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Abstract 42 

Adoptive T cell receptor (TCR)–based immunotherapy offers a powerful strategy to target solid 43 

tumors through recognition of either cell surface antigens or intracellular tumor antigens. 44 

However, T‑cell activation requires the coordinated integration of biochemical cues and 45 

physical properties of the antigen‑presenting interface, and the mechanistic basis by which these 46 

microenvironmental parameters regulate T‑cell metabolic programming remains poorly defined. 47 

Here we develop synthetic viscoelastic activating cells (SynVAC)—a class of artificial antigen-48 

presenting cells (aAPCs) whose stress-relaxation kinetics are independently and precisely 49 

chemically tuned while maintaining constant stiffness and defined densities of peptide–major 50 

histocompatibility complex (pMHC) and co-stimulatory ligands. SynVAC-pMHC offers a 51 

well-defined and scalable platform that outperforms monocyte-derived dendritic cells (moDCs) 52 

to enrich antigen-specific CD8+ T cells. Particularly, fast-relaxing SynVAC-pMHC amplifies 53 

TCR signaling and mTOR activity, drives mitochondrial remodeling, and programs antigen-54 

specific T cells toward an energetically favorable metabolic state with enhanced stem-like 55 

properties. Furthermore, TCR-T cells expanded using fast-relaxing SynVAC-pMHC exhibit 56 

superior persistence and durable antitumor activity in melanoma and ovarian cancer models. 57 

Together, these results establish cell-mimetic viscoelasticity as a key biophysical cue governing 58 

T cell metabolism and differentiation, and provide a scalable, fully synthetic strategy to 59 

manufacture potent TCR-T cells for solid tumor therapy.  60 

  61 
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mailto:songli@ucla.edu
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Introduction 62 

T cell receptor-modified T (TCR-T) cell therapy offers a powerful strategy to target solid 63 

tumors by recognizing both cell surface antigens and intracellular tumor antigens presented by 64 

MHC1. This innovative treatment begins by extracting T cells from a patient's blood and 65 

modifying their TCRs or expanding certain T cell populations that recognize and attack cancer 66 

cells with specific antigens, such as NY-ESO-1, MAGE-A3, and MART-12,3. Nevertheless, 67 

existing TCR-T manufacturing platforms continue to encounter significant challenges.  For 68 

example, monocyte-derived dendritic cells (moDCs) are commonly used for antigen-specific T 69 

cell activation; however, they exhibit limited fidelity to naturally circulating dendritic cell 70 

subsets and are typically generated under inflammatory conditions that may not recapitulate 71 

native antigen presentation. Consequently, moDC-based expansion is associated with 72 

suboptimal in vitro proliferation, accelerated phenotypic exhaustion, and limited in vivo 73 

persistence following infusion, in addition to donor-to-donor variability, poor scalability, and 74 

poorly controlled paracrine signaling4,5.  75 

Another widely used in vitro T cell activation method prior to TCR modification, stimulation 76 

with polystyrene beads coated with anti-CD3/CD28 antibodies or human leukocyte antigen–77 

immunoglobulin fusion protein (HLA-Ig) and CD28-specific antibody, often triggers excessive 78 

stimulation, rapid T cell differentiation, and low T memory stem cells (TMSCs)6-9.  To address 79 

these challenges, there is a critical need to develop next-generation aAPCs that not only deliver 80 

precise antigenic and costimulatory cues but also mimic the biophysical context of natural 81 

antigen presentation. Such platforms may enable the expansion of metabolically fit, memory-82 

enriched T cells with improved persistence and tumor-clearing potential, thereby advancing the 83 

efficacy of TCR-T cell therapy against solid tumors.  84 

Mechanical cues represent a fundamental but often underappreciated dimension of immune 85 

regulation, complementing the well-established roles of biochemical and cytokine-mediated 86 

signaling10-12.  In T cells, mechanotransduction through TCR at the immune synapse regulates 87 

activation strength, cytokine secretion, and killing potency13-18. Notably, the stiffness of aAPCs 88 

within the physiological range of 1-30 kPa has been shown to optimize T cell activation and 89 

expansion19-23. In addition, the viscoelasticity of aAPCs or ECM, when using anti-CD3/CD28 90 

as activation signals, enhances the stemness of expanded T cells24,25. However, the mechanisms 91 

by which viscoelastic cues influence T cell fate remain poorly understood. In parallel, 92 

accumulating evidence suggests that the metabolic fitness of T cells—including mitochondrial 93 

function, oxidative phosphorylation capacity, and balanced glycolytic activity—is a critical 94 
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determinant of T cell differentiation and sustained antitumor immunity26,27.  Whether and how 95 

the viscoelastic properties of antigen-presenting materials regulate T cell metabolic 96 

programming and differentiation remains an open question. 97 

To better replicate the physiological cues of natural APCs, here we develop SynVAC-pMHC 98 

with tunable stress-relaxation kinetics, which recapitulates the mechanical properties of natural 99 

APCs while presenting precisely defined pMHC and costimulatory ligands for antigen-specific 100 

TCR engagement. We find that fast-relaxing SynVAC-pMHC outperforms moDCs in 101 

promoting T cell expansion and memory enrichment of antigen-specific CD8⁺ T cells through 102 

a mechanism of metabolic reprogramming. TCR-engineered T cells expanded on fast-relaxing 103 

SynVAC-pMHC exhibit durable in vivo persistence and superior antitumor efficacy across 104 

multiple solid tumor models. These findings establish viscoelasticity as a key biophysical 105 

regulator of TCR-driven T cell fate and position SynVAC-pMHC as a physiologically relevant, 106 

scalable platform for manufacturing potent TCR-T cell therapies. 107 

 108 

Results 109 

Fabrication of SynVAC-pMHC with tunable viscoelasticity  110 

 In previous studies, we have demonstrated that the viscoelastic properties of SynVAC coated 111 

with activating antibodies promote T-cell stemness and durability, and that a stiffness of 10 kPa 112 

is superior to 30 kPa24. Based on these findings, we designed a panel of SynVAC–pMHC 113 

constructs with varying stress-relaxation times while maintaining constant stiffness (10 kPa) 114 

and ligand density (Figure 1a). These SynVAC-pMHC were used to investigate how 115 

mechanical relaxation influences antigen-specific T cell activation and function. In brief, four 116 

formulations of alginate-based microbeads (V1–V4) were engineered to exhibit half stress-117 

relaxation times ranging from ~10 to ~700 seconds (Extended figure 1a). This mechanical 118 

property was measured by using disc-shaped hydrogels (8 mm diameter, 2 mm thick) 119 

corresponding to each SynVAC-pMHC formulation and subjecting them to compressive 120 

mechanical testing. Atomic force microscopy (AFM) was further used to confirm their 121 

difference in viscoelasticity in the microbead formulation (Extended figure 1b). Furthermore, 122 

we confirmed that all formulations exhibited comparable stiffness (~5 kPa), ensuring that 123 

differences among groups arose solely from variations in stress relaxation (Extended figure 1c). 124 

This design allowed us to isolate the effect of viscoelasticity on T cell activation dynamics. 125 

Surface functionalization was performed using EDC/NHS chemistry to activate carboxyl 126 

groups on the alginate matrix, enabling conjugation of trans-cyclooctene (TCO) moieties. 127 
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Subsequent click chemistry allowed for the attachment of tetrameric HLA-A*02:01/NY-ESO-128 

1 (pMHC) and anti-CD28 antibodies to the bead surface, facilitating antigen-specific T cell 129 

stimulation. This strategy was chosen for its high specificity and biocompatibility to covalently 130 

anchor tetrameric HLA-A*02:01/NY-ESO-1 complexes and anti-CD28 antibodies onto the 131 

bead surface. 132 

To investigate the influence of viscoelasticity on antigen-specific T cell activation, SynVAC-133 

pMHC (V1–V4) were cocultured with human peripheral blood mononuclear cells (PBMCs) 134 

pre-screened for HLA-A2 positivity. Flow cytometry at day 14 revealed that V1–V3 supported 135 

similar levels of NY-ESO-1-specific T (ESO-T) cell expansion, while V4 significantly 136 

underperformed in both metrics (Extended figure 1d,e). Furthermore, the in vitro tumor killing 137 

assays also showed that V4-expanded cells have significantly less tumor killing ability with 138 

tumor cell lines OVCAR3 and A375 (Extended figure 1f,g). Accordingly, we selected V1 (fast-139 

relaxing) and V4 (medium-relaxing) for further experimentation, alongside a slow-relaxing 140 

formulation (2000s half-relaxation time) and a control group utilizing moDCs. These SynVAC-141 

pMHC were denoted as fast-relaxing beads (FRB), medium-relaxing beads (MRB), and slow-142 

relaxing beads (SRB). Their 50% half-relaxation time was shown in Figure 1b. For simplicity, 143 

the abbreviations FRB, MRB, and SRB are used throughout the text. 144 

Characterization of SynVAC-pMHC viscoelasticity and surface properties 145 

To ensure that stiffness was not a confounding factor, AFM was used to measure the stiffness 146 

of FRB, MRB, and SRB, confirming uniformity across all groups (Figure 1c). To further 147 

corroborate these findings, bulk gel analogs were also analyzed using a rheometer, which 148 

demonstrated FRBs displayed higher loss modulus (G'') (Figure 1d) and tan δ (Figure 1e) 149 

compared to MRBs and SRBs across tested frequencies, supporting their enhanced 150 

viscoelasticity. 151 

To assess ligand density and distribution, flow cytometry was performed, showing consistent 152 

conjugation efficiency across all SynVAC-pMHC types (Figure 1f). Confocal imaging further 153 

confirmed that ligand attachment was localized uniformly to the bead surface, optimizing 154 

antigen presentation and cost-efficiency (Figure 1g). Additionally, X-ray photoelectron 155 

spectroscopy (XPS) indicated similar calcium content in FRB and MRB beads, while SRB 156 

lacked calcium, reflecting its altered crosslinking profile (Figure 1h). 157 

Interaction of SynVAC-pMHC with ESO-T cells and activation potency 158 

To visualize the initial physical interactions between antigen-specific T cells and SynVAC-159 

pMHC, sorted ESO-T cells derived from human PBMCs were cocultured with FRB for one 160 



