexpectedly high therapeutic efficacy of Hybrid
MA-TCR-T cells prompted us to investigate the in vivo
differences between the two types of CAR-T cells, espe-
cially in tumor tissues. 12 NOG mice were transplanted
with 5x10° NW-MEL-38 tumor cells on day 0. When the
mean tumor volume reached approximately 500 mm® (on
day 29), either 8x10° Hybrid MA-TCR-T or MA-CAR-T cells
were injected into the mice (each group consisted of six
mice) (figure 6A). Both CAR-T cell types were prepared
from the same healthy donor and showed similar CD4/
CD8 ratios and CAR positivity (online supplemental
figure S4A,B).

Based on our experience with this mouse model, the
difference in tumor size between the effective and inef-
fective groups became apparent approximately ten days
after infusion. As expected, we observed no significant
difference in tumor volume 7days after infusion (day
36) (figure 6B). We promptly analyzed tumor-infiltrating
lymphocytes (TILs) collected from three tumors of the
same size in each group. Although there was a relatively
higher frequency of CD4" TILs in the Hybrid MA-TCR-T
cell group, we observed no significant difference in the
total number of TILs (figure 6C). However, the number
of CAR" CD4" and CD8" TILs was significantly higher in
the Hybrid MA-TCR-T cell group (figure 6D). Notably,
the CAR" TILs in the Hybrid MA-TCR-T cell group
were higher than those in the infusion product for both
CD4" and CD8" cells (online supplemental figure S4C).
These results might indicate higher trafficking of CAR'T
cells into tumor tissues in this group. Unexpectedly, we
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Figure 4 Functional superiority of Hybrid MA-TCR-T cells becomes more pronounced on chronic antigen stimulation. (A)
Experimental schematic for four rounds of antigen stimulation. NGMC, MA-CAR, or Hybrid MA-TCR T cells were stimulated by
plate-coated MAGE-A4 monomer (1 pg/mL). Cells were collected every 48 hours, standardized by cell number, and placed onto
a new MAGE-A4 monomer-coated plate. (B) Representative data of PD-1, TIM-3, and LAG-3 expression in NGMC, MA-CAR,

or Hybrid MA-TCR T cells through flow cytometry after 8 days of four rounds of antigen stimulation. (C) After four rounds of
antigen stimulation, a cellular cytotoxicity assay was performed with NGMC, MA-CAR, and Hybrid MA-TCR T cells cocultured
with SK-MEL-37 or HCT116 cells at 10:1, 3:1, and 1:1 ratios (effector cells:target cells) for 2hours using a non-radioactive
cellular cytotoxicity assay kit. (D) After four rounds of antigen stimulation, IFN-y secretion by NGMC, MA-CAR, and Hybrid
MA-TCR T cells was detected following 24 hours coculture with SK-MEL-37 or HCT116 cells at 1:1 and 1:5 ratios (effector
cells:target cells). Measurement of supernatant IFN-y levels by ELISA. (C, D) Data shown as means+SD are technical duplicates
from one of three independent experiments. (E) Before or after four rounds of antigen stimulation, representative data of the
memory phenotype CD45RA and CD62L expression in MA-CAR™ or Hybrid MA-TCR™ T cells throughflow cytometry. The left
panel shows the representative FACS data, and the right panel shows the statistical summary. (F) Before or after four rounds of
antigen stimulation, mitochondrial stress and changes in oxygen consumption rate and the spare respiratory capacity level were
analyzed using a Seahorse XF Cell Mito Stress Test Kit. Data are representative of two independent experiments and shown as
means+SD. P values were determined by unpaired t-test (two-tailed). *p<0.05; **p<0.01; **p<0.001; ***p<0.0001; not significant
(ns) p>0.05. IFN-y, interferon-gamma.
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Figure 5 Hybrid MA-TCR-T cells exhibit higher therapeutic efficacy than MA-CAR-T cells. (A, D) Schematic representation

