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Engineered PD-L1 co-expression

in PD-1 knockout and MAGE-C2-
targeting TCR-T cells augments the
cytotoxic efficacy toward target
cancer cells

Fangxin Zhao®?*, Xuan Zhang?*, Ying Tang'-%*, Hongxin Yang?, Haiting Pan?, Beibei Li2,
Riwen An?, Wu Geyemuri?, Chao Yang?, Fang Wan? & Jiangiang Wu%2**

Expression of the PD-1 protein by tumor cells is relatively common and has been shown to exert
proliferation-inhibitory effects across various tumor types, including T-cell malignancies, non-small
cell lung cancer, and colon cancer. However, harnessing this tumor suppressor pathway is challenging
because PD-1 activation by PD-L1 also suppresses normal T-cell function. We hypothesized that
cancer antigen-specific TCR-T cells engineered to express PD-L1 could selectively activate the PD-1
pathway in tumor cells while simultaneously preventing self-inhibition by knocking out intrinsic PD-1
expression in TCR-T cells. To test this hypothesis, we co-expressed a MAGE-C2-specific recombinant
TCR and the PD-L1-encoding CD274 gene in normal humanT cells in which the PDCD1 gene was
knocked out. These engineered TCR-T cells targeted MAGE-C2-expressing malignant cells, activating
PD-1 signaling to suppress tumor proliferation while maintaining suppressed PD-1 signaling in the
TCR-T cells themselves. To evaluate the tumor-suppressive potential of this approach, we compared
the efficacy of PDL1-MC2-TCR-TPPY cells against subtypes lacking PD-L1 expression, PD-1 knockout,
or both. Our findings demonstrated that this TCR-T model exhibited significantly enhanced cytotoxic
efficacy compared to other subtypes in vitro, ex vivo, and in vivo. These results suggest that the
targeted activation of intrinsic PD-1 signaling in T-cell malignancies inhibits tumor proliferation and,
when combined with PD-1 inhibition in TCR-T cells, synergistically enhances their cancer-suppressing
efficacy. This study provides a foundation for novel cancer treatment strategies.
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Despite breakthroughs and advances, cancer treatment remains challenging. Among current therapies with
encouraging effects, adoptive immunotherapy and immune checkpoint inhibitor (ICI) therapy have shown
remarkable efficacy in some types of cancer. However, adverse effects still occur and the underlying mechanisms
are not fully understood. New therapeutic strategies and improvements to existing treatments are in constant
demand.

In adoptive immunotherapy, engineered T cell receptor T (TCR-T) cells have properties that are superior to
those of CAR-T cells in recognizing both the cell surface and intracellular cancer-specific antigens presented
by MHC molecules. The latter is characteristic of a wide range of solid tumors. Furthermore, TCR-T cells
have a high activity for target cells because TCRs require a low amount of the pMHC complex for T-cell
activation. Current research and clinical trials on TCR-T cell therapy targeting various antigens are ongoing.
The FDA recently approved afami-cel, the first TCR-T cell therapy targeting MAGE-A4!l2, Members of the
melanoma antigen gene (MAGE) family, consisting of cancer-testis antigens that can be divided into type I
and type II MAGE subfamilies, are among the most frequently used candidates for selecting cancer-specific
antigens for TCR-T cells because of their natural characteristics of cancer-specific and intracellular expression.
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Among MAGE members, MAGE-C2 (MC2) is a promising antigen associated with various types of cancers,
including lung cancer, breast cancer, prostate cancer, liver cancer, and multiple myeloma®?. Typically, high-
efficacy TCR-T clones are identified using tumor samples or patient blood. Several MC2-specific TCR clones
have been screened from a melanoma patient who responded to immunotherapy, and their sequences were
analyzed®~. These clinically proven, high-efficacy TCR clones are convenient for further research. Additionally,
the combination of TCR-T cell therapy with ICI therapy has been shown to enhance the antitumor efficacy of
TCR-T cell therapy, which may help overcome some hurdles such as T cell exhaustion-related resistance caused
by immune checkpoint signaling in T cells.

ICI therapies aim to promote the activation of immune cells, especially CD8 + cytotoxic T lymphocytes;
however, current methods of immune checkpoint inhibition do not target specific cell types(s). Several lines of
research suggest that the cell-intrinsic PD-1/PD-L1 axis has antitumor effects on a wide range of cancer types,
including T-cell lymphoma (TCL) and lung, colon, pancreatic, breast, and bone cancers® !4, PD-1 inhibition
may be a “double-edged” sword, in that it activates normal immune cells and promotes malignancy. Inhibition
of PD-1 in cancer cells may facilitate cancer development by promoting cancer-promoting PI3K/AKT signaling
or overactivating TCR signaling in T cell malignancies®~!%. Targeted PD-1 inhibition in normal T cells should be
considered as an optimized therapy. In addition, the effects of purposefully activating PD-1 in malignant cells
and the combined effects of PD-1 inhibition in normal T cells are important topics of investigation.

In this study, we engineered PD-L1-expressing/PD-1-null/MC2-specific TCR-T cells that function as
targeted PD-1 activators in cancer cells, while maintaining their own PD-1 suppression, in addition to their
direct cytotoxicity to MC2-pMHC-expressing cancer cells. The general antitumor effect of this TCR-T model
was synergistically greater than that of its subtype models, which lacked PD-1 or PD-L1 gene modulation in
vitro, ex vivo, and in vivo.

Materials and methods

Human ethics statement

All procedures involving human participants were approved by the Medical Ethics Committee of Inner Mongolia
Medical University (No. 202301150). The research was conducted in accordance with the ethical principles of
the Declaration of Helsinki. Written informed consent was obtained from all patients and healthy volunteers
prior to their participation. Participant privacy and confidentiality were strictly maintained.

Animal ethics statement

All animal experiments were approved by the Animal Ethics Committee of Inner Mongolia Medical University
(ethics review number: ZMU21-2301-034). Animal procedures were performed in compliance with the
European Parliament Directive 2010/63/EU on the protection of animals used for scientific purposes and the
ARRIVE guidelines 2.0 for laboratory animal care and use.