  

6 
 

hour and analyzed using scanning electron microscopy (SEM). It revealed a close membrane 161 

contact and the formation of synapse-like structures between ESO-T cells and FRB, suggesting 162 

productive antigen recognition and engagement at the cell–bead interface (Supplementary 163 

Figure 1). The morphological features of these contacts—such as membrane spreading, 164 

polarization, and tight junction formation—resemble the early stages of an immunological 165 

synapse, a hallmark of TCR-mediated recognition events.  166 

To further assess the functional outcome of these early interactions, we measured the expression 167 

of the early activation marker CD69 following short-term coculture (Figure 1i). CD69 is rapidly 168 

upregulated upon TCR engagement and serves as a sensitive indicator of proximal signaling 169 

events within the first few hours of antigen recognition. Compared to MRBs and SRBs, which 170 

possess reduced viscoelasticity, FRBs induced markedly higher levels of CD69 expression 171 

(Figure 1j). This enhanced activation suggests that both the mechanical properties and the 172 

biochemical ligand presentation of FRBs synergize to potentiate early T cell signaling. 173 

Together, these results indicate that the viscoelastic nature of FRBs not only facilitates stable 174 

synapse formation but also promotes more efficient initiation of T cell activation.  175 

Antigen-specific expansion of human primary PBMCs by SynVAC-pMHC 176 

To investigate whether mechanical relaxation of SynVAC-pMHC regulates antigen-specific T 177 

cell responses, we performed in vitro expansion experiments using SynVAC-pMHC with 178 

distinct viscoelastic relaxation times. PBMCs from HLA-A2-positive donors were activated 179 

using FRB, MRB, SRB, or moDCs at a 1:1 ratio, followed by restimulation on day 7 and 180 

functional assessment on day 14 (Figure 2a). Consistent with prior results, FACS analysis 181 

showed that FRBs drove significantly higher ESO-T cell frequency (Figure 2b,c) and expansion 182 

(Figure 2d) than MRBs or SRBs on day 14, suggesting that the presentation of pMHC with fast 183 

relaxation promotes T cell proliferation and/or survival. To assess functional cytotoxicity, ESO-184 

T cells expanded under each condition were co-cultured with HLA-A2/NY-ESO-1 positive 185 

melanoma (A375-FG) or ovarian (OVCAR3-FG) tumor targets for 24 hours (Figure 2e). The 186 

result showed superior tumor-killing efficiency in the FRB group (Figure 2f, g). Cytokine 187 

analysis via ELISA further confirmed this trend: FRB-expanded T cells secreted higher levels 188 

of IFN-γ, TNF-α, and IL-2 (Figure 2h–j), suggesting enhanced killing capability. Furthermore, 189 

T cell and tumor organoid co-culture indicated a superior infiltration capability, with the FRB 190 

resulting in the greatest T cell infiltration into the organoids compared to MRB, SRB, and 191 

control conditions (Figure 2k, l). 192 
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These results demonstrate that modulating the viscoelastic properties of SynVAC-pMHC can 193 

substantially affect antigen-specific T cell expansion, effector function, and cytokine secretion 194 

in vitro. Furthermore, we found that MRB performs similarly to SRB, suggesting an optimal 195 

range of the SynVAC-pMHC viscoelasticity around 10 sec (FRB). 196 

scRNA-seq analysis of expanded T cell populations  197 

To examine how mechanical relaxation of SynVAC-pMHC affects long-term T cell 198 

differentiation and clonal architecture, we performed single-cell RNA and TCR sequencing on 199 

ESO-T cells expanded by FRB and SRB, alongside moDCs as the benchmark for antigen-200 

specific activation, using the 10X Genomics platform at day 14. Following alignment with 201 

CellRanger (V9.0.0), downstream analysis was performed in Seurat (v4.3.0). To ensure that 202 

UMAP’s 2D embeddings reliably inform the similarities among cell clusters, scDEED (v0.1.0) 203 

was used to optimize the UMAP hyperparameters and minimize the number of dubious cell 204 

embeddings28. The UMAP visualization revealed eight distinct clusters (Figure 3a), which were 205 

annotated based on gene expression profiles in stemness, proliferation, residency, effector, and 206 

exhaustion (Figure 3b). 207 

As shown in Figure 3b, FRB-expanded ESO-T cells had more T memory stem (cluster 1 in 3a) 208 

and T central memory (cluster 2 in 3a) subsets. In contrast, SRB- and moDC-expanded cells 209 

exhibited higher proportions of exhausted cells (cluster 7,8) and terminally differentiated T cells 210 

(cluster 5) (Supplementary Figure 2). Heatmap projection of CCR7, TCF7, and SELL 211 

expressions further confirmed elevated stemness-related gene expression in FRB-expanded 212 

cells (Figure 3c, Supplementary Figure 3), along with decreased expression of exhaustion-213 

related markers like PDCD1, LAG3, and TIGIT. 214 

Gene ontology analysis using the fgsea packages29 and GOBP30,31 revealed that cell 215 

proliferation-related pathways (e.g., Cell Cycle, Cell Cycle Process) were significantly 216 

upregulated in FRB-expanded cells (Figure 3d), corroborating their robust expansion profile. 217 

Using the Pathway Interaction Database, we found an increased expression of TCR pathway-218 

related genes in the FRB group (Extended Figure 2a). We also observed an upregulation of 219 

oxidative phosphorylation-related genes and a downregulation of glycolysis-related genes in 220 

the FRB group, consistent with the increased memory stem cell percentage (Extended Figure 221 

2b-c).  222 

Parallel TCR sequencing revealed that TRAV19-TRBV21 and TRAV38-TRBV2 were the most 223 

common αβ TCR combinations across all three groups, with the overall TCR combination 224 

profiles exhibiting a high degree of similarity (Figure 3e). Despite this overall profile similarity, 225 
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the FRB-activated T cells displayed a greater number of unique clones (Figure 3f), and their 226 

dominant clones occupied significantly larger proportions of the total population compared to 227 

the moDC group (Figure 3g). 228 

Overall, our single-cell analysis demonstrates that the mechanical environment is a critical 229 

determinant of T cell fate. The FRB-expanded T cells retained stemness characteristics, showed 230 

robust proliferative capacity, and avoided the terminal exhaustion pathways observed in both 231 

the SRB and moDC groups. FRB-activated cells also achieved more unique clones, but with a 232 

highly focused expansion. These integrated findings confirm that utilizing SynVAC-pMHC 233 

(FRB) with a high viscoelasticity can be used to generate antigen-specific T cells optimized for 234 

persistence. 235 

Intracellular signaling of ESO-T cells activated by SynVAC-pMHC 236 

To understand how high and low viscoelasticity influences TCR proximal signaling, we 237 

examined the formation of the immunological synapse, a critical structure for T cell 238 

activation32,33. At 15 minutes post-stimulation, SRB induced a more prominent initial 239 

immunological synapse compared to FRB (Figure 4a). At 30 and 60 minutes, FRB-mediated 240 

synapses remained, while SRB-induced synapses disappeared (Figure 4a). These findings 241 

indicate that FRB promotes more stable immunological synapse formation compared to SRB, 242 

which likely enhances T cell activation. 243 

To evaluate early T cell activation responses, we performed Western Blotting analysis of ESO-244 

T cells 60 min post-activation. The results showed that phosphorylation of IKBα, NFκB, and 245 

c-Jun was enhanced in the FRB-activated group (Extended figure 3a), suggesting an increase 246 

in NFκB and AP-1 activation. To further validate our result, we performed bulk RNA 247 

sequencing on NY-ESO-1–specific TCR-T cells (ESO-T) 6 hours and 24 hours after stimulation 248 

with SynVAC-pMHC (FRB versus SRB). Reads were aligned using STAR (v2.7.11b) and 249 

analyzed with DESeq234, with Clipper being used to control the false discovery rate (FDR) 250 

when comparing differentially expressed genes between FRB and SRB35. Initial PCA analysis 251 

indicated that FRB, SRB, and the control group are in different locations on the PC1 and PC2 252 

axes, suggesting distinct transcriptomes at both 6 hours and 24 hours post-activation (Extended 253 

figure 3b). 254 

Consistently, Gene Set Enrichment Analysis (GSEA), performed using the Pathway Interaction 255 

Database and 6-hour post-activation RNA-seq data29,36, revealed that key TCR downstream 256 

pathways—including NFAT, NF-κB, AP-1, and CD8 signaling—were enriched in FRB-257 

activated cells (Figure 4b). We also assessed the top upregulated genes and downregulated 258 
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genes between the FRB and SRB groups, and found that the SRB expression pattern is between 259 

FRB and control (Extended figure 3c). These results suggest that FRB more effectively 260 

activates ESO-T cells at both the transcriptional and translational levels. 261 

Following the enhanced signals, at 24 hours post-activation, FRB-stimulated cells showed an 262 

upregulation of genes associated with metabolism (e.g., VDAC1, SCD, HK2) and cell cycle 263 

progression (e.g., NSD2, TYMS, CDK2), alongside downregulation of naïve T cell–associated 264 

genes (e.g., TCF7, IL7R, KLF2) (Extended figure 3d). GSEA analysis with the hallmark gene 265 

sets further confirmed upregulation of glycolysis and oxidative phosphorylation-related genes 266 

in the FRB group (Extended figure 3f). Pathway interaction maps based on Gene Ontology 267 