of the adoptive transfer experiment using NOG mice. (B, C) Tumor growth curves for the NOG mouse model. In this model,
2.5x10°% NW-MEL-38 (MAGE-A4*/HLA-A"02:01") cells were inoculated subcutaneously (s.c.) on the back of each mouse. NGMC
2.5x10° (gray), MA-CAR (yellow), Hybrid MA-TCR (blue) T cells, or PBS (-) (black) were injected intravenously on day 4 after
tumor inoculation (n=4 per group). (C) Tumor growth curves for each mouse. (E, F) Tumor growth curves for the NOG mouse
model. In this model, 5x10° NW-MEL-38 cells were inoculated s.c. on the back of each mouse. NGMC (3x10°%) (gray), 3x10°
Hybrid MA-TCR (red), 1x10° Hybrid MA-TCR (yellow), or 3x10° Hybrid MA-TCR (blue) T cells were injected intravenously on day
14 after tumor inoculation (n=3 per group). (F) Tumor growth curves for each mouse. (B, E) Data are shown as means+SD. P
values were determined by unpaired t-test (two-tailed). *p<0.05; **p<0.01; **p<0.001; ***p<0.0001; not significant (ns) p>0.05.
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Figure 6 Higher infiltration of functional Hybrid MA-TCR-T cells in tumor tissues. (A) Schematic of the ex vivo CAR or Hybrid
TCR-T cell analysis. In the NOG mouse model, 5x10% NW-MEL-38 cells were inoculated s.c. on the back of each mouse.
MA-CAR 3x1080or Hybrid MA-TCR T cells were injected intravenously on day 29 after tumor inoculation. Tumors (day 37) or
spleens (day 43) were collected and lysed from NOG mice transferred with MA-CAR or Hybrid MA-TCR T cells. (B) Growth
curves of NW-MEL-38 tumors in the NOG mouse model. (C) Quantification of human-CD45 cells in tumor tissues. On day 37,
tumor tissues were collected and lysed from NOG mice transferred with MA-CAR or Hybrid MA-TCR T cells. Comparison of
the human-CD45 number for each sample within TILs was done using flow cytometry. (n=3 per group, each dot=one mouse)
(D) Quantification of human-CD45* CD8* CAR*/TCR* or human-CD45* CD4* CAR*/TCR" cells in tumor tissues. On day 37, the
human-CD45* CD8" CAR*/TCR* or human-CD45" CD4* CAR*/TCR* cell numbers for each sample within TILs were compared
using flow cytometry (n=3 per group, each dot=one mouse). (E) Quantification of IFN-y in the human-CD45" CD8" CAR*/TCR*
or human-CD45" CD4* CAR*/TCR* cells in tumor tissues. On day 37, lysed tumor tissue cells were treated with GolgiStop
Protein Transport Inhibitor and incubated for an additional 4 hours, followed by permeabilization/fixation and subsequent IFN-y
staining. IFN-y detection in the human-CD45* CD8* CAR*/TCR* or human-CD45* CD4* CAR*/TCR* populations was performed
using flow cytometry (n=3 per group, each dot=one mouse). (F) On day 37, the memory phenotype (CD45RA and CD62L
expression) of MA-CAR* or Hybrid MA-TCR* T cells from tumor tissues was analyzed using flow cytometry (n=3 per group, each
dot=onemouse). The left panel shows representative FACS data, and the right panel shows the statistical summary. (B-F) Data
are shown as means+SD, each dot=onemouse. P values were determined by unpaired t-test (two-tailed). “p<0.05; **p<0.01;
***p<0.001; ***p<0.0001; not significant (ns) p>0.05. IFN-v, interferon-gamma; s.c., subcutaneously; TILs, tumor-infiltrating
lymphocytes.

observed that CD4" MA-CAR'-TILs barely secreted IFN-y, Phenotypic analysis revealed that the frequency of
although no significant difference in IFN-y production central memory (CD62L"CD45RA") and effector memory
was observed in CD8" CAR™-TILs from the two groups (CD62L"CD45RA") populations were significantly higher
(figure 6E). This result indicates that CD4" MA-CAR'TILs ~ in Hybrid MA-TCR"-TILs than in MA-CAR™T TILs
became dysfunctional in vivo at this time point. (figure 6F). Based on these results, we examined splenic
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cells from both groups on day 43 to evaluate the longevity
of CAR'T cells. As expected, the number of splenic CD4"
and CD8" Hybrid MA-TCR" T cells was significantly higher
than that of the MA-CAR-T group. These results might
indicate a longer persistence of Hybrid MA-TCR™-T cells
(online supplemental figure S4D,E).

Collectively, these results suggest that higher infiltra-
tion of Hybrid MA-TCR'-T cells exhibiting functional and
memory phenotypes in tumor tissues might be one mech-
anism underlying their superior therapeutic efficacy.

DISCUSSION

With technological advancements, various innovations in
CAR constructs have been made to improve the in vivo
efficacy of CAR-T cells.”® Among these, CAR constructs
incorporating the TCR machinery have recently attracted
attention, although the fundamental concept was origi-
nally proposed by Kuwana et al and Gross et al in the late
1980s.%*

In this study, we aimed to determine whether MAGE-A4
pMHC-targeted CAR-T cells exploiting the TCR machinery
(Hybrid MA-TCR-T cells) exhibit superior functionality
compared with MAGE-A4 pMHC-targeted CAR-T cells
(MA-CAR-T cells). Indeed, the results demonstrated that
Hybrid MA-TCR-T cells exhibited superior functions
compared with those of MA-CAR-T cells, without altering
their strict antigen specificity. Particularly, a series of in
vivo experiments demonstrated significantly higher effi-
cacy of Hybrid MA-TCR-T cells than MA-CAR-T cells.
These results prompted us to investigate the reasons for
the significant in vivo function of Hybrid MA-TCR-T cells.