Cell lines and reagents

K562, T2, Jurkat, HH, Hut-78, and 293T cell lines were obtained from ATCC and cultured in RPMI-1640
medium supplemented with 10% FBS. Primary malignant cells from patients with TCL were cultured in
RPMI-1640 medium supplemented with 20% FBS. Retrovirus-packaged 293T cells were cultured in DMEM
supplemented with 10% FBS. Human PBMCs and CD8+T cells (HYcells, Shanghai, China) were cultured in
RPMI-1640 medium supplemented with 20% FBS and stimulated with 1% activator T Cell TansAct (Miltenyi
Biotec, Charlestown, USA) and 600 U/mL IL-2 (PeproTech, Cranbury, USA). All cell lines were authenticated
using short tandem repeat (STR) markers and tested for mycobacterial contamination via Mycoplasma agar
culture. Nivolumab, 5-azacitidine, PMA, and ionomycin were purchased from Sigma-Aldrich (St. Louis,
USA). Brefeldin A (BFA) and carboxyfluorescein diacetate succinimidyl ester (CFSE) were obtained from
Thermo Fisher (Waltham, USA). D-luciferin potassium salt was purchased from Yeasen (Shanghai, China).
The lentiviral vector pHR_LV-NS1 (modified from pLVX-Puro by replacing CMV with an SFFV promoter)
and the packaging vectors psPAX2 and pMD2.G were obtained from Infinity Biotechnology (Xian, China) and
Addgene, respectively. Cas9-mRNA and PDCD1 sgRNA were synthesized using GenScript (Nanjing, China).
Lipid nanoparticles (LNPs) used for RNA encapsulation were obtained from Infinity Biotechnology (Xi’an,
China). Anti-CD8a-APC, anti-HLA-A2-PE, anti-IFN-y-FITC, anti-PD-1, and anti-IFN-y-FITC antibodies
were obtained from BioLegend (San Diego, USA). Recombinant PD-L1 protein was obtained from ProSci
(Poway, USA). The MC2,, |y pyggry (336344 THLA-A*02:01 PE-conjugated tetramer was synthesized by MBL Life
Sciences (Tokyo, Japan).

Human healthy donors and patient information

In vitro experiments were conducted using T cells from two independent healthy donors to ensure biological
replicates and experimental reproducibility. Ex vivo experiments utilized malignant T cells from CTL patient
donors, screened into PD-1-positive and negative groups, respectively.

Vector construction, cell transduction, and peptide pulsing

Recombinant cloning vectors bearing the target genes were synthesized by Tsingke Biotech (Beijing, China), and
the target genes were cloned, inserted into the lentiviral vector pHR_LV-NS1, and confirmed by sequencing.
Packaging was performed by co-culturing the recombinant vector pHR_LV-NS and the packaging plasmids
psPAX2 and pMD2.0, with 293T packaging cells. For lentiviral transduction, T cells were activated with 600
U/mL IL-2 and transducted with different recombinant TCR gene-bearing lentiviruses or empty lentiviral
vectors. K562 cells were transducted with MC2,, |, yvppry-HHLA-A*02:01 or PDCD1 gene-bearing recombinant
lentiviruses to construct the target cells. For peptide pulsing, T2 cells were incubated with 10 uM control peptide
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%rz MzﬁGE—CZ ALkpvEEry Peptide synthesized by GenScript (Nanjing, China) for 2 h at 37 °C to generate target
cells.

Coculture and ELISA

The indicated effector TCR-T cells and target cells were co-cultured at effector/target ratios of 1:1 or 2:1 for 24,
48, or 72 h. For each effector/target cell co-culture assay, the number of TCR-T cells added was determined based
on the proportion of tetramer-positive cells in each sample to ensure that all groups contained an equal number
of effector cells. The cells were processed for the flow cytometry detection of cytokines or markers using related
staining agents or fluorescently labeled antibodies. For some experiments, the killing or inhibition efficiency of
each group was analyzed. For ELISA, engineered TCR-T cells were co-cultured with target cells for 24 h, and
the secreted TNF-a in the medium was measured using an ELISA kit following the manufacturer’s instructions.

Flow cytometry

In general, cells were washed and labeled with fluorophore-labeled antibodies or MC2,, ,,,-HLA-A*02:01
tetramers at the manufacturer’s recommended concentrations, incubated at room temperature for 30 min,
resuspended in FACS buffer as single-cell suspensions, and assessed using a BD flow cytometer. For the detection
of live cells, cells were stained with 1 uM CESE for 20 min at 37 °C in the dark, co-cultured with TCR-T cells, and
subjected to flow cytometry before and after co-culture for the indicated times. Intracellular cytokine staining
(ICS) was used to detect IFN-y production by the T cells. Briefly, cells were stimulated with the indicated target
cells for 24 h, after which the protein transport inhibitor, BFA, was added to retain cytokines within the cells.
An anti-CD8a-APC antibody was added and the cells were incubated for 30 min at 4 °C. The cells were then
fixed, permeabilized, and incubated with an anti-IFN-y-FITC antibody at room temperature for 15 min before
detection by flow cytometry. All flow data were analyzed using the FlowJo software.

Gene knockout

Cas9-mRNA and PD-1-sgRNA were encapsulated in the LNPs using an iFLYTEK microfluidic mixer (Anhui,
China). The cells were transfected with LNP-mRNA (Cas9-mRNA/PD-1-sgRNA; 500 ng/well) in a 24-well plate.
After transfection, the cells were cultured for 24 h, and gene knockout was assessed by flow cytometry using
anti-PD-1 antibodies.

In vivo studies

NCG immunodeficient mice were obtained from GemPharmatech (Nanjing, China). Mice were subcutaneously
injected with 1x10° luciferase-labelled MC2-A02-K562FP!* cells (MC2-A02-K562PP1/Iu)  Six days after
injection, mice bearing xenograft tumors were treated with control or two types of TCR-T cells (PDL1-MC2-
TCR-TPP!~ or MC2-TCR-T?P!") via IV injection at low or high doses of 1x or 5x10° cells/100pl of saline,
respectively. The mice were then observed for 25 days and scanned for luciferase signals every 5 days using an
IVIS Perkin Elmer Lumina LT Imager (Shelton, USA). D-luciferin potassium salt was intraperitoneally (IP)
injected intraperitoneally before each scan. The mice were euthanized on the day of the 6th scan, tumors were
collected via surgical resection, and the tumor volume was measured.

Euthanasia Method: At the end of the experiment, animals were humanely euthanized to minimize suffering.
Euthanasia was performed using carbon dioxide (CO,) inhalation in a gradually filled chamber, followed by
cervical dislocation to ensure death. The method was selected based on the guidelines of the American Veterinary
Medical Association (AVMA) for the humane euthanasia of laboratory animals. All procedures were carried out
under the supervision of trained personnel to ensure animal welfare.

Statistical information

Statistical differences between groups were analyzed using one-way analysis of variance (ANOVA). The
experiments were conducted in triplicate. Data are presented as mean + SD, with statistical significance defined
at P<0.05.

Results

Design of effector TCR-T and target cell models

To generate TCR-T cell models, we engineered three key cellular modifications through recombinant gene
engineering: (1) MC2-targeting TCR expression, (2) exogenous PD-L1 expression, and (3) PDCDI1 gene
knockout (*P17). For experimental purposes, we introduced these modifications individually or in combination
to construct four distinct TCR-T cell models:

1. MC2-targeting TCR-T cells (MC2-TCR-T cells).

2. MC2-targeting and PD-1-knockout TCR-T cells (MC2-TCR-T?P!~ cells).

3. PD-Ll-expressing and MC2-targeting TCR-T cells (PDL1-MC2-TCR-T cells).

4. PD-L1-expressing, MC2-targeting, and PD-1-knockout TCR-T cells (PDL1-MC2-TCR-TFP!~ cells).

Additionally, we constructed two engineered MC2-targeting TCR-Jurkat models, with or without PD-L1
expression, as parallel TCR-T models:

1. MC2-TCR-expressing Jurkat cells (MC2-TCR-] cells).
2. PD-L1-expressing MC2-TCR-Jurkat cells (PDL1-MC2-TCR-] cells).

A summary of the six TCR-T models and their respective functions is provided in Table 1.
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Cellular properties
TCR-T models MC2 targeting TCR expression | Constitutive PD-L1 expression | PDCD1 gene knockout (°°'-)
1 | MC2-TCR-T + - No
2 | MC2-TCR-T?P1- + - Yes
3 | PDLI-MC2-TCR-T + + No
4 | PDL1-MC2-TCR-T?P!~ | + + Yes
5 | MC2-TCR-] + - No
6 | PDL1-MC2-TCR-]J + + No

Table 1. List of engineered TCR-T cell models and their cellular properties.