Biological Processes (GOBP) showed that FRB-stimulated cells were enriched for 268 

mitochondrial metabolism, oxidative phosphorylation, and ribosome biogenesis, reflecting a 269 

metabolically active and proliferative state (Figure 4c). Additional upregulated pathways 270 

included mRNA processing, DNA replication and repair, and telomere maintenance, suggesting 271 

coordinated activation of transcriptional and translational machinery to support early activation 272 

and memory potential. Consistently, the most enriched pathways at 24 hours include DNA 273 

repair and proliferation pathways (Extended figure 3g), such as ATR, FANCONI, and PLK1 274 

signaling, in the FRB group. These results indicated a heightened proliferative potential in the 275 

high viscoelasticity SynVAC-pMHC group, aligning with previously described results 276 

supporting T cell expansion. 277 

Costimulatory molecules such as CD28 are also a critical component of the immunological 278 

synapses, which have been shown to enhance the mTOR activity in T cells37,38. The mTOR 279 

pathway is a central regulator of T cell metabolism. Among its two functional complexes, 280 

mTORC1 promotes glycolytic metabolism, whereas mTORC2 supports mitochondrial 281 

oxidative metabolism, including oxidative phosphorylation (OXPHOS)39,40. To assess whether 282 

the more persistent FRB-induced synapses corresponded to stronger mTOR activity, we 283 

measured phosphorylated 4EBP1 (p-4EBP1) and AKT (p-AKT) via confocal microscopy, as 284 

readouts for mTORC1 and mTORC2 activity, respectively. FRB-activated T cells exhibited 285 

higher levels of both p-4EBP1 and p-AKT compared to MRB or SRB conditions (Figure 4d). 286 

Transcription factor targets analysis on the RNA sequencing result also indicated higher activity 287 

of mTOR-regulated factors in the FRB-treated group (Extended figure 3e).  288 

To determine whether mTOR signaling mediated the enhanced T cell stemness, we applied 289 

rapamycin during the coculture period, which inhibited both mTORC1 and mTORC2 activity 290 

(Extended figure 3h). This leads to impaired T cell metabolism (Extended figure 3i), reduced T 291 

cell expansion, and reduced generation of TMSCs (Figure 4e,f). These results demonstrate that 292 



  

10 
 

mTOR signaling is critical for the FRB-induced enhancement of T cell activation, proliferation, 293 

and differentiation. 294 

 295 

Metabolism reprogramming of ESO-T cells following activation by SynVAC-pMHC 296 

At the transcriptional level, GSEA of the 24-hour sequencing showed enriched OXPHOS and 297 

glycolysis-related genes (Extended figure 3f). To further validate whether FRB-induced 298 

activation enhances T cell bioenergetics, we performed a series of analyses on the metabolic 299 

activity of ESO-T cells stimulated with FRBs 48 hours post-activation.  300 

At 48 hours post-activation, we observed an increase in cell size in the FRB group compared to 301 

other formulations of SynVAC-pMHC (Extended figure 4a), which is often related to a 302 

metabolic switch to glycolysis to support T cell growth and proliferation41,42. To quantify the 303 

metabolic rate of the SynVAC-pMHC-activated cells, the Seahorse XF assay was used to 304 

measure the rate of OXPHOS and glycolysis (Figure 5a). FRB-stimulated ESO-T cells 305 

exhibited significantly higher basal and maximal oxygen consumption rates (OCR) and 306 

elevated extracellular acidification rates (ECAR) compared to MRB- and SRB-stimulated cells 307 

(Figure 5b), indicating enhanced mitochondrial respiration and aerobic glycolysis (Figure 5c). 308 

This phenomenon was further confirmed in other donors, showing a more energetic metabolism 309 

profile in the FRB group (Extended Figure 4b-d). LC-MS metabolomics further revealed 310 

increased intracellular lactate, TCA metabolites, redox cofactors, and nucleotide levels in FRB-311 

expanded cells, consistent with higher energy turnover (Figure 5d, Extended Figure 4e). 312 

To visualize metabolic activity at the single-cell level, label-free fluorescence lifetime imaging 313 

microscopy (FLIM) was used to measure NAD(P)H intensity and optical redox ratios (i.e. 314 

FAD/NAD(P)H)43. FRB-activated T cells displayed elevated NAD(P)H signal and lower redox 315 

ratios, indicative of a metabolically active state with enhanced biosynthetic potential and 316 

upregulation of glycolysis (Figure 5e,f). Consistently, we observed an increased cell size in the 317 

FRB group during imaging (Extended figure 4f). We then integrated multiple FLIM-derived 318 

metabolic features—including cell morphology, and NAD(P)H lifetimes, intensity, redox ratio, 319 

and subcellular distribution—into a 2D metabolic activation map to characterize T cell 320 

phenotype44 (Extended figure 4g). In this analysis, FRB-stimulated cells clustered more tightly 321 

in a region representing high mitochondrial activity, whereas SRB- and control-stimulated cells 322 

were more dispersed and occupied regions associated with lower metabolic activity (Figure 5g). 323 

This suggests that FRB stimulation elicits a more uniform and robust metabolic activation 324 

program at the single-cell level, whereas MRB- and SRB-activated cells exhibit less metabolic 325 

activity. 326 
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Mitochondrial fusion, fission, and biogenesis have also been shown to regulate T cell activation, 327 

survival, memory formation, and effector differentiation45. To comprehensively assess the 328 

metabolic state of the T cells, we evaluated mitochondrial fitness by performing confocal 329 

imaging and utilizing MitoTracker Green (for mitochondrial mass) and TMRM (for membrane 330 

potential) staining (Figure 5h). The results indicated that FRB-expanded T cells exhibited 331 

increased mitochondrial mass (Figure 5i) and a higher mitochondrial membrane potential 332 

(Figure 5j) compared to the SRB group, suggesting enhanced mitochondrial activity. To further 333 

characterize these changes, we used transmission electron microscopy (TEM) to examine 334 

individual mitochondrial structures (Figure 5k). TEM images revealed that mitochondria in the 335 

FRB group possessed a greater density of cristae (Figure 5l) and were significantly larger 336 

(Figure 5m), which are critical for maximizing the surface area available for oxidative 337 

phosphorylation. These results indicate that FRB-activated ESO-T cells have healthier and 338 

more functionally robust mitochondria. 339 

Together, these findings support the hypothesis that viscoelasticity is a key regulator of early T 340 

cell metabolic programming, with fast stress relaxation enhancing mitochondrial function, 341 

OXPHOS, and glycolytic activity, forming a more active metabolic state. Furthermore, we 342 

found that MRB-and SRB-activated cells are similar in OXPHOS rate and glycolysis rate, 343 

suggesting that there is an optimal viscoelasticity range for T cell metabolism reprogramming. 344 

 345 

ESO-T cells expanded with FRB demonstrate superior antitumor capacity in multiple 346 

solid tumor xenograft mouse models 347 

To evaluate the translational potential of viscoelastic stimulation, we selected the FRB, which 348 

exhibited optimal T cell activation and metabolic fitness in vitro, and compared it with the 349 

moDC group, the current gold standard for antigen-specific T cell expansion. We assessed the 350 

in vivo antitumor efficacy of ESO-T cells generated under these two conditions using two solid 351 

tumor xenograft models: the OVCAR3-FG human ovarian cancer model and the A375-FG 352 

human melanoma model. In the OVCAR3-FG model, tumor cells were injected 353 

intraperitoneally (i.p.) into NSG mice to establish a peritoneal tumor burden, mimicking a 354 

localized peritoneal disease setting (Fig. 6a). In contrast, A375-FG cells were injected 355 

subcutaneously (s.c.) to form solid tumors, allowing assessment of the tumor-homing capacity 356 

and antitumor efficacy of ESO-T cells in a solid tumor context (Figure 6h). 357 

In OVCAR3-FG humanized mouse model, ESO-T cells expanded by using FRB or moDCs 358 

suppressed tumor growth (Figure 6b,c). However, ESO-T cells generated with FRB exhibited 359 

markedly superior antitumor activity, leading to complete tumor elimination in all experimental 360 
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mice (Figure 6b,c). Biodistribution and phenotypic analyses of ESO-T cells across multiple 361 

organs revealed enhanced in vivo persistence, expansion, and preferential peritoneal (tumor site) 362 

accumulation (Figure 6d,f). Furthermore, these cells showed enrichment of ESO-specific (ESO⁺) 363 

T cells, suggesting antigen-specific expansion following tumor encounter (Figure 6e,g). They 364 

also expressed elevated levels of T cell activation markers (i.e., PD-1) (Figure 6e,g). 365 

In A375-FG human melanoma xenograft model, the two types of ESO-T cells were also 366 

evaluated (Figure 6h). Consistent with the results from the OVCAR3-FG model, ESO-T cells 367 

generated with FRB achieved complete tumor elimination in all treated mice, demonstrating 368 

significantly higher efficacy compared to those expanded using moDCs (Figure 6i,j). This 369 

superior antitumor activity may be attributed to enhanced tumor homing, greater in vivo 370 

expansion of ESO-T cells observed across multiple tissues (including blood and spleen) (Figure 371 