TIL analyses revealed that the high infiltration of
functional Hybrid MA-TCR'"-T cells exhibiting a less-
differentiated phenotype into the tumor tissue might
dictate this superior in vivo function. Conversely,
we observed unexpected data showing that CD4"
MA-CAR"-TILs barely secreted IFN-y, suggesting hypo-
responsiveness, dysfunction, or Th2 polarization of these
CD4" MA-CAR'-TILs. This result is noteworthy because
tumor-specific CD4" TILs are known to play multifaceted
roles, such as enhancing the survival of CD8" T cells and
recruiting CD8" T cells to tumor sites through IFN-y-de-
pendent production of chemokines.*' ** In our previous
study, CD4" MA-CAR'T cells attenuated the in vivo efficacy
of CD8" MA-CAR'T cells via undefined mechanisms."
Although the experimental design and assay time points
of the previous and current studies were different, these
dysfunctional CD4" MA-CAR-TILs could contribute to the
understanding of lower in vivo efficacy of MA-CAR-T cells
and higher in vivo efficacy of Hybrid MA-TCR™-T cells.

Although unexpected from the in vitro results, one
possible explanation for the functional decline observed
in CD4" MA-CAR'TILs is that MA-CAR-T cells might
recognize MAGE-A4 pMHC in vivo in a CD8-dependent
manner. As shown in this study and previous studies
on STAR and HIT,** ® we observed a slightly higher
antigen sensitivity of Hybrid MA-TCR-T cells than that

of MA-CAR-T cells (EC,; 0.373nM vs 1.885nM). Hybrid
MA-TCR-T cells may recognize MAGE-A4 pMHC in a
CD8-independent manner due to the slight increase in
antigen sensitivity.

Another possible factor contributing to the striking
difference in in vivo efficacy between the two types of
CAR-T cells is simply attributed to their CAR density.
Previous studies reported that CAR-T cells with high
expression of CAR molecules showed increased tonic
signaling, resulting in CAR-T cell exhaustion, dysfunc-
tion, and lower in vivo efficacy.* ** Given that the number
of CAR molecules on MA-CAR-T cells was significantly
higher than that on Hybrid MA-TCR-T cells (figure 1C,D),
MA-CAR-T cells were more susceptible to exhaustion,
thus showing lower in vivo efficacy than Hybrid MA-T-
CR-T cells. In addition, CAR structures such as AbTCR,
TAC, TRuC, and STAR exhibit inherently lower tonic
signaling, presumably by exploiting physiological TCR
signaling.”’* Although no data showed reduced tonic
signaling in this study, this factor may have affected the
in vivo outcomes. Regarding T cell signaling, which
determines cell fate and efficacy, the previous study has
reported that EGFR-targeting STAR-T cells showed gene
expression patterns more similar to TCR-T cells after
antigen stimulation than CAR-T cells. Given that the TCR
machinery is evolutionarily optimized for pMHC recogni-
tion and that Hybrid-TCR-T cells recognize pMHC at the
same antigen density as TCR-T cells, Hybrid-TCR-T cells
targeting pMHC may exhibit a more similar gene expres-
sion profile to TCR-T cells after pMHC recognition,
resulting in increased in vivo efficacy. Although specula-
tive, pMHC-targeting CARs may have more advantages
over conventional CARs when using the TCR machinery.
Overall, many factors may influence the in vivo efficacy of
Hybrid MA-TCR-T and MA-CAR-T cells. A more detailed
analysis is required to address these issues.

A comprehensive analysis revealed similar antigen
specificity between the Hybrid MA-TCR-T and
MA-CAR-T cells. However, the risk of cross-reactivity
between Hybrid MA-TCR-T cells and self-peptides,
possibly caused by mispairing between the endoge-
nous TCR and introduced chimeric chains, cannot be
ignored. To mitigate this risk, several strategies, such
as the usage of Y0 constant chain (AbTCR),?! murine
TCR constant chain (STAR),** deletion of endoge-
nous TCR (HIT),” or suppression of endogenous
TCR by siRNA,* would be practical choices.

The present results indicate that pMHC-targeted
CAR-T cells exploiting the TCR machinery exhibit
enhancedinvitro andinvivo functions withoutaltering
antigen specificity in the experimental setting of this
study. We acknowledge the limitations of this study
based on one pMHC-targeted CAR, but the obtained
results could be applicable to other pMHC-targeted
CARs, such as shared neoantigen-targeted pMHC
CARs.*** In this context, this strategy may facilitate
the development of gene-modified T cell therapy for
solid tumors. In the case of the development of TCR-T
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therapy, it is necessary to first obtain TCR specific for
a particular pMHC and then improve affinity of the
TCR by amino acids substitution in the complemen-
tarity determining regions. Given that it is technically
relatively easy to obtain antibodies specific to pMHC
by screening from an scFv library, it might be feasible
to prepare in advance a panel of viral vectors for
expression of Hybrid-TCRs that specifically recognize
a variety of shared neoantigen-derived peptide/MHC
complexes.

In conclusion, we believe that the present results can
help broaden and develop effective pMHC-targeted
CAR-T therapy for solid tumors.
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