PD-1
Target cell models | MC2,,. ., -HLA-A*02:01 complex expression | expression | PD-L1 expression

1 | MC2-A02-K562 + - -
2 | MC2-A02-K562PP1* | + + -
3 | MC2-T2 + - -
4 | HH, P1, P2 + + +
5 | Hut78, P3, P4 + - +

Table 2. List of target cell models and their cellular properties.

For the target cell models, we utilized the K562 and T2 cell lines to generate three engineered MC2-expressing
models, with or without PD-1 expression. Additionally, we selected the wild-type MC2*/PD1* (dual-positive)
TCL line HH, the MC2*/PD1~ Hut78 line, and MC2* primary cultures derived from multiple patients with
T-cell lymphoma, which exhibited either PD1* or PD1~ phenotypes, as target cells (Table 2).

Engineering of MC2-targeting TCR-T and target cell lines

The gene sequence of a rearranged TCR clone targeting the HLA-A02:01-restricted MC2 peptide
ALKDVEERV,, ., was originally identified and sequenced in a melanoma patient with a clinical history of
tumor regression following immunotherapy’ (TCR-Va3 GenBank#: EU427374.1; TCR-VP28 GenBank#:
EU427375.1). To generate MC2-TCR-T cells, we first inserted the full sequence of this human TCR clone
into a lentiviral vector and integrated it into the genome of human T cells. Previous studies have reported that
engineered human TCRs often exhibit instability in binding to the peptide-MHC (pMHC) complex, whereas
murine-human hybrid TCRs demonstrate improved TCR pairing, enhanced TCR-CD3 binding, and increased
antitumor activity’>~'7. To enhance avidity and functional activation, we replaced the constant (C) regions
of the a and P chains in the recombinant MC2-TCR coding sequences with their murine homologs, thereby
generating hybrid MC2-TCRy, - T cells (Fig. 1A). The sequences of the TCR subunits (V, C, and J) used for
TCR construction are provided in the supplementary data (Tables S1 and S2). All in vitro experiments were
conducted with T cells from two different donors, and results were consistent across biological replicates.

K562 is an MC2-negative CML cell line that lacks HLA class I and II expression and has been widely used as
an in vitro target for cytotoxic T cells'®. K562 cells do not express PD-1'°. To construct target cells, we transducted
the recombinant MC2,, . ., -HLA-A*02:01 gene alone or together with the PDCD1 gene into K562 cells via
lentiviral vectors to establish two MC2-positive K562 cell models that were PD-1 negative (MC2-A02-K562) and
positive (MC2-A02-K562PP1*), as validated by flow cytometry (Fig. 1B). T2 is a human lymphoma-derived TAP
(transporter associated with antigen processing) -deficient cell line that expresses empty HLA-A*02:01. It does
not present peptides derived from cytosolic antigens, but can instead present pulse-loaded peptides. Therefore,
we pulse-loaded the MC2,, . .,, peptide onto T2 cells as another MC2-positive target cell model.

MC2-TCR-T cell optimization and validation

The effectiveness of TCR-T cells largely depends on their affinity for the specific peptide-MHC present on the
surface of cancer cells. To determine the binding ability of our constructed TCR-T cells to the MC2-pMHC
complex, we custom synthesized an MC2,, | yvppry-HLA-A*02:01 tetramer conjugated with a PE fluorophore.
We first confirmed that the murine sequence-modified TCRy,, had superior tetramer-binding and T-cell
activation capabilities compared to its original form, TCR};. As shown in Fig. 1C, compared with transduction
with TCRy, transduction with TCRy,, increased the percentage of cells bound to the tetramer from 7.92 to
23.5% (=3-fold) for CD8+T cells and 14-41% (=3-fold) for all PBMCs. To compare the cytotoxic effects of
MC2-TCR;-T and MC2-TCR,,,-T cells on target cells, two types of cells were co-cultured with MC2-A02-K562
and MC2-T?2 cells for 48 h. The activation of TCR-T cells was measured using ICS staining for IFN-y production
and ELISA detection of TNF-a secretion. As shown in Fig. 1D and E, both types of cells were activated, but
comparisons revealed that MC2-TCR,,,-T cells presented greater avidity, activation ability, and cytotoxicity to
both types of target cells than MC2-TCR-T cells. Based on these results, we applied TCRy,, only to the TCR-T
constructs in subsequent experiments (hereafter referred to as TCR-T cells; i.e., the HM suffix was omitted).
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Fig. 1. Construction and optimization of MC2-TCR-T cells. A Schematic map showing the modified MC2-
TCR design, in which the constant (C) regions of the a and B chains were replaced with mouse homologous
sequences. B Engineered MC2-A02-K562 and MC2-A02-K562°P!* target cells were assessed for exogenous
MC2-HLA-AO02 (upper) and PD-1 protein expression (lower) using the anti-HLA-A02 and anti-PD-1
antibodies, respectively. The results are shown as flow dot plots; empty vector-transducted K562 and MC2-
A02-K562 cells served as controls. C TCR-T cells with human (MC2-TCR;-T) or modified human-murine
hybrid (MC2-TCRy,,,-T) TCRs were examined for specific binding to the MC2-pMHC complex by an

MC2,;, ,,,-HLA-A*02:01-PE tetramer via flow cytometry. D, E Histogram showing IFN-y production (D) and
TNF-a secretion (E) of TCR-T cells bearing the indicated human or human-murine hybrid TCRs, as measured
by intracellular cytokine staining (ICS) or ELISA, when cocultured with MC2-T2 or MC2-A02-K562 target
cells, respectively. Control peptide (HPV16-E6)-loaded T2 cells (C-T2) and empty HLA-A*02:01-transducted
K562 cells (A02-K562) served as controls. The results are from three individual replicates. One-way ANOVA
was used for statistical analysis. Different lowercase letters (a, b, c...) above the bars designate statistically
significant differences (P <0.05).