6k, Supplementary Figure 4), and the enrichment of ESO-T cells with increased expression of 372 

the activation marker CD69 (Figure 6l, Supplementary Figure 5). 373 

Collectively, these findings indicate that ESO-T cells expanded using FRB possess superior in 374 

vivo persistence, tumor-homing capacity, and antitumor efficacy, highlighting their promise as 375 

a potent cell product for solid tumor immunotherapy. 376 

 377 

Discussion 378 

This study introduces SynVAC-pMHC as a novel, clinically viable platform for the efficient 379 

expansion and functional programming of antigen-specific TCR-T cells. SynVAC-pMHC 380 

allows for precise control of the mechanical and biochemical signals necessary for T cell 381 

activation. We engineered these materials by manipulating the molecular weight and degree of 382 

crosslinking to create microparticles with a consistent stiffness of 10 kPa—similar to the 383 

stiffness of mature dendritic cells46—but widely varying half-relaxation times, ranging from 10 384 

to 2,000 seconds. This capability allows systematic exploration of how material viscoelasticity 385 

influences T cell activation and expansion, addressing a key limitation of existing 386 

biocompatible materials, which are typically highly elastic and poorly mimic the viscoelastic 387 

behavior of native antigen-presenting cells. 388 

In both in vitro and in vivo studies, we have shown that SynVAC-pMHC can replace and 389 

outperform moDCs for TCR-T cell manufacturing. moDCs represent the current standard for 390 

TCR-T expansion but suffer from donor variability, phenotypical difference from naturally 391 

circulating DC subsets, and are typically generated using GM-CSF/IL-4 that may not 392 

recapitulate native APC function4,5.  SynVAC-pMHC represents a consistent and scalable 393 

aAPC platform that provides a bottom-up approach to deliver well-defined signals, avoiding 394 
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the mixed and undefined cues associated with moDCs, while uniquely integrating 395 

biomechanical modulation to drive metabolic reprogramming for more efficient TCR-T cell 396 

expansion. 397 

The most important finding of this work is that the viscoelasticity of the SynVAC-pMHC 398 

reprograms the metabolic state of the activated T cells. Upon antigen recognition, naive T cells 399 

undergo rapid and dramatic metabolic reprogramming, shifting from quiescent mitochondrial  400 

OXPHOS to high-flux aerobic glycolysis. This switch, known as the Warburg effect, is to meet 401 

the high energy and biosynthetic demands required for proliferation and effector function47. We 402 

reveal that FRB, the SynVAC-pMHC with higher viscoelasticity, more effectively drives 403 

antigen-specific activation, enhancing intracellular signaling of T cells, including the mTOR 404 

pathway. This enhanced signaling elevates both OXPHOS and glycolysis at 48 hours post 405 

activation, resulting in more efficient T cell expansion. In contrast, a lower rate of OXPHOS 406 

and glycolysis was found in the SRB group, along with lower mitochondrial number and 407 

potential, resulting in more exhausted cells48 at day 14. Furthermore, this energetic T cell 408 

metabolism state is linked to an elevated TMSC population, which contributes to their 409 

persistence in vivo in the mouse xenograft model. These findings, for the first time, establish 410 

viscoelasticity as a key biophysical cue that couples mechanosensing to metabolic control in 411 

TCR-T cells. 412 

Furthermore, our studies provide mechanistic insight into how the viscoelasticity of aAPCs 413 

directly shapes metabolic pathways in T cells. Here we show that fast-relaxing SynVAC-pMHC 414 

forms more persistent immune synapses with T cells, and induces higher AP-1, NFκB, NFAT, 415 

and mTOR activities in T cells at 15 min to 6 hours post T cell activation. Consistently, higher 416 

metabolism and proliferation were observed at 24 hours post-activation. Inhibition of the 417 

mTOR pathways suppresses the effect of SynVAC-pMHC with fast relaxation, demonstrating 418 

the role of mTOR in mediating viscoelasticity-induced reprogramming of T cell metabolism 419 

and TMSC formation. In contrast, previous studies have shown that inhibition of mTOR using 420 

RAPA can increase stemness and memory phenotype in the population49-51. Unlike these studies, 421 

which continued RAPA treatment throughout T cell differentiation, our experiments included 422 

RAPA only during the activation phase with SynVAC-pMHC coculture. This discrepancy 423 

suggests that elevated mTOR activity during the T cell activation phase, followed by reduced 424 

mTOR activity during the differentiation phase, may favor TMSC formation. 425 

In conclusion, we reveal that the viscoelasticity of SynVAC-pMHC is a critical regulator of T 426 

cell metabolism, and demonstrate the strong potential of SynVAC-pMHC to enhance TCR T-427 
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cell activation, expansion, and antitumor efficacy. Our findings highlight the advantages of 428 

SynVAC-pMHC over conventional moDCs and support their utility as a next-generation 429 

platform to overcome key barriers in solid tumor immunotherapy, ultimately paving the way 430 

for more effective and durable TCR T-cell treatments in patients with ovarian cancer, melanoma, 431 

and beyond. 432 

 433 
Methods 434 

Fabrication of the synthetic cells with well-defined mechanical properties 435 

Alginate viscoelastic microbeads were fabricated within the microfluidic device via a pH-436 

induced internal gelation method as previously described 52. Simply, Polydimethylsiloxane 437 

(PDMS) pre-polymer and curing agent were mixed, poured onto the designed silicon substrate, 438 

and cured at 65 °C for 3 hours to produce a PDMS slab, followed by ethanol cleaning and 439 

plasma treatment for binding to a glass slide. The core stream was loaded with the water phase 440 

with different formulations for different viscoelastic microbeads. For FRB, 3% VLVG (MW 441 

70 kD, NovaMatrix), 1% carboxymethyl cellulose (90 kD, Sigma Aldrich), and 20mM Ca-442 

EDTA in deionized (DI) water were used. For MRB, 3% LVG (Sigma Aldrich), 1% MVG 443 

(Sigma Aldrich), and 20mM Ca-EDTA in deionized (DI) water were used. The oil phase 444 

contained 1% surfactant (157 FSH, Krytox), and 0.5% acetic acid, all dissolved in fluorocarbon 445 

oil (Novec 7500, 3M). Both fluids, sterilized with a 0.22-micron filter before use, were 446 

connected to the microfluidic device via separate inlets, facilitated by syringe pumps (Harvard 447 

Apparatus). The bead-oil mixture was collected into a new tube containing 10% perfluoro-1-448 

octanol (PFO) (Sigma) and 0.2% acetic acid in fluorocarbon oil, which promoted crosslinking. 449 

Subsequently, HEPES buffer (with 2 mM calcium chloride, pH=7.2) was added to the collection 450 

tube. The tube was centrifuged at 1500g for 1.5 minutes to transition the microbeads from the 451 

oil phase to the HEPES buffer.  452 

SRB were fabricated by converting ionically crosslinked viscoelastic microbeads into 453 

permanently crosslinked covalent microbeads. Microbeads made with VLVG were centrifuged 454 

at 6000g for 5min, and resuspended in MES-Ca buffer (with 1 mM calcium chloride, pH=6) to 455 

adjust the pH to 6. Subsequently, the microbeads were centrifuged again and resuspended in 456 

MES-Ca buffer containing 50mg/ml 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), 457 

3.5mg/ml hydroxy benzotriazole (HoBt), and 0.52mg/ml adipic acid dihydrazide (AAD) for 458 

overnight incubation. Finally, a sodium citrate buffer (77 mM NaCl, 55 mM sodium citrate) 459 

was introduced to the elastic beads for 2 hours to chelate calcium ions and completely remove 460 
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the ionic crosslink bonds. The covalent beads were then rinsed with HEPES-T buffer (HEPES 461 

buffer with 0.5% Tween20) and stored at 4 ℃ for future use. 462 

 463 

Preparation of synthetic cells for T cell stimulation 464 

Synthetic cells are conjugated with human MHC (HLA-A2-NY-ESO1) or anti-human CD28 as 465 

previously described. Trans-CycloOctyne (TCO) – Tetrazine click chemistry was employed to 466 

covalently conjugate proteins onto the microbeads. Briefly, 4 million microbeads were 467 

resuspended in 800 μl MES buffer containing 200 mM EDC hydrochloride and 200 mM sulfo-468 

NHS for 1h to activate carboxylic groups. Microbeads were then washed with HEPES-CT 469 

buffer (HEPES buffer containing 2 mM calcium chloride and 0.5% Tween20) to adjust the pH 470 

to 7.2 with a volume of 500 μl. TCO-PEG6-amine (Click Chemistry Tools) was added to the 471 

solution to reach a final concentration of 2mM and allowed to conjugate onto the microbeads 472 

overnight at room temperature on a roller. The microbeads were dialyzed against HEPES-CT 473 

buffer using a 1000 KD dialysis bag (Spectrum Laboratories) to remove excessive TCO 474 

(HEPES-CT buffer was replaced 2-3 times per day). Streptavidin (Thermofisher, USA) and 475 

anti-CD28 (Biolegend, 302902) antibodies were mixed at a 1:4 molar ratio for antigen-specific 476 

T cell activation. The mixture was concentrated in 100 μl HEPES buffer using an Amicon Ultra-477 

2 spin column (Sigma Aldrich, USA). The concentrated mixture was mixed with Tetrazine-478 

PEG5-NHS (Sigma Aldrich, USA) at a molar ratio of 1:5 and reacted for 30 min. The 479 

antibody/protein-tetrazine complex was then desalted using a spin column and rinsed with 480 

