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Attenuated initial stimulation confers adoptive T cell potency against

antigen mutational escape
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Abstract: Adoptive T cell (ACT) therapy has revolutionized cancer immunotherapy with its targeted and durable
anti-tumor potency, yet its broad clinical success, particularly against solid tumors, is severely compromised by two
critical barriers: T cell exhaustion driven by persistent high-level T cell receptor (TCR) stimulation, and tumor immune

escape via low-affinity mutations in tumor antigens. Conventional ACT manufacturing has long been guided by the
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paradigm of maximizing TCR stimulation strength to boost T cell activation and expansion, but this strategy frequently
accelerates terminal T cell differentiation and irreversible exhaustion, while failing to address antigen mutational
escape, creating an urgent unmet need for optimized, clinically translatable manufacturing protocols. In this study, we
systematically investigated how initial TCR stimulation strength during in vitro manufacturing shapes the phenotypic
state and anti-tumor effector function of T cells, using the well-established murine OT-1 CD8" T cell model and
clinically relevant human primary T cells including the 1G4 TCR-T system for solid tumor A375 cell targeting, and
attenuated TCR stimulation via three readily translatable approaches: titrating down cognate antigen peptide
concentration, using low-affinity antigen variants, and reducing the dosage of CD3/CD28 antibody-coated stimulatory
beads. Our results demonstrated that moderately attenuated initial stimulation supported robust T cell activation and
expansion, while significantly downregulating the expression of exhaustion-associated inhibitory receptors including
PD-1, LAG3 and TIGIT. Functionally, weakly stimulated T cells exhibited faster cytotoxic kinetics against tumor cells,
higher TNF-a secretion, and most notably, superior and sustained control of tumors expressing low-affinity mutant
antigens both in vitro across multiple effector-to-target ratios and in an in vivo immunocompromised mouse tumor
model, with these core findings fully recapitulated in human primary T cells and the 1G4 TCR-T system where
attenuated stimulation enhanced antigen-specific cytotoxicity and proliferative capacity. Collectively, this study reveals
that fine-tuning and moderately reducing initial TCR stimulation strength during in vitro manufacturing could serve as
a facile, cost-effective and potential universal strategy to generate high-potency T cells for ACT, which mitigates T cell
exhaustion and effectively counteracts antigen mutational escape, providing a practical and translatable rationale to

optimize ACT manufacturing protocols and improve clinical outcomes for patients with advanced malignancies.
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Fig.1 Low-concentration OVA-N4 peptide stimulation generates potent OT-1 CTLs
(a) Relative number of CD3"CD8" T cells after 5-day stimulation with the indicated Ovalbumin (OVA)-N4 concentrations (0.01 nM, 1 nM, 100 nM),
normalized to the 100 nM group; (b) Quantification of CD3"CD8" T cells among total cells following a 5-day stimulation with the indicated OVA-N4
peptide concentrations (0.01 nM, 1 nM, 100 nM); (c-¢) Representative flow cytometry histograms and quantification of inhibitory receptors on
cytotoxic T lymphocytes (CTLs) stimulated with varying OVA-N4 concentrations, including (c) PD-1, (d) LAG3 and (e) TIGIT. Data are presented
as mean fluorescence intensity (MFI) and percentage of positive cells; (f-h) In vitro cytotoxicity of OT-1 CTLs against OVA-N4 MC38 murine colon
adenocarcinoma cells at different effector-to-target (E:T) ratios, including (f) E:T = 2:1, (g) E:T = 1:1, and (h) E:T = 1:2. Relative tumor cell numbers
normalized to 0 h are shown over a 24-h co-culture period; (i-k) Cytokine and effector molecule secretion by OT-1 CTLs following a 24-h co-culture
with OVA-N4 MC38 target cells at an E: T ratio of 2:1, including (i) TNF-a secretion, (j) IFN-y secretion and (k) Granzyme B secretion; Data are
shown as mean + SD (n=3). Statistical comparisons were performed using one-way ANOVA with multiple comparisons test. *: p < 0.05; ***: p <
0.001; ****: p <0.0001; ns: not significant.
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Fig. 2 Effector function of OVA-N4 CTLs against OVA-G4 MC38 target cells
(a - ¢) In vitro cytotoxicity of CTLs generated with the indicated OVA-N4 peptide concentrations against OVA-G4 MC38 murine colon