PD-L1 exogenous expression in MC2-TCR-T cells inhibited their function

Recent studies have shown that PD-1 is a tumor suppressor'4, and its inhibition may trigger carcinogenesis
Therefore, we next explored whether the targeted activation of PD1 signaling in malignant T cells by exogenous
PD-L1 delivered by MC2-TCR-T cells can enhance the tumor-suppressive effect of MC2-TCR-T cells. We
transducted the PD-L1 coding gene CD274, along with the engineered coding sequence of the MC2-TCR
recombinant protein, into PBMCs or human primary CD8+T cells using a lentiviral vector to establish a
PDL1-MC2-TCR-T cell model. Exogenous PD-L1 expression was assessed and the cells were sorted for PD-
L1 expression using flow cytometry (Fig. 2A). We initially assessed the ability of PDL1-MC2-TCR-T cells to
specifically bind to the MC2-pMHC complex using the MC2,,, ,,,-HLA-A*02:01 tetramer. Since the K562
cell line does not express PD1, we constructed PD1 and MC2 co-expressing MC2-A02-K562°PP'* target cells
and examined the cytotoxic effects of PDL1-MC2-TCR-T cells on MC2-T2 or MC2-A02-K562°P!* cells by co-
culturing for 72 h. These findings revealed that increasing PD-L1 expression in MC2-TCR-T cells resulted in
a significant decrease in TCR expression and binding ability to the MC2-pMHC complex (Fig. 2B). Similarly,
when co-cultured with MC2-A02-K562PP'* or MC2-T2 cells, PDL1-MC2-TCR-T cells presented significantly
lower activation levels and killing capacities, as indicated by IFN-y and TNF-a production (Fig. 2C-G), than
MC2-TCR-T cells, which do not express exogenous PD-LI.

8-10

Function evaluation of the MC2-TCR-T cells with exogenous PDL1 expression and
endogenous PD-1 knockout

To prevent self-inhibition by the exogenously expressed PD-L1 protein, as observed in the co-culture assay
(Fig. 2), we knocked out the endogenous PDCD1 (PD-1) gene in these TCR-T cells using the CRISPR/Cas9
system. PD-1 knockout efficiency was assessed by flow cytometry. PD-1 expression has been reported at varying
percentages in human CD8" T lymphocytes, with a mean frequency of 28%°. In our study, PD-1 gene knockout

Scientific Reports |

(2025) 15:11894 | https://doi.org/10.1038/541598-025-92209-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

SSC-A

. PNy

IFN-y

MC2-TCR-T PDL1-MC2-TCR-T B Vector MC2-TCR-T PDL1-MC2-TCR-T
" o | ' 04z |20 '
3.54 1 17.5
1 w'q
10"!
™ 10 o’ q
v
024 3 226
) MCZ-Tetraﬁ\er ‘
MC2-TCR-T PDL1-MC2-TCR-T D 30
c-T2 MC2-T2 c-T2 MC2-T2 i
0 032 ?D 481 | ?0 017 o 201 a
' " E
i i 20+ 1 ¢-T2
wq 3‘ 'y g - MC2-T2
! i i
1 o 4 = =
B H . B3 10+
w 3 " 1 o 24 s
" Jo 99.7 m"i_‘n 5.4 u:io s |30 8.0
cobg : ’ ’ : MC2-TCRT  PDL1-MC2-TCR-T
MC2-TCR-T PDL1-MC2-TCR-T F
A02-K562 MC2-A02-K562°01 A02-K562 MC2-A02-K562°01* 51 a
{o 0se o io 118 io 103 1
] + q ] 44 £ A02-K562
i i i 1 - MC2-A02-K56270"
j k| k| i > 3+
i J g < P
4 ] = “ 3 £,] b
] o o] ] A ol T 1
99.0 0 760 ;fo %88 1a 897 14
3 o ¥ . 4 ¢ c
: - c
cpg MC2-TCR-T PDL1-MC2-TCR-T

[ A02-K562
m MC2-A02-K562°01*

b b

0
MC2-TCR-T PDL1-MC2-TCR-T MC2-TCR-T PDL1-MC2-TCR-T

Fig. 2. Exogenous expression of PD-L1 in MC2-TCR-T cells inhibited TCR expression and its functions.

A Flow dot plot showing PD-L1 on T cells after CD274 gene transduction. B PDL1-MC2-TCR-T cells and
MC2-TCR-T cells were compared for their affinity for the MC2,, ., ,-HLA-A*02:01 tetramer, as detected by
flow cytometry. C, D Representative flow dot plots and histogram showing IFN-y production in PDL1-MC2-
TCR-T and MC2-TCR-T cells stimulated with MC2-T?2 cells via ICS staining. E, F Representative flow dot
plots and histogram showing IFN-y production in PDL1-MC2-TCR-T and MC2-TCR-T cells stimulated with
MC2-A02-K562PP!* cells via ICS staining. G TNF-a secretion by PDL1-MC2-TCR-T and MC2-TCR-T cells
after stimulation by coculture with MC2-T2 (left) and MC2-A02-K562°P!* (right) cells, respectively. Control
peptide (HPV16-E6)-loaded T2 cells (C-T2) and empty HLA-A*02:01-transducted K562 cells (A02-K562)
served as controls. The results are from three individual replicates. One-way ANOVA was used for statistical
analysis. Different lowercase letters (a, b, c...) above the bars designate statistically significant differences
(P<0.05).

reduced the proportion of PD-17 cells from 35.5 to 9%, demonstrating high efficiency (Fig. 3A, B). This resulted
in the establishment of the PDL1-MC2-TCR-T*P!~ model.

Efficient expression of MC2-TCR, its affinity for the MC2-MHC complex, and PD-L1 expression were
confirmed through flow cytometry analysis. As shown in Fig. 3, detection of MC2-TCR expression using a
specific tetramer revealed that MC2-TCR was expressed in approximately 50% of the cells across the three
TCR-T models (Fig. 3C, D left), indicating exogenous PDLI expression does not affect MC2-TCR binding to
the MC2-pMHC complex. As expected, PD-L1 expression was observed only in the PD-L1-MC2-TCR-T?P!-
model, demonstrating the efficiency of CD274 gene transduction and confirming the absence of endogenous
PD-L1 expression in other TCR-T cells (Fig. 3C). Notably, PD-L1 expression was present in 100% of the MC2-
TCR-expressing cells (Fig. 3D right), suggesting that MC2-TCR could serve as a marker for PD-L1 expression in
PD-L1-MC2-TCR-T?P!~ cells. Therefore, in subsequent assays involving the PDL1-MC2-TCR-TFP!~ model, the
number of cells was determined based on tetramer-binding detection.

Next we evaluated the function of these TCR-T cells by measuring cytokine release upon activation by PD-
1-positive target cell model MC2-A02-K562°P!* (Table 2). The IFN-y production and TNF-a secretion were
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measured by ICS staining/flow cytometry and ELISA, respectively. Notably, the PDL1-MC2-TCR-T?P!~ cells
exhibited significantly higher levels of IFN-y release and TNF-a secretion upon activation compared to all other
groups, highlighting the marked enhancement of TCR-T cell function with this design (Fig. 3E-G). Additionally,
a comparison between MC2-TCR-T and MC2-TCR-T?P1- cells revealed that knocking out endogenous PD-1 in
TCR-T cells enhanced their capacity for TNF-a secretion (Fig. 3G).