HEPES 5 times to remove unreacted Tetrazine-PEG5-NHS. The purified protein-tetrazine 481 

complex was mixed with glycerol at a 1:1 ratio and preserved at -20 ℃. To refine the ligand 482 

density of different synthetic cells, we adjusted the dose of the protein-tetrazine for the 483 

tetrazine-TCO ligation with TCO-labeled microbeads. HLA-A*02:01 monomer 484 

(SLLMWITQV, NIH tetramer) was added to the beads solution at 4 equivilents of streptavidin 485 

and 4 hours after the clisk chemistry.  486 

To confirm the conjugation of proteins on the bead surface, Rat anti-human HLA-A,B,C 487 

(BioRad), Alexa Fluor™ 647 goat anti-rat IgG, and Alexa Fluor™ 488 goat anti-mouse IgG 488 

(Invitrogen) were used to stain the beads. Confocal images were acquired using a Leica SP8-489 

STED confocal microscope and further analyzed using ImageJ software. 490 

 491 

Mechanical property and ligand density characterization of synthetic cells 492 

Rheological measurements were performed using an Anton Parr Rheometer. The same 493 

formulation as the water phase is used for the fabrication of 8 mm disks of gels of different 494 
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viscoelasticity. The disk had an average thickness of about 2 mm. For the formation of an elastic 495 

hydrogel, a previously established protocol for elastic beads was followed. Specifically, a 3% 496 

VLVG solution was crosslinked with a certain concentration of calcium crosslinker to create 497 

an 8 mm gel disk. Gel samples were equilibrated with MES buffer (pH=6) for 1 hour, followed 498 

by immersion in an MES solution containing adipic acid dihydrazide (AAD) and 499 

hydroxybenzotriazole (HoBt) under constant stirring. This ensured an even distribution of AAD 500 

within the alginate matrix. The mixture was left to react at room temperature overnight, 501 

allowing the formation of an alginate gel with both ionic and covalent bonds. Subsequently, the 502 

gel samples were immersed in a sodium citrate buffer for 2 hours to chelate and remove the 503 

calcium ions from the gel. Lastly, the resulting covalent alginate gel was thoroughly rinsed with 504 

deionized water and equilibrated in HEPES buffer for 24 hours to ensure the complete removal 505 

of unreacted components and stabilization of the gel's mechanical properties. 506 

For the rheological test, an 8-mm PP025 measuring plate was used. The gel samples were 507 

carefully placed in the center of the rheometer plate with a spatula. The cantilever was lowered 508 

to the preferred gap height (1 mm was used in this study). Oscillatory frequency sweeps (0.1–509 

100 Hz, 1% strain) were conducted at room temperature to measure the storage (G', Pa) and 510 

loss (G", Pa) moduli. All experiments were repeated at least three times.  511 

The compressive moduli and stress relaxation properties of the viscoelastic gel were evaluated 512 

via compression tests on gel disks (8 mm in diameter, 2 mm thick, equilibrated in RPMI for 24 513 

h) using a method from a previously published study. The gel disks were compressed with a 514 

deformation rate of 1/120 mm/s for 30 seconds using a Chatillon TCD225 series force 515 

measurement system. The slope of the stress-strain curves (first 5-10% of strain) was used as 516 

the initial compressive modulus. Thereafter, the strain was held constant while the load was 517 

recorded over time. Stress relaxation was calculated by measuring the time it took for the stress 518 

to decrease to half from the maximum stress. No prestress was applied to the gels for these 519 

measurements. Compression and stress relaxation measurements of elastic hydrogels were 520 

performed using the same procedure. 521 

The average antibody density per synthetic cell was determined by quantitative flow cytometry. 522 

Briefly, 1x105 synthetic cells from each experimental group were conjugated with the 523 

appropriate antibody: Anti-CD28 FITC (Biolegend 300305). Synthetic cells were then washed 524 

and resuspended in HEPES-CT buffer for analysis in a Flow Cytometer (BD LSRFortessa Cell 525 

Analyzer). A standard curve was constructed using Quantum Simply Cellular anti-Mouse IgG 526 

beads (#815, Bang Laboratories) stained with Anti-CD28 FITC.  527 

 528 
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AFM for measuring SynVAC-pMHC mechanical properties  529 

Synthetic cells of different viscoelasticity were placed on a JPK NanoWizard 4a BioScience 530 

atomic force microscope (AFM) and indented by a Bruker SAA-SPH-1UM probe with a spring 531 

constant k = ~0.25 N/m (the exact k value of each probe was determined by LDV calibration 532 

and utilized for the specific test). After the force spectroscopies were obtained, Young’s 533 

modulus was determined by fitting the data to a Hertz/Sneddon model using JPK Data 534 

Processing67. To measure viscoelasticity, the height after reaching 10 nN was maintained 535 

constantly on the surface of SynVAC-pMHC, and the stress relaxation profile was obtained by 536 

recording the vertical deflection force over the relaxation time. 537 

 538 

X-ray Photoelectron Spectroscopy (XPS) Analysis for SynVAC-pMHC composition 539 

The SynVAC-pMHC were carefully prepared and mounted for XPS measurements using an 540 

Axis Ultra DLD spectrometer (Kratos Analytical Inc.; Chestnut Ridge, NY). The analysis was 541 

conducted under ultrahigh vacuum conditions to prevent contamination and interference from 542 

atmospheric gases. We used a monochromatic Al Kα X-ray source (λ = 1486.6 eV) for 543 

excitation and scanned a wide range of binding energies to capture the complete elemental 544 

profile of the bead surfaces. The core level spectra were acquired for Carbon (C 1s) and Calcium 545 

(Ca 2p1/2 2p3/2), and the peak areas were integrated to calculate the atomic ratios. The data 546 

were analyzed and quantified to determine the concentration of calcium in the beads. 547 

 548 

SEM imaging of the interactions between SynVAC-pMHC and ESO-T cells 549 

Donor PBMC samples were assayed for HLA-A*0201 expression via FACS. Human CD8+ T 550 

cells were isolated from PBMCs using a human CD8+ T Cell Isolation Kit (Miltenyi Biotec), 551 

and ESO-T were sorted using FACS. ESO-T cells were stimulated with FRB for 2 hours and 552 

then fixed using 4% glutaraldehyde at 4-degree °C for 2 hours. Subsequent post-fixation with 553 

1% osmium tetroxide was applied for another 2 hours. After fixation, the T cells were rinsed 554 

with HEPES-C buffer and then dehydrated through a graduated series of ethanol concentrations 555 

(75%, 85%, and 95%), with each step lasting 30 minutes. The samples were then dried using a 556 

Tousimis Autosamdri-810 critical point dryer. The specimens were subsequently mounted on 557 

specimen stubs and sputter-coated with a gold layer to prepare them for SEM imaging. 558 

 559 

In vitro antigen-specific T cell expansion 560 

Donor PBMC samples were assayed for HLA-A*0201 expression via FACS. Human PBMCs 561 

were stimulated using FRB, MRB, SRB, or moDCs, respectively. Monocytes were sorted from 562 
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PBMCs via the CD14+ microbeads (Miltenyi Biotec). The cells are subsequently cultured for 563 

differentiation and maturation using the Mo-DC Generation Toolbox (Miltenyi Biotec). Mature 564 

moDCs were pulsed with 10 μg/ml peptide (SLLMWITQV) for 6 h at 37 °C prior to culture. 565 

An initial number of 1 x 106 PBMCs was seeded in the starting culture media supplied with 100 566 

IU/ml recombinant IL-2 (Biolegend) and activated at a bead-to-cell ratio of 1:1. Fresh media 567 

containing 100 IU/ml IL-2 was added to the cells to keep the cell density below 2 x 106 cells/ml 568 

throughout the culture process. Cell numbers were counted on day 3, day 7, and day 14. Fold 569 

expansion was calculated by dividing the number of cells at the respective time point by the 570 

number of cells seeded at the start of the culture. 571 

 572 

Flow cytometry analysis of T cells 573 

Cells were harvested at certain time points, and the percentage of ESO-T was evaluated using 574 

flow cytometry. All flow cytometry stains were performed in PBS for 30 min on ice. The 575 

samples were stained with Human Fc Receptor Blocking Solution (TrueStain FcX) before 576 

antibody staining. Antibody staining was performed at a certain dilution according to the 577 

manufacturer’s instructions. Fluorochrome-conjugated antibodies specific for human CD4 578 

(Clone OKT4), CD8 (Clone SK1), CD3 (Clone HIT3a), CD45RO (Clone UCHL1), CD19 579 

(Clone HIB19), CD69 (Clone FN50), CD45RA (Clone HI100), CD62L (Clone DREG-56), 580 

CD95 (Clone G043H7), CD25 (Clone BC96), and streptavidin were purchased from Biolegend. 581 

Goat anti-mouse IgG F(ab’)2 secondary antibody was purchased from Thermo Fisher. Human 582 

Fc Receptor Blocking Solution (TrueStain FcX) was purchased from Biolegend. Intracellular 583 

phosphorylation signals were stained using a Cell Fixation/Permeabilization Kit (BD 584 

Biosciences). Stained cells were analyzed using LSRII (BD Biosciences). FlowJo v10 software 585 

was utilized to analyze the data. 586 

 587 

In vitro tumor killing assay 588 

Tumor cells (1 × 104 cells per well) were co-cultured with effector cells (at ratios indicated in 589 

figure legends) in T cell culture medium in Corning 96-well clear-bottom black plates for 24 590 

hours. At the end of the culture, live tumor cells were quantified by adding D-luciferin (150 591 

μg/ml; Caliper Life Science) to cell cultures and reading out luciferase activities using an 592 

Infinite M1000 microplate reader (Tecan). 593 

 594 
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Enzyme-linked immunosorbent cytokine assays (ELISA)  595 

The ELISAs for detecting human cytokines were performed following a standard protocol from 596 