adenocarcinoma cells at varying E:T ratios, including (a) E:T = 2:1, (b) E:T = 1:1, and (c) E:T = 1:2. Relative tumor cell numbers normalized to 0 h
are shown over 24 h co-culture period; (d - f) Cytokine and effector molecule secretion by OVA-N4 CTLs following 24 h co-culture with OVA-G4
MC38 target cells at an E:T of 2:1, including (d) TNF-a secretion, (e) IFN-y secretion and (f) Granzyme B secretion; Data are shown as mean = SD

(n=3). Statistical comparisons were performed using one-way ANOVA with multiple comparisons test . ***: p < 0.001; ns: not significant.
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Fig.3 Low-affinity OVA-G4 peptide stimulation generates potent OT-1 CTLs

(a) Quantification of CD3 *CD8* T cells among total cells following 5-day stimulation with 100 nM OVA-N4 or OVA-G4 peptide; (b - d)
Representative flow cytometry histograms and quantification of inhibitory receptors on CTLs stimulated with OVA-N4 or OVA-G4, including (b)
PD-1, (¢) LAG3 and (d) TIGIT. Data are presented as mean fluorescence intensity (MFI) and percentage of positive cells; (e - g) In vitro cytotoxicity
of OT-1 CTLs against OVA-N4 MC38 murine colon adenocarcinoma cells at different E:T ratios, including (e) E:T = 2:1, (f) E:T=1:1, and (g) E:T =
1:2. Relative tumor cell numbers normalized to 0 h are shown over a 24-h co-culture period; (h - j) In vitro cytotoxicity of OT-1 CTLs against OVA-
G4 MC38 murine colon adenocarcinoma cells at different E:T ratios, including (h) E:T = 2:1, (i) E:T = 1:1, and (j) E:T = 1:2; (k,1) TNF-a secretion
by OT-1 CTLs following a 24-h co-culture with (k) OVA-N4 MC38 or (1) OVA-G4 MC38 cells at an E:T ratio of 2:1; Data are shown as mean £ SD
(n=3). Statistical comparisons were performed using two-tailed unpaired Student's t test . ***: p < 0.001; ****: p <0.0001.
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Fig. 4 Impact of weak stimulation on murine and human CTLs

(a) Schematic diagram of the murine adoptive cell therapy regimen; (b) Tumor growth curves of mice in each treatment group following adoptive
therapy; (c) Relative number of T cells from human peripheral blood mononuclear cells (PBMCs) of healthy donors following stimulation with CD3/
CD28 antibody-conjugated magnetic beads at the indicated ratios (PBMC:Beads = 3:1, 1:1, 1:3); (d-f) Marker receptor expression levels in donor
PBMCs stimulated with CD3/CD28 antibody-coated beads at the indicated ratios (PBMC:Beads = 3:1, 1:1, 1:3), including (d) CD25, (¢) PD-1 and
(f) LAG3; (g-i) Co-culture assay of 1G4 T cell receptor-engineered T (TCR-T) cells with NY-ESO-1 antigen-positive A375 human malignant
melanoma cells; (g) Schematic diagram; (h) Quantification of relative tumor cell number after 48-hour co-culture of 1G4 TCR-T cells prepared under
different stimulation intensities with A375 target cells at an effector-to-target (E:T) ratio of 1:1; (i) Quantification of relative live 1G4 TCR-T cell
number after 48-hour co-culture, normalized to the cell number at the start of the culture (0 h). All graphs show mean + SD (n=3), except for (b), in
which data are shown as mean + SEM (n=5). Statistical significance was evaluated using two-way ANOVA (b) and one-way ANOVA followed by
multiple comparison tests (¢ - f), and two-tailed unpaired Student's t test (h-i). *: p <0.05; **: p <0.01,***: p <0.001; ****: p < 0.0001.
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