PDCD1 gene knockout in PDL1-MC2-TCR-T cells significantly increased cell cytotoxicity to
target cells both in vitro and ex vivo

Cytotoxicity, the most critical function of TCR-T cells, was assessed through co-culture experiments with target
cells. This study comprehensively compared PD-L1-MC2-TCR-TFP!=cells with other TCR-T subtypes. The
cytotoxicity analysis focused on four TCR-T cell models: MC2-TCR-T, MC2-TCR-T?P!-, PD-L1-MC2-TCR-T,
and PD-L1-MC2-TCR-T?P!- cells. Additionally, a sample from the MC2-TCR-T model pretreated with the
PD-1 blocker nivolumab (MC2-TCR-T + Nivo) was included to compare the effects of PDCD1 gene knockout
with those of clinically used PD-1 inhibitors in T cells.

Various types of MC2-positive cells were used as target cells in the co-culture experiments, categorized into
PD-1-positive and PD-1-negative groups. As shown in Table 2, the PD-1-positive group included the engineered
K562 cell line MC2-A02-K562FP1*, the HH cell line, and primary malignant T cells from TCL patients P1 and
P2. The PD-1-negative group included the engineered K562 cell lines MC2-A02-K562 and A02-K562, MC2
peptide-loaded T2 cells line (MC2-T2), the Hut78 cell line, and primary malignant T cells from TCL patients
P3 and P4. Since DNA demethylating agents upregulate MC2 expression in cancer cell lines, we pretreated the
HH and Hut78 cell lines with 5-azacitidine to enhance MC2 expression® (Figure S3A). All cell lines and primary
malignant T cells from TCL patients were analyzed by PCR using specific primers (Table S3) to identify MC2-
positive cells, as well as to distinguish PD-1-positive (HH, P1, and P2) from PD-1-negative (Hut78, P3, and P4)
T cells (Figure S3B).

As shown in Fig. 4, co-culture experiments demonstrated that among all TCR-T models, PDL1-MC2-TCR-
TPPI- cells exhibited the highest killing efficacy against MC2-A02-K562FP1* cells, significantly surpassing all
other models. The ranking of TCR-T cell killing efficiency, from highest to lowest, was as follows: PDL1-MC2-
TCR-TPP1- cells, MC2-TCR-TFP1- cells, MC2-TCR-T + Nivo cells, MC2-TCR-T cells, TPD1- cells, normal
CD8* T cells, PDL1-MC2-TCR-T cells, C-TCR-T cells (HIV-targeting TCR-T cells, used as a non-relevant
control), and PDL1-T cells (T cells with exogenously expressed PD-L1) (Fig. 4A and C). We also evaluated
different TCR-T/target cell ratios and determined that the optimal condition was a 2:1 TCR-T/target cell ratio
at 72 h, with cytotoxicity displaying a dose-dependent response (Fig. 4B). Additionally, we observed a trend of
increasing cytotoxicity from 24 to 72 h (Figure S1).

To determine whether PD-L1 delivered by TCR-T cells specifically enhanced the killing of PD-1-positive
target cells, we performed co-culture experiments using both PD-1-positive and PD-1-negative target cells. As
shown in Fig. 4D, PDL1-MC2-TCR-TPP!~ cells demonstrated greater cytotoxic efficacy than MC2-TCR-T?P1-
cells in the PD-1-positive group. However, in the PD-1-negative group, PDL1-MC2-TCR-TFP!~ cells exhibited
similar killing efficacy to MC2-TCR-T"P!- cells (Fig. 4E). Notably, both PDL1-MC2-TCR-TFP!~ and MC2-TCR-
TPPI- cells outperformed all other TCR-T cell models in cytotoxicity. Treatment of control empty A02-K562 cells
did not result in a killing effect, indicating that the engineered TCR-T cells had high specificity.

To confirm the role of PD-L1 in increasing the cytotoxicity of TCR-T cells, we treated PD-1-positive target
cells, that is, MC2-A02-K562FPP1* cells, PD-1-positive T lymphoma HH cells, and PD-1-positive T lymphoma
primary cells, with 20 pg/mL nivolumab for 24 h and co-cultured them with PDL-1-MC2-TCR-T?P!- cells for
72 h. The results showed that the PD-1 blockade completely reversed the increased killing caused by PD-L1
(Fig. 4F).

To further investigate the suppressive effect on target cells mediated by the PD-L1-PD-1 interaction, we
utilized non-cytotoxic Jurkat cells as a parallel TCR-T model. Jurkat cells do not express high levels of perforin
or granzyme, and therefore, remain non-cytotoxic even when expressing a TCR. Additionally, unless activated,
Jurkat cells do not express PD-12122, making them a natural PD-1-negative cell model. When Jurkat cells were
engineered to co-express PD-L1 and MC2-TCR, they did not undergo intrinsic PD-1 activation-related TCR
inhibition, allowing us to specifically analyze the effects of PD-L1-PD-1 signaling in the absence of cytotoxic
mechanisms.

We constructed two engineered TCR-Jurkat cell models, PDL1-MC2-TCR-J and MC2-TCR-]J, which express
MC2-TCR with and without PD-L1, respectively. We performed parallel coculture assays to compare their
efficacy against PD-1-expressing MC2-A02-K562FPP!* cells. Similar to PDL1-MC2-TCR-T?P!~ cells, PDL1-
MC2-TCR-]J cells had greater cytotoxic functions and killing efficacy than MC2-TCR-Jurkat cells when co-
cultured with MC2-A02-K562PP1* cells. Assessment of viable cells via CFSE staining/flow cytometry at 24 and
48 h revealed an average increase in the killing percentage of 15.5% at 24 h and 25% at 48 h (Fig. 4G and H).