BD Biosciences. Supernatants from cell culture assays were collected and assayed to quantify 597 

human IL-2, TNF-α, and IFN-γ. The capture and biotinylated pairs for detecting cytokines were 598 

purchased from BD Biosciences. The streptavidin-HRP conjugate was purchased from 599 

Invitrogen. Human cytokine standards were purchased from eBioscience. The samples were 600 

analyzed for absorbance at 450 nm using an Infinite M1000 microplate reader (Tecan). 601 

 602 

T cell infiltration assay 603 

Tumor micro-organoid was generated by using microfluidic chips with around 20 cells per 604 

droplet as described previously 53,54. The organoids were cultured in complete media for 2 days 605 

and then cocultured with the expanded ESO-T cells labeled with Cytolight Rapid Red dye 606 

(Sartorius) according to the manufacturer’s protocol. Briefly, the dye vial was reconstituted in 607 

20 μL DMSO, followed by a 10-fold dilution in PBS. ESO-T cells were incubated at 37 °C with 608 

5 μL of the diluted dye (final 1:500) in PBS for 25 minutes. After one PBS wash, cells were 609 

counted and resuspended in complete medium before being plated with tumor organoids at 610 

effector-to-target (E:T) ratios of 5:1 or 10:1. Images were taken at different time points using a 611 

Zeiss Axio Observer Z1 inverted fluorescence microscope and analyzed using ImageJ software. 612 

 613 

Immunofluorescent visualization of immune synapse formation 614 

The expanded ESO-T cells were frozen in CryoStor® CS5 (STEMCELL technology) for 7 days 615 

before being thawed for experiments. The cells were then stimulated for 15-60 minutes before 616 

being harvested and adhered to a 12 mm cover glass (Citoglas) that had been pre-treated with 617 

Poly-L-Lysine (Sigma). The cells were then fixed with 100% methanol at -20 °C for 5 minutes, 618 

followed by blocking with HEPES-C buffer containing 5% donkey serum. The samples were 619 

subsequently incubated with primary antibodies against CD3ε (1:400, Abcam, ab52959) for 1h 620 

at room temperature. After triple washing with HEPES-CT buffer, the cells were incubated with 621 

Alexa Fluor™ 488 goat anti-rabbit IgG and Alexa Fluor™ 647 goat anti-mouse IgG secondary 622 

antibody for 1 hour. Nuclei were visualized by staining with 4,6-diamidino-2-phenylindole 623 

(DAPI; D3571, Thermo Fisher) at a 1:5000 dilution for 5 minutes. Confocal images were 624 

acquired using a Leica SP8-STED confocal microscope and further analyzed using ImageJ 625 

software. The recruitment index is calculated by [MFI at the proximal site – background]/[MFI 626 

at the distal site − background] 627 

 628 
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Metabolites panel assay 629 

2 × 106  ESO-T cells activated for 2 days were vacuum filtered onto nylon membranes (0.45 μm). 630 

Each filter was submerged cell-side down in 400 μl of precooled extraction solvent (40:40:20 631 

acetonitrile/methanol/water) at −20 °C for 20 minutes. After washing, metabolite extracts were 632 

collected, centrifuged at 17,000g, dried under nitrogen gas, and reconstituted in HPLC-grade 633 

water (10–15 μl per 106 cells). 634 

 635 

Cell extracts were analyzed by ultra-HPLC coupled to a Q Exactive Plus mass spectrometer 636 

(UHPLC-MS) with electrospray ionization and randomized sample injection. LC separation 637 

used an XBridge BEH Amide XP column and a gradient of solvent A (aqueous, pH 9.4) and 638 

solvent B (acetonitrile). Two flow paths were operated in tandem, staggered by 20 minutes. The 639 

5μl injection was run at 150μl min−1. The mass spectrometer operated in negative and positive 640 

ion modes with a resolution of 140,000 and a scan range of m/z 60–2,000. Data was collected 641 

with Xcalibur and analyzed using MAVEN, with identification and integration based on 642 

retention times from authenticated standards. 643 

 644 

FLIM imaging 645 

Fluorescence lifetime imaging was performed on a Leica STELLARIS 8 Fast Lifetime Contrast 646 

(FALCON) inverted microscope (previously Leica SP8 FALCON) equipped with a live-cell 647 

workstation (37 °C, 5% CO₂; Tokai Hit, Japan). Instrument response function correction is built 648 

into the system design. To validate performance, Coumarin 6 dye was routinely measured 649 

before imaging, serving as a standard to confirm accurate lifetime detection at ~2.5 ns on the 650 

phasor semicircle. Intracellular NAD(P)H and FAD autofluorescence were excited in two-651 

photon mode at 740 nm. Before imaging, cells were balanced in RPMI 1640 containing 10% 652 

FBS for 3 hours to avoid autofluorescence of HEPES. Emission was collected using 460/80 nm 653 

(NAD(P)H) and 540/50 nm (FAD) bandpass filters. The laser source (1.8 W) was carefully 654 

attenuated to 0.5 mW at the objective lens exit aperture, as measured with a Thorlabs 655 

photopower meter, to minimize photobleaching and cell damage. FLIM images were acquired 656 

at a pixel size of 284 nm and dwell time of 7.69 µs, with 8× line averaging to improve signal-657 

to-noise ratio. 658 

 659 

Confocal and TEM imaging of mitochondria 660 

For confocal imaging, 1 × 106 ESO-T cells activated for 2 days were stained with 0.6 ml of 661 

phenol red-free RPMI 1640 (ThermoFisher) containing 50nM MitoTracker Green 662 
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(ThermoFisher), 0.5mg/ml Hoechst, and 7.5μM Tetramethylrhodamine, Methyl Ester, 663 

Perchlorate (TMRM) (ThermoFisher) for 1h in a cell incubator. Cells were then washed once 664 

with PBS and immediately sent to the UCLA Metabolism Core for imaging. 665 

For TEM imaging, 1 × 106 cells activated by SynVAC-pMHC were centrifuged and washed 666 

with PBS once. 1 ml PBS containing 2.5% glutaraldehyde and 2% paraformaldehyde was then 667 

added to fix cells for 30 mins. Samples were then washed with PBS twice and sent to the UCLA 668 

Metabolism Core for subsequent slicing, staining, and imaging.  669 

 670 

XFe96 seahorse assay 671 

The ESO-T cells are sorted from the expanded T cell population by FACS, and frozen at -80 C 672 

one week before thawing. ESO-T cells are co-cultured with FRB, MRB or SRB for 1 or 2 days 673 

before sending them to the UCLA Metabolism Core. The cells were subsequently spun down 674 

to a poly-lysine-treated 96-well plate at 300g for 5min, with 2.5 × 105 cells in each well. The 675 

culture plate was then introduced in the tray of the Seahorse XFe96 analyzer, and the acquisition 676 

program was run. This program includes a step of equilibration followed by basal, post-677 

oligomycin injection, and post-FCCP injection measurements. Each of these three steps 678 

comprises three loops of three minutes mixing, two minutes waiting, and three minutes 679 

measuring. Data was analyzed through the Wave 2.6.1 Software (Agilent Technologies). 680 

 681 
Single-cell RNA and TCR sequencing 682 

T cells activated by SynVAC-pMHC and moDCs were cultured and harvested on day 14 and 683 

immediately sent to the UCLA Technology Center for Genomics and Bioinformatics (TCGB) 684 

Core for single-cell RNA and TCR sequencing. Sequencing was performed using the 10X 685 

Genomics Chromium™ Controller Single Cell Sequencing System, following the 686 

manufacturer's instructions and the TCGB Core's standard protocol. Library preparation was 687 

carried out with the Illumina TruSeq RNA Sample Prep Kit (Cat#FC-122-1001), and 688 

sequencing was conducted on an Illumina NovaSeq system with 150 bp paired-end reads (5,000 689 

reads per cell). Read alignment to the human T cell receptor reference genome (hg38) was 690 

performed using CellRanger and CellRanger VDJ, enabling the identification and visualization 691 

of alpha and beta chain recombination events in T cells activated by SynVAC-pMHC and 692 

moDCs. The processed cell matrix, expression data, and associated metadata have been 693 

deposited in the Gene Expression Omnibus (GEO) database. 694 

 695 
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In vivo anti-tumor efficacy study of ESO-T cells in human OVCAR3 and melanoma 696 

xenograft NSG mouse models 697 

The experimental design is illustrated in Figure 6a. Briefly, on day 0, NSG mice were 698 

intraperitoneally (i.p.) inoculated with either OVCAR3-FG or A375-FG cells (1 × 10^6 cells 699 

per mouse). On day 4, the mice received an intravenous (i.v.) injection of either vehicle control 700 

(100 μl PBS per mouse) or ESO-T cells (3 × 10^6 ESO-T cells in 100 μl PBS per mouse). 701 

Tumor burden was monitored over time using bioluminescence imaging (BLI). On day 60 (for 702 

OVCAR3-FG) or day 32 (for A375-FG), the mice were euthanized, and their tissues were 703 

collected for further analysis. 704 

 705 

In vivo bioluminescence imaging (BLI) 706 

Bioluminescence imaging was performed using a Spectral Advanced Molecular Imaging (AMI) 707 

HTX system (Spectral Instrument Imaging). Live animal imaging was acquired 5 minutes after 708 

intraperitoneal (i.p.) injection of D-Luciferin (1 mg/mouse) for total-body bioluminescence and 709 

15 minutes after i.p. injection of D-Luciferin (3 mg/mouse) for tissue-specific bioluminescence. 710 

Imaging data were analyzed using AURA imaging software (Spectral Instrument Imaging). 711 

 712 

Statistical analysis 713 

Data are presented as mean ± standard deviation (SD). Statistical significance between two 714 

groups was determined using a two-tailed Student's t-test in GraphPad Prism 10. For 715 

comparisons involving more than two groups, one-way analysis of variance (ANOVA) was 716 

performed, followed by Tukey's multiple comparison test. Two-way ANOVA was used to 717 

analyze differences among multiple groups with two independent variables. Statistical 718 

significance was defined as follows: not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 719 

0.001. 720 
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 951 

Figure 1. Mechanical characterization and ligand presentation of SynVAC-pMHC.  952 

a, Schematic showing clinical procedures of TCR-T cell expansion for cancer therapy. The 953 

panel at top right shows that SynVAC-pMHC can be fabricated with a constant Young’s 954 

modulus but different viscoelasticity as characterized by stress relaxation time: fast-relaxing 955 

bead (FRB), medium-relaxing bead (MRB), and slow-relaxing bead (SRB). The surface of 956 

SynVAC-pMHC is functionalized with peptide-MHC tetramer complex and anti-CD28, 957 

mimicking natural APCs to enhance TCR-T cell expansion with higher metabolic activity and 958 

stemness. 959 

b-c, Compressive testing confirms matched stiffness but distinct half stress-relaxation times 960 

across SynVAC-pMHC. (N = 3). 961 

d-e, Rheometry validates increased loss modulus (G″) and tan δ in FRBs, indicating enhanced 962 

viscoelasticity, representative of 3 independent experiments. 963 

f, Flow cytometry analysis of SynVAC-pMHC of different viscoelasticity confirms the equal 964 

ligand density, representative of 3 independent experiments. 965 
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g, Confocal imaging of FRB showing the peptide-MHC and anti-CD28 are coated on the 966 

surface of the microbeads, representative of 3 independent experiments. 967 

h, X-ray photoelectron spectroscopy (XPS) revealed FRB and MRB are ionically crosslinked 968 

with calcium ions, while SRB is covalently crosslinked, representative of 3 independent 969 

experiments. 970 

i-j, Flow cytometry analysis of the CD69 expression of the SynVAC-pMHC cocultured with 971 

sorted ESO-T cells for 48 hours (n = 4), which indicates that high viscoelasticity SynVAC-972 

pMHC better activates ESO-T cells at the early time point. 973 

In b, c, j, data represent mean ± s.e.m., and significance was determined by a one-way ANOVA. 974 

(ns, not significant, *P<0.05, **P<0.01, ***P<0.001).  975 

 976 
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Figure 2. In vitro expansion and functional characterization of TCR-T cells by SynVAC-977 

pMHC.  978 

a, Experimental workflow: PBMCs were stimulated with irradiated moDCs or SynVAC-pMHC 979 

(FRB, MRB, or SRB) at day 0 with restimulation on day 7. The media was changed 2 days after 980 

the addition of SynVAC-pMHC to remove the synthetic cells. The cell culture at day 14 was 981 

used for the following FACS analysis.  982 

b, Representative flow cytometry analysis of the ESO-T percentage of cells expanded by 983 

different SynVAC-pMHC or moDCs. 984 

c-d, SynVAC-pMHC, particularly FRBs, promoted stronger expansion of ESO-T cells over 985 

time, as measured by tetramer staining and cell number measurement (N = 3).  986 

e, Schematic representation of the in vitro tumor killing assay, where T cells and tumor cells 987 

were cocultured for 24 hours. 988 

f–g, FRB-expanded ESO-T cells demonstrated superior tumor killing against ESO-T cell + 989 

A375-FG (melanoma) and OVCAR3-FG (ovarian) tumor targets across multiple effector-to-990 

target (E:T) ratios (N = 4).  991 

h–j, Cytokine analysis showed enhanced IFN-γ, TNF-α, and IL-2 production from FRB-992 

stimulated ESO-T cells following co-culture with tumor cells (N = 4). 993 

k, Representative images of A375-FG tumor organoid cocultured with ESO-T cells at 0h, 2h, 994 

and 12h. E:T ratio = 5:1. Scale bar, 70μm.  995 

l, Quantitative analysis of the organoid infiltration index, which is calculated by the area of T 996 

cells in an organoid divided by the area of the organoid, representative of 3 independent 997 

experiments.  998 

In c–d, f-j, data represent mean ± s.e.m., and significance was determined by two-way ANOVA 999 

(c-d) or one-way ANOVA (f-j) (ns, not significant, *P<0.05, **P<0.01, ***P<0.001).  1000 
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 1001 

Figure 3. Single-cell RNA sequencing analysis of ESO-T cells expanded by SynVAC-1002 

pMHC or moDCs at Day 14. 1003 

a, UMAP clustering of ESO-T cells identifies distinct functional populations, including 1004 

memory stem T cell, central memory T cell, effector memory T cell, effector T cell, terminally 1005 

differentiated T cell, resident memory T cell, precursor exhausted T cell, and terminally 1006 

exhausted T cell. 1007 

b, Gene lists that are used to identify different clusters in a, including stemness, proliferation, 1008 

residency, effector, and exhaustion. 1009 

c, Expression patterns of stemness marker genes (CCR7, TCF7, SELL), exhaustion marker 1010 

genes (PDCD1, LAG3, TIGIT), and effector marker genes (GZMA, and PRF1) projected onto 1011 

UMAP space, highlighting transcriptional features that define distinct T cell subsets. 1012 

d, Gene set enrichment analysis (GSEA) of the FRB group using the Gene Ontology Biological 1013 

Process (GOBP) database, highlighting pathways related to cell division significantly 1014 

upregulated in the FRB-expanded ESO-T cells. 1015 
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e, Circos plots depicting TRAV–TRBV pairing frequencies in T cells from FRB-, SRB-, and 1016 

moDC-activated cells, illustrating distinct V gene usage patterns across activation conditions. 1017 

f, Quantification of unique TCR clones detected in each condition 1018 

g, Distribution of TCR clone sizes categorized as rare (X <= 0.01%), small (0.1% < X <= 1%), 1019 

medium (1% < X <= 10%), or large (10% < X), showing differences in clonal expansion 1020 

dynamics. 1021 

 1022 

Figure 4. FRB induces stronger early T cell activation signals and enhances expansion and 1023 

TMSC formation mediated by the mTOR pathway. 1024 

a, Confocal imaging of ESO-T cells forming immunological synapses with FRB or SRB at 1025 

15min, 30 min, and 60 min post-activation. FRB showed stronger interaction with ESO-T cells 1026 

as evidenced by a higher CD3e recruitment index (N = 10). Representative of 3 independent 1027 

experiments. Scale bar: 5 μm. 1028 

b, Gene set enrichment analysis (GSEA) result of bulk RNA sequencing data from FRB and 1029 

SRB-activated ESO-T cells at 6 hours post-activation (N = 4), showing enhanced early T cell 1030 

activation signals in the FRB group. The PID dataset from the Molecular Signatures Database 1031 

was used for GSEA. 1032 

c, Enrichment Map plot of bulk RNA sequencing data from FRB and SRB-activated ESO-T 1033 

cells at 24 hours post-activation (N = 4), showing enhanced cell division and metabolism in the 1034 

FRB group. Normalized enrichment score (NES) was calculated using GSEA of the gene 1035 

ontology: biological process (GO: BP) dataset from the Molecular Signatures Database. 1036 

d, Confocal imaging of the phosphorylated AKT and 4E-BP1 in ESO-T cells activated for 1 1037 

hour, which are downstream targets of mTORc2 and mTORc1, respectively, showing enhanced 1038 

mTOR signals for the FRB group. Scale bar: 5 μm. Representative of 3 independent 1039 

experiments. 1040 

e, The expansion fold of ESO-T cells cocultured with FRB or SRB with or without the addition 1041 

of 100nM rapamycin (RAPA) during the coculture period, which shows that mTOR signaling 1042 

is involved in T cell proliferation. Representative of 3 independent experiments. 1043 
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f, The T memory stem cell (TMSC) percentage of ESO-T cells cocultured with FRB or SRB in 1044 

the absence or presence of 100nM rapamycin (RAPA) during the coculture period, which shows 1045 

the role of mTOR signaling in TMSC generation. Representative of 3 independent experiments. 1046 

In a, d-f, data represent mean ± s.e.m., and significance was determined by one-way ANOVA. 1047 

(NS, not significant, *P<0.05, **P<0.01, ***P<0.001) 1048 

 1049 

Figure 5. FRB promotes early metabolic activation in ESO-T cells. 1050 

a, Seahorse analysis of oxygen consumption rate (OCR, left) and extracellular acidification rate 1051 

(ECAR, right) in ESO-T cells 48 h after activation by FRB, MRB, or SRB (N = 3). 1052 

b, Quantification of basal and maximal OCR (left) and ECAR (right) showing enhanced 1053 

mitochondrial respiration and glycolytic activity in FRB-stimulated cells (N = 3). 1054 
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c, Basal OCR and ECAR of ESO-T cells expanded by different SynVAC-pMHC, showing a 1055 

more energetic metabolic profile of the FRB-activated ESO-T cells (N = 3). 1056 

d, Heatmap showing the fold change of key intracellular metabolites, grouped by pathway 1057 

(Glycolysis, TCA Cycle, Redox cofactors, Nucleotides), comparing FRB, MRB, SRB, Control 1058 

(IL-2 only), and Quiescent groups. Fold change is calculated by dividing the raw value by the 1059 

row-wise mean. 1060 

e, Fluorescence Lifetime Imaging Microscopy (FLIM) images of ESO-T cells activated by 1061 

different SynVAC-pMHC. Redox ratio is calculated by the fluorescent intensity of FAD/the 1062 

fluorescent intensity of NADPH. Representative of 3 independent experiments. Scale bar: 20 1063 