Antitumor effects of PDL1-MC2-TCR-TPP1~ cells in vivo

By manipulating PD-1 and/or PD-L1 expression in TCR-T cells, we established four MC2-TCR-T cell models:
MC2-TCR-T cells, MC2-TCR-T?P1~ cells, PDL1-MC2-TCR-T cells, and PDL1-MC2-TCR-T?P1- cells. PDL1-
MC2-TCR-TPP!~ and MC2-TCR-TPP!~ cells showed greater efficacy than the other cell models in the in vitro
and ex vivo assays. Among them, PDL1-MC2-TCR-T?P!- cells showed greater efficacy than MC2-TCR-TFP!-
cells, a finding that is supported by the mechanisms of PD-1 activation in malignant cells. To further test
whether PDL1-MC2-TCR-T?P!~ cells had a greater antitumor effect than MC2-TCR-T?P!~ cells in vivo, we
used immunodeficient NCG mice to establish an MC2-A02-K562FP!* xenograft model to compare the effects
of these two types of engineered TCR-T cells on tumors. The NCG (NOD/ShiLtJGpt-Prkdce26Cd52[] 2ygem26Cd22
Gpt) mouse is a variant of the NSG mouse, in which the Prkdc (protein kinase, DNA activated, catalytic
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polypeptide) and I12rg (common gamma chain receptor) genes are completely knocked out and are capable of
hosting xenograft cells. We subcutaneously injected mice with MC2-A02-K562FP1* cells genetically labeled with
luciferase (MC2-A02-K562PP1+/14) tg establish a tumor-bearing NCG mouse model. We injected MC2-TCR-
TPPI- and PDL1-MC2-TCR-T?P!~ cells at both low (1 x 10°) and high (5 x 10°) doses, together with a high dose
of control TCR-T cells, into tumor-bearing mice (Fig. 5A). The five groups of mice were scanned for luciferase
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«Fig. 3. Exogenous PD-LI expression and endogenous PD-1 knockout enhanced MC2-TCR-T cytokine
secretion. A Representative flow cytometry dot plots illustrating PD-1 expression in two TCR-T models before
and after PD-1 knockout, detected using an anti-PD-1 antibody. The PD-1* population is highlighted within
the squared regions. B Histogram quantifying the percentage of PD-1* cells from panel A. C Representative
flow cytometry dot plots showing dual detection of MC2-TCR and PD-L1 expression in different TCR-T
models using the MC2,, ., -HLA-A*02:01 tetramer and an anti-PD-L1 antibody. D Histograms depicting
the percentages of tetramer-bound cells post-transduction (left) and the proportion of PD-L1-expressing cells
within the tetramer-bound population (right). E IFN-y production in various TCR-T cells stimulated with
MC2-A02-K562PP!*, measured via intracellular cytokine staining (ICS). F Histogram showing the quantitative
analysis of ICS-positive cells. G TNF-a secretion, assessed using an ELISA kit, in various TCR-T cells
stimulated with MC2-A02-K562PP!*, All results represent data from three independent replicates. Statistical
analysis was performed using one-way ANOVA. Different lowercase letters ( a, b, c...) above the bars designate
statistically significant differences (P<0.05).

signals every five days, and tumor volume was measured at the end of the observation period. As shown in
Fig. 5B, C, D, and E, both the tumor luciferase signals and the tumor tissue volume revealed that, compared
with MC2-TCR-T?P!~cells, PDL1-MC2-TCR-T?P!~ cells were more effective at suppressing tumor growth.
In addition, the effects of high doses of MC2-TCR-T"P!~ and PDL1-MC2-TCR-T?P!" cells were greater than
those of low doses. In general, the in vivo results were consistent with the in vitro and ex vivo results, that is,
PDL1-MC2-TCR-T?P!~ cells had a significantly greater killing effect on target cancer cells than PD-L1-lacking
variant MC2-TCR-T?P!- cells. We also assessed the safety of TCR-T cell therapy, and none of the animals in the
treatment groups exhibited signs of systemic off-target toxicity.

Discussion

The use of TCR-T cell therapy is increasing, but it is still in the early stages of clinical application. In addition,
ICI therapy is promising but not fully satisfactory. These fields of basic and preclinical research have garnered
substantial attention?>-*’. Using genetic approaches, we successfully integrated PD-L1 delivery into malignant
cells and PD-1 knockout TCR-T cells into an engineered MC2-targeting TCR-T cell model, and achieved
enhanced tumor suppression efficacy in vitro, ex vivo and in vivo.

In the cancer microenvironment, the effects of ICIs can be more complicated than those of simply activating
T cells because of their influence on immune cells, other normal cells, and malignant cells. Recent evidence
indicated that PD-1 is a tumor suppressor in T-cell lymphoma and other types of cancer cells®-'“. The significance
of PD-1 as a tumor suppressor leads to two insights into cancer treatment: (1) Therapeutic activation of PD-1
signaling in malignant cells may induce tumor-suppressing effects, and (2) Systemic PD-1 inhibition, such as
the current clinical use of ICIs, may may have consequences that counteract the tumor-suppressing effect or, in
some conditions, increase cancer growth by inhibiting PD-1 in cancer cells. In clinical practice, a small fraction
of patients experience hyperprogressive disease (HPD), which is characterized by the acceleration of cancer
growth, during PD-1 inhibition therapy®®. Therefore, targeted PD-1 activation or inhibition in specific cell types
or populations could be treatment strategies worthy of exploration; however, no related in vitro or in vivo studies
have been reported. For the first time, our study revealed that the combined manipulation of PD-1 signaling
significantly enhanced cancer-specific TCR-T cell cytotoxicity.

We explored targeted PD-1 activation in malignant cells in the context of cancer antigen TCR-T cell therapy.
The activation of PD-1 signaling may depend on the existence and binding of PD-L1. We utilized PD-1-negative
and non-cytotoxic Jurkat cells*’?? as a parallel TCR-T model to evaluate the effect of exogenous PD-L1 on
target cell inhibition. The engineered MC2-TCR-J and PDL1-MC2-TCR-] subtypes were used as effector cells
in co-culture with K562 target cells, both of which exhibited inhibitory effects on target cell growth. However,
the inhibitory effect of PDL1-MC2-TCR-] cells was significantly greater than that of MC2-TCR-J cells (Fig. 4H),
indicating the role of the PD-1/PD-L1 axis in suppressing target cell proliferation. Since Jurkat cells lack direct
cytotoxic activity, we speculate that the inhibition of target cells by MC2-TCR-] may result from indirect
cytotoxic mechanisms, such as cytokine secretion.

In TCL and other malignancies, PD-L1 levels are consistently low, whereas PD-1 levels are high?*3. A lack
of or inefficient PD-L1 in the proximity of cancer cells and subsequent intrinsic PD-1 inactivation could be
contributing factors to cancer development or progression. Thus, the use of PD-L1 could be a strategy to assist in
treatment. However, similar to systemic PD-1 inhibition, which causes off-target effects, systemic administration
of PD-L1 triggers the inhibition of normal T cells or TCR-T cells in the context of TCR-T cell therapy. In
addition, infusion or injection of recombinant PD-L1 protein may cause intolerable general toxicity. Therefore,
seeking a method for limited and targeted PD-L1 delivery specifically to cancer cells is a key step in increasing
treatment efficacy.

Methods involving the co-expression of a protein with a specific recombinant targeting structure, such as the
co-expression of a CD8a with TCR in TCR-T cells (next-generation of afami-cel), have been studied in adaptive
immunology>!. In this study, we successfully adopted MC2-specific TCR-T cells as the delivery vehicle via a co-
expression system of MC2-TCRs and PD-L1 for this purpose. The results of this TCR-T model revealed, for the
first time, that targeting PD-1 activation in cancer cells with exogenous PD-L1 enhanced the tumor-suppressing
efficacy of TCR-T cells in vitro and ex vivo. The advantage of using MC2-TCR-T cells as vehicles is that TCR-T
cells exhibit cancer-specific cytotoxicity and are a powerful therapy. Our results demonstrate that cancer antigen-
specific TCR-T cells fit the purpose of cancer cell-specific PD-L1 delivery (Figs. 3 and 4). Although our study
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focused on MC2-specific TCR-T cells, the model of exogenous PD-L1 expression in cancer-specific TCR-T cells
has general significance for applications to other cancer antigen-specific TCR-T cells.