μm. 1064 

f, Quantification of e and mitochondrial size, showing FRB promotes NADPH generation and 1065 

mitochondrial size growth. 1066 

g, 2D metabolic state mapping of individual cells using FLIM-derived features shows distinct 1067 

clustering of FRB-stimulated cells in an activated metabolic region, while SRB and control 1068 

groups remain in lower-activity regions. The schematic on the right shows the mechanism of 1069 

FLIM imaging, where the autofluorescence and fluorescence lifetime of FAD and NAD(P)H 1070 

are detected by the microscope. 1071 

h, Representative confocal imaging of mitochondria structure (Mitotracker Green) and 1072 

mitochondrial potential (Tetramethylrhodamine methyl ester [TMRM]) staining. Scale bar: 5 1073 

μm. Representative of 3 independent experiments. 1074 

i, Quantification of mitochondrial area per cell in h. 1075 

j, Quantification of mitochondrial potential in h. 1076 

k, Representative images acquired by transmission electron microscope (TEM) of ESO-T cells 1077 

activated by FRB, MRB, SRB, and control. Arrows indicate mitochondria. 1078 

l, Quantification of the cristae number per mitochondrion 1079 

m, Quantification of the mitochondria size  1080 

In b, f, i-j, l-m, data represent mean ± s.e.m., and significance was determined by a one-way 1081 

ANOVA. (ns, not significant, *P<0.05, **P<0.01, ***P<0.001).  1082 
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 1083 

Figure 6. SynVAC-pMHC-expanded TCR-T cells exhibit enhanced antitumor efficacy 1084 

and persistence in an ovarian cancer model and a melanoma model. 1085 

a, Experimental design of the ovarian cancer model.  1086 

b, BLI images showing the presence of ovarian cancer cells in experimental mice over time.  1087 

c, Quantification of b (n = 5).  1088 

d, Representative flow cytometry results of the frequency of human T cells in the peritoneal 1089 

cavity, blood, and spleen at day 60. (n = 5).  1090 

e, Representative flow cytometry results of the frequency of ESO-T cells and PD-1+ T cells in 1091 

the peritoneal cavity at day 60. (n = 5).  1092 

f, Quantification of d (n = 5).  1093 

g, Quantification of e (n = 5).  1094 

h, Experimental design of the melanoma model.  1095 
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i, BLI images showing the presence of melanoma cells in experimental mice over time. 1096 

j, Quantification of i (n = 5) 1097 

k, The frequency of human T cells in the tumor, blood, and spleen on day 32 (n = 5). 1098 

l, The frequency of ESO-T cells and CD69+ T cells in the tumor on day 32 (n = 5). 1099 

In f–g, k-l, data represent mean ± s.e.m., and significance was determined by Student’s t-test. 1100 

(ns, not significant, *P<0.05, **P<0.01, ***P<0.001) 1101 

 1102 

Extended Figure 1. Characterization of SynVAC-pMHC with various relaxation times, 1103 
expansion efficiency,  and in vitro tumor-killing efficacy. 1104 
a, Relaxation time (50% relaxation time, s) for SynVAC-pMHC (V1, V2, V3, and V4), 1105 
demonstrating their distinct viscoelastic properties.  1106 
b, Representative force relaxation curves over time (s) for each SynVAC-pMHC (V1-V4) 1107 
measured via atomic force microscopy (AFM), with an inset illustrating the setup. 1108 
c, Young's modulus (kPa) for the V1-V4, indicating similar stiffness despite varying relaxation 1109 
times.  1110 
d, Percentage of ESO-T of total CD8 T cells (%) cultured with V1-V4 over 14 days.  1111 
e, Fold change of ESO-T cells cultured with V1-V4 over 14 days, relative to Day 0.  1112 
f-g, Tumor cell killing efficiency assays: Fold change of live OVCAR3-FG (f) and A375-FG 1113 

(g) tumor cells after 24 hours of co-culture with ESO-T cells at varying Effector: Target (E: T) 1114 

ratios (0:1 to 10:1).  1115 

In a, c, d-g, data represent mean ± s.e.m., and significance was determined by two-way 1116 

ANOVA (d-g) or one-way ANOVA (a, c) (ns, not significant, *P<0.05, **P<0.01, 1117 

***P<0.001).  1118 

 1119 

Extended Figure 2. Gene Set Enrichment Analysis (GSEA) of cells activated by FRB and 1120 
SRB at Day 14. 1121 
a, Bar plot showing the Normalized Enrichment Scores (NES) for the top pathways identified 1122 
by comparing cells cultured with the FRB against the SRB using the single-cell RNA 1123 
sequencing result. The Pathway Interaction Database was used for analysis. 1124 
b-c, Gene sets enrichment plots for selected pathways. The green curve represents the running 1125 
enrichment score. Positive indicates enrichment in the FRB group, and negative indicates 1126 
enrichment in the SRB group. Corresponding and values are displayed for: Oxidative 1127 
phosphorylation (b), Glycolysis (c). The hallmark gene sets were used for the analysis of b-c. 1128 
 1129 

Extended Figure 3. Molecular profiling of CD8+ T cells cultured with FRB or SRB. 1130 
a, Western blotting analysis at 1 hour post-activation showing phosphorylation or expression 1131 
of signaling proteins: pIκBα, IκBα, pNF-κB (p65), p-c-Jun, c-Jun, in CD8 T cells cultured on 1132 
FRB and SRB substrates. Molecular weights (kDa) are indicated. Left to right: Control, SRB, 1133 
and FRB. 1134 
b, Principal Component Analysis (PCA) plots of gene expression data for ESO-T cells cultured 1135 
with FRB, SRB, and Control group, analyzed at 6 hours (left) and 24 hours (right).  1136 
c-d, Heatmaps of the top 100 upregulated and downregulated genes in ESO-T cells cultured on 1137 
FRB vs. SRB at 6 hours (c) and 24 hours (d), relative to the Control condition. The z-score is 1138 
indicated by the color scale.  1139 
e, GSEA enrichment plots at 6 hours for the HIF1 binding site V$HIF1_Q5 (left) and FOXO1 1140 
binding site V$FOXO1_01 (right), showing enrichment for mTORc1 and mTORc2 1141 
downstream targets. 1142 
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f, GSEA enrichment plots at 24 hours for Glycolysis (left) and Oxidative phosphorylation 1143 
(right) pathways comparing FRB vs. SRB. NES and P values are shown.  1144 
g, Bar plot showing the Normalized Enrichment Score for the top Hallmark pathways enriched 1145 
at 24 hours using the Pathway Interaction Database (PID) gene sets.  1146 
h, Mean Fluorescence Intensity (MFI) of total pAKT and pS6BP1 in ESO-T cells cultured with 1147 
FRB and with and without Rapamycin (RAPA) treatment, showing decreased mTORc2 and 1148 
mTORc2 activity, respectively.  1149 
i, Metabolic analysis of CD8 T cells: Oxygen Consumption Rate (OCR) and Extracellular 1150 
Acidification Rate (ECAR) over time, with sequential addition of Oligomycin, FCCP, and 1151 
Rotenone/Antimycin A. Cells are cultured with FRB, MRB, SRB, and FRB+RAPA. This 1152 
indicates RAPA decreases metabolism in FRB-activated ESO-T cells.  1153 
In h, data represent mean ± s.e.m., and significance was determined by one-way ANOVA (ns, 1154 

not significant, *P<0.05, **P<0.01, ***P<0.001).  1155 

 1156 

Extended Figure 4. Metabolic profiling of CD8+ T cells cultured with FRB, MRB or SRB. 1157 
ESO-T cells were activated with SynVAC-pMHC for 48 hours, and then used for the following 1158 
analysis. 1159 
a, Histograms showing the distribution of cell diameters (μm) for CD8+ T cells activated by 1160 
FRB, MRB, and SRB.  1161 
b-c, Metabolic analysis of ESO-T cells from two different donors (Donor 2 in b, Donor 3 in c): 1162 
Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) over time, 1163 
with sequential addition of Oligomycin, FCCP, and Rotenone/Antimycin A. Cells are cultured 1164 
with FRB, MRB, SRB, or IL-2 only (Control).  1165 
d, Quantification of normalized OCR (Basal and Maximal) and ECAR (Basal and Maximal) 1166 
derived from the metabolic assays in (b) and (c).  1167 
e, Quantification of intracellular lactate and other key intracellular metabolites by pathway 1168 
(TCA Cycle, cofactors, nucleotides), comparing FRB, MRB, SRB, and Control groups. The 1169 
score is calculated by averaging the normalized value  1170 
f, Violin plots comparing Cell size (A.U.), Circularity, α-bound, and t-bound parameters from 1171 
FLIM results for ESO-T cells cultured with FRB, MRB, SRB, and IL-2 only (Control).  1172 
g, UMAP plots for ESO-T cells, visualizing the distribution of the different cell groups (FRB, 1173 
MRB, SRB, Control), along with overlayed single-cell characteristics: Cell status (with an 1174 
arrow indicating the Cell spread population), Cell size, Circularity, NAD(P)H intensity, 1175 
Redox ratio, α-bound, t-bound, Mitochondria size, and Normalized mitochondria size (i.e. 1176 
mitochondria size/cell size). The plots are created with results from the FLIM. 1177 
In d, e, f, data represent mean ± s.e.m., and significance was determined by one-way ANOVA 1178 
(ns, not significant, *P<0.05, **P<0.01, ***P<0.001). 1179 
 1180 
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