In engineered TCR construction, we confirmed the importance of using murine homology, which has
been clinically applied in afami-cel®%. Please note that the stronger activation signals and increased cytokine
production (IFN-y/TNF-a) observed in MC2-T2 co-cultures compared to MC2-A02-K562 cells (Figs. 1 and 2)
can be attributed to differences in antigen presentation efficiency. T2 cells, due to their TAP deficiency, rely on
exogenous peptide loading, which results in a higher density of peptide-MHC complexes on the cell surface,
leading to stronger TCR engagement®®. In contrast, MC2-A02-K562 cells rely on viral vector-mediated expression
of the MC2 peptide-HLA-A02:01 complex, which may result in variable antigen processing and presentation
efficiency®. Additionally, differences in co-stimulatory molecule expression and peptide processing pathways
between the two cell types could further contribute to the observed differences in TCR-T cell activation.

We also applied targeted PD-1 inhibition in T cells to TCR-T cells. ICIs have been used in various cancer
therapies including adoptive immunotherapy®. The benefits of PD-1 inhibition are mainly attributed to the
activation and expansion of normal immune cells, such as CD8 +and CD4+T cells**>*’. As stated above, the
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«Fig. 4. PDL1-MC2-TCR-T! cells exhibited enhanced tumor-suppressing efficacy in vitro and ex vivo.
A Representative flow cytometry plots showing live MC2-A02-K562FP1* cells cocultured with MC2-TCR-
TPPI-, PDL1-MC2-TCR-T, and PDL1-MC2-TCR-T?P!~ cells and stained with CFSE. B Comparison of the
efficacy of coincubation with PDL1-MC2-TCR-T?P!~ and MC2-TCR-T?P!~ cells at effector/target ratios of 1:1
and 2:1 for 72 h. C Histogram showing the percentages of MC2-A02-K562FP!* cells killed when cocultured
with different TCR-T cells for 72 h. T: normal CD8+ T cells; PDL1-T: normal CD8 + T cells engineered with
exogenously expressed PD-L1; C-TCR-T: engineered HIV-targeting TCR-T cells as nonrelevant control
TCR-T cells; TP1- cells: normal CD8 + T cells with PDCD1 gene knockout; and MC2-TCR-T + Nivo: MC2-
TCR-T cells pretreated with 20 pg/mL nivolumab for 72 h. D, E Histograms showing the inhibitory effects of
C-TCR-T, MC2-TCR-T, MC2-TCR-T?P!-, PDL1-MC2-TCR-T and PDL1-MC2-TCR-T?P!~ cells on engineered
or natural cell lines and TCL primary malignant cell cultures that were MC2 and PD1 dual positive (D) or
MC2 positive but PD1 negative (E). Empty HLA-A*02:01-transducted K562 cells were used as a control.
F Comparison of the killing efficacy of MC2-TCR-T?P!~ and PDL1-MC2-TCR-T?P1- cells on the indicated
PD1-positive lines and PDL1-MC2-TCR-TFP!- cells on the same target lines and cells pretreated with 20 pg/
mL nivolumab. G Representative flow cytometry dot plots showing the inhibitory effects of MC2-TCR-] and
PDL1-MC2-TCR-] cells on MC2-A02-K562FP1* cells at the 0, 24 and 48 h time points. H Histogram showing
the quantitative and statistical analysis of the inhibitory effects in G. All the inhibition or killing percentages
were determined by CFSE staining. All results represent data from three independent replicates. Statistical
analysis was performed using one-way ANOVA. Different lowercase letters (a, b, c...) above the bars designate
statistically significant differences (P<0.05).

current methods of ICI administration are not tissue-specific and may influence many cell types. Targeting PD-1
inhibition specifically for immune cells should be considered to avoid the promotion of malignancy caused by
PD-1 inhibition?. The mechanism of HPD remains unclear, but it may be related to the impact of ICIs on cancer
cells.

Additionally, the influence of PD-1 inhibition on various normal cell types other than immune cells may
involve the risk of triggering carcinogenesis due to the overactivation of TCR/PI3K/mTOR signaling®-14.
Clinically, ICI therapies are associated with the occurrence of secondary T-cell lymphomas or other cancers
in patients with non-T-cell primary malignancies**~*’. PD-1 silencing using gene editing technology has been
shown to effectively increase the potency of adoptive cytotoxic T cells*"*2 In this study, we used the CRISPR/
Cas9 gene editing method to knockout PDCD1 in engineered TCR-T cells to generate PD-1-null MC2-TCR-
TPPI- and PDL1-MC2-TCR-TPP!" cells (Fig. 3). The application of gene editing technology has two advantages
over IClIs: first, it completely avoids the influence of off-target PD-1 inactivation on other cell types, especially
malignant cells; second, it can be limited to a specific engineered T cell subpopulation to avoid the overactivation
of the whole T cell population, which may cause complications such as a “cytokine storm”. The proposed
mechanisms of this engineered PDL1-MC2-TCR-T"P!- cells are summarized in Fig. 6.

The important benefit of PD-1 inhibition in TCR-T cell treatment is that it helps overcome engineered T cell
exhaustion, which is usually a major hurdle in TCR-T cell treatment and clinically manifests as resistance to
treatment*>»*4. In addition, PD-1 inhibition is necessary to maintain the function of engineered PD-L1-secreting
TCR-T cells. When we engineered a co-expression system of bioactive MC2-specific TCR and PD-L1 proteins to
establish a PDL1-MC2-TCR-T model, we found that PD-L1 expression led to strong self-inhibition that almost
completely eliminated the function of TCR-T cells. A comparison of PDL1-MC2-TCR-T cells and MC2-TCR-T
cells co-cultured with target MC2-A02-K562 cells revealed that extra PD-L1 expression did not increase, but
rather hindered the cytotoxicity of TCR-T cells to the target cells (Fig. 2). Since engineered PD-L1 expression by
TCR-T cells inevitably leads to PD-1 activation in TCR-T cells, we hypothesized that the inhibition of PD-1 in
T cells would restore the functions of TCR-T cells. Indeed, the PD-1 knockout variant, PDL1-MC2-TCR-T?P1-
cells, showed enhanced cytotoxicity (Fig. 3E-G). Therefore, PD-1 inhibition in cells is a critical component of
PD-L1 expression-related design to maintain the functions of PDL1-MC2-TCR-T cells.

The results generated from PDL1-MC2-TCR-T?P!~cells revealed that the combination of three functions,
cancer antigen-specific TCR-T cells, PD-1 inhibition in T cells, and PD-1 activation in malignant cells, was
more effective than any single or two combined functions of TCR-T cells in vitro and ex vivo (Figs. 4 and 5).
Pretreatment of target cells with the PD-1 inhibitor nivolumab completely blocked the increased cytotoxicity of
PDL1-MC2-TCR-T?P!~ on PD-1 +cells, indicating that the extra killing capability of PDL1-MC2-TCR-T*P!~
cells is dependent on the PD-1-PD-L1 interaction on effector-target cells (Fig. 4F).

Our in vivo assays revealed that PDL1-MC2-TCR-T?P!~ cells had significantly greater tumor-suppressing
efficacy than non-PD-L1 variant MC2-TCR-TFP!~ cells in a dose-dependent manner in mice bearing MC2
and PD-1 dual-positive K562 xenograft tumors (Fig. 5). Although our in vivo experiments were performed
in immunodeficient mice, PDCD1 gene knockout mimics the actions of ICIs on effector TCR-T cells in the
immunocompetent human body. Therefore, targeted PD-1 activation in malignant T cells and PD-1 inhibition
in normal T cells in our in vivo assay, to a certain extent, reflect the actual condition of the human body and
have clinical significance. The data showed for the first time that PD-1 activation in cancer cells via exogenous
PD-L1 delivered by TCR-T cells synergistically increased the tumor-suppressing efficacy of TCR-T cells in
vivo. The safety and specificity were assessed using in vivo assays. The cross-reaction of the MAGE member
MAGE-A3 with brain tissue, which can lead to severe life-threatening consequences, has been reported*>. We
did not find any safety issues, such as exaggerated poor conditions or quick death of the animals, which may
be related to major off-target toxicity to normal tissues. All treated tumor-bearing mice survived until the end
of the observation period (25 days). The in vivo results, along with the in vitro and ex vivo findings, provide

Scientific Reports |

(2025) 15:11894 | https://doi.org/10.1038/s41598-025-92209-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 1x108 MC2-K562F21*  1(or 5) X105 TCR-T  In vivo imaging to detect Mice tumor samples
Cellsc Celli.v tumor burden every 5 d were collected
ks J l l
Day 0 Day 1 Day0, 5, 10, 15, 20, 25 e
NCG female mice 5-6 weeks ——
Tumor Engraftment TCR-T Treatment IVISI BLI
B cTcrT MC2-TCR-TP®" PDL1-MC2-TCR-T PP~ MC2-TCR-TP?'- PDL1-MC2-TCR-TPP* C

(5M) 1™ (1M) (5M™) (5 M)

— cr
L2 12005 7 MC2-TCR-T(1x10%)

== PDL1-MC2-TCR-T"C'(1x10%) 'a
= MC2-TCR-T(5x10%)

= PDL1-MC2-TCR-T"®!(5x10%)

/s

o
o © o
Q o o
S © o

4.0

Total flux (10®
»
3

N
o
£=]

Xx10°

>

0." MC-TCR-TFO™- 1M
i il

’ &n. PDL1-MC-TCR-TPP™ 1M

g 0 0 )
2

.

TN

«» @» @» PDL1-MC-TCR-TPD"- 5M
g

Fig. 5. PDL1-MC2-TCR-T?P!- cells had greater tumor-suppressing efficacy than MC2-TCR-T?P!~ cells did in
vivo. A Schematic diagram of the animal experimental design. Five groups of mice were inoculated with MC2-
A02-K562PP1* cells and treated with two doses (1 x 10° or 5 x 106) of MC2-TCR-T?P!~ or PDL1-MC2-TCR-
TPP1- cells, as well as one dose of control TCR-T cells (5 x 10°). The tumors were scanned for luminescence
signalsat 0d, 5d, 10 d, 15 d, 20 d, and 25 d. The mice were sacrificed at the end of the observation period

(25 d), and tumors were surgically dissected. IVISI BLI (in vivo imaging system, bioluminescence imaging).

B Pictures of the five groups of mice scanned for luminescence signals at the end of the observation period
(note: In some animals, strong signals were saturated and could only be measured by the scanner). C Tumor
growth curves for the five groups of mice, plotted at 0 d, 5 d, 10 d, 15 d, 20 d and 25 d, using quantitative
luminescence signals. D Images of tumors surgically dissected from five groups of mice treated with the
indicated TCR-T cells. E The histogram shows the comparison of the average tumor volumes (cm?) for the
five groups of mice. The data are presented as means+ SDs. Statistical analysis was performed using one-way
ANOVA. Different lowercase letters ( a, b, c...) above the bars designate statistically significant differences
(P<0.05).

evidence that PDL1-MC2-TCR-T?P!~ cells acquired enhanced tumor-suppressing capabilities and warrant
further investigation for their potential clinical use.

The mechanisms by which PD-L1 enhances TCR T-cell killing efficacy in cancer cells are not completely clear.
Treatment of PD-1+ T-lymphoma cells with recombinant PD-L1 protein in an in vitro experiment inhibited
proliferation, but did not result in a direct killing effect (Figure S2). The mechanisms of PD-1 activation/
inhibition in benign and malignant cells can be complicated and tissue/cancer stage specific. Current data
concerning PD-L1 expression in tumor tissues are controversial because reports of both high PD-L1 expression
and low PD-L1 expression in tumor tissues exist’®~%°. Despite being a factor that activates tumor suppression,
PD-L1 expression is frequently reported to be upregulated in cancer cells upon immune cell infiltration to
activate the PD-1 receptor on T cells. We do not know if and how cancer cells escape the suppression caused by
self-activation of the PD-1/PD-L1 axis. The underlying mechanisms and clinical significance of the PD-1/PD-
L1-mediated effects on the TCR-T cell model in our study need to be further investigated. Furthermore, despite
the absence of major off-target toxicity, the cross-reaction of these TCR-T cells with normal tissues still needs to
be ruled out in future studies.

In conclusion, our study establishes that cancer-specific TCR-T cells can successfully deliver ligands to cancer
antigen-expressing malignant cells and induce target receptor activation for the purpose of cancer treatment.
Our new strategy exploits TCR-T cell cancer-specific cytotoxicity, PD-1 inhibition in T cells, and PD-1
activation in cancer cells, thereby increasing the efficacy of cancer-specific TCR-T cell therapy for inhibiting
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Fig. 6. Interactions between engineered T cells and target cancer cells. The PDL1-MC2-TCR-T"P!~ cells

are engineered to co-express a MAGE-C2-specific recombinant TCR and PD-L1 proteins in normal human
CD8+T cells, with the PD-1-encoding PDCD1 gene knocked out. The exogenously expressed PD-L1 activates
the PD-1 receptor on the surface of cancer cells while maintaining PD-1 suppression in the T cells. Activation
of PD-1 inhibits PI3K-mediated carcinogenic signaling and subsequent cell proliferation. Binding of MC2-

TCR with MC2 pMHC induces T cell activation and directs cytotoxicity toward target cells through the
secretion of cytokines TNF-a and IFN-y. Silencing of PD-1 in T cells enhances T cell activation and expansion.
Red lines denote inhibitory effects, and “X” indicates knockdown of PDCD1 genes.

cancer. Therefore, this work has translational and clinical importance for designing new or optimized TCR-T
cell and ICI-based cancer therapies.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding authors upon
reasonable request.
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