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Abstract 13 

Highly expanded clonotypes are widely used to enrich tumor-reactive TCRs, yet expansion may not 14 

faithfully report functional reactivity. Using direct tumor-cell recognition as the benchmark, we 15 

found that in native E0771 and LLC tumors, highly expanded clonotypes did not consistently show 16 

the strongest responses, whereas reactive TCRs were also present among low-frequency clones. We 17 

next used the antigen-controlled MB49-OVA model to jointly measure TCR functional avidity, 18 

peptide–MHC presentation abundance and tumor-cell recognition. In this setting, TCRs with 19 

different avidities for the same antigen could converge to similar expansion levels in vivo. Moreover, 20 

peptide–MHC presentation abundance was sufficient to reshape the reactivity hierarchy predicted 21 

from avidity alone, and distinct avidity–presentation combinations were linked to biased 22 

transcriptional states. Thus, clonal expansion is a context-dependent enrichment cue rather than a 23 

stable surrogate of tumor reactivity, and low-frequency clonotypes may provide a valuable reservoir 24 

for tumor-reactive TCR discovery. 25 

 26 

Introduction 27 

Tumor-infiltrating lymphocyte (TIL)-based therapies and engineered TCR-T cell therapies both rely 28 

on the identification of T cells or TCRs that can directly recognize tumor targets and mediate 29 

antitumor activity (1, 2). In practice, however, nominating such tumor-reactive TCRs from 30 

polyclonal TIL repertoires remains a major bottleneck (3–5). Because only a limited number of 31 

candidate TCRs can usually be reconstructed and functionally tested, most workflows rely on 32 

indirect prioritization rules to enrich for clonotypes that are more likely to be reactive (6–8). 33 

Among these, clonal expansion is one of the most widely used heuristics, based on the premise that 34 

antigen-driven T cells should preferentially accumulate in tumors through activation and 35 

proliferation (6). This strategy provides a practical entry point for candidate selection, but whether 36 

clone size can reliably reflect functional tumor reactivity across tumor contexts remains unclear. 37 

Native tumors contain highly heterogeneous T cell populations, including bystander clonotypes 38 

whose infiltration or expansion is not necessarily maintained by ongoing tumor-antigen recognition 39 

(3, 9). Moreover, even for truly tumor-reactive clonotypes, clonal expansion reflects a cumulative 40 

population outcome over time rather than an immediate measurement of ongoing tumor-cell 41 

recognition (10, 11). As a result, clonotype frequency may enrich candidate tumor-reactive TCRs in 42 
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some settings, yet still fail to indicate which clonotypes mediate the strongest tumor recognition. 43 

Accordingly, when clone size fails to stably explain functional differences among reactive TCRs, 44 

attention needs to shift to variables that more directly influence tumor-cell recognition. 45 

Mechanistically, T cell activation integrates signal 1 (TCR–pMHC), signal 2 (co-stimulation/co-46 

inhibition) and signal 3 (cytokines/inflammation) (12). Because direct tumor recognition 47 

fundamentally depends on signal 1, two variables are particularly relevant: the intrinsic affinity of 48 

a TCR for its cognate peptide–MHC complex, and the abundance with which that peptide is 49 

presented on tumor cells (13, 14). Although this principle is conceptually well appreciated, these 50 

two variables are rarely resolved together for functionally validated tumor-reactive clonotypes in 51 

native tumors (4, 15). As a result, while we may identify which TCRs are tumor-reactive, it remains 52 

difficult to determine to what extent functional differences among reactive TCRs are jointly 53 

constrained by avidity and peptide presentation abundance. 54 

Here, we use direct tumor-cell recognition as the reference criterion for tumor reactivity and first 55 

test how well clonal expansion captures this property in native tumor models. In E0771 and LLC, 56 

we combine paired scRNA-seq/scTCR-seq with clonotype-level functional validation to examine 57 

the relationship between tumor reactivity and clone size. We then use the antigen-controlled MB49-58 

OVA system to jointly quantify TCR functional avidity, peptide presentation abundance and tumor-59 

cell recognition strength within the same framework. This design allows us to ask whether tumor 60 

reactivity is better understood through the combined effects of avidity and peptide presentation than 61 

through clone size alone, and whether distinct avidity–presentation combinations are associated 62 

with distinct transcriptional state biases in vivo. 63 

 64 

Materials and methods 65 

Cell lines 66 

Unless otherwise noted, all cell lines used in this study were obtained from ATCC. E0771, LLC, 67 

MB49, MB49-OVA, and Jurkat-derived cell lines were cultured in RPMI 1640 medium (Gibco) 68 

supplemented with 10% fetal bovine serum (FBS; Gibco), 100 IU/mL penicillin, and 100 μg/mL 69 

streptomycin. HEK293T cells were maintained in DMEM (Gibco) containing 10% FBS, 100 IU/mL 70 

penicillin, and 100 μg/mL streptomycin. TCR-transduced Jurkat cell lines were established by 71 

lentiviral transduction of ΔTCR Jurkat cells (ATCC, J.RT3-T3.5). MB49-OVA cells were derived 72 

from parental MB49 cells by lentiviral transduction. All cells were maintained at 37°C in a 73 

humidified incubator with 5% CO2. 74 

Mice and tumor models 75 

Specific pathogen-free (SPF) C57BL/6J male mice (6–8 weeks old) were purchased from 76 

GemPharmatech (Nanjing, China) and housed under SPF conditions. All animal experiments were 77 

approved by the Animal Ethics and Welfare Committee (AEWC; Approval No. IACUC-2012003). 78 

For tumor implantation, subcutaneous tumor models were established using E0771, LLC, MB49-79 

OVA, or MB49 cells. Tumor cells were prepared at 1.5 × 107 cells/mL in a mixture of Ceturegel 80 

Matrix LDEV-Free (Yeasen) and DPBS, with one part matrix to four parts DPBS. Each mouse 81 

received a subcutaneous injection of 100 μL of the cell suspension. Tumors were harvested when 82 

they reached approximately 800 mm3. 83 

Flow cytometry and cell sorting 84 
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For flow cytometric analysis, cells were first incubated with Fc blocking reagent (BioLegend) and 85 

Zombie AquaTM (BioLegend) at room temperature for 10 min, followed by surface staining with the 86 

indicated antibody panel on ice for 30 min. After staining, cells were washed twice with FACS 87 

buffer consisting of DPBS supplemented with 2% FBS and 1 mM EDTA (Gibco). Flow cytometry 88 

data were acquired on an Agilent NovoCyte Quantum and analyzed accordingly. For sorting 89 

experiments, stained cells were washed twice with FACS buffer and sorted on a BD FACSAria III 90 

sorter. Unless otherwise indicated, antibodies used in this study were purchased from BioLegend. 91 

Preparation of CD8+ TILs 92 

Freshly isolated tumors were mechanically dissociated and filtered through a 70-μm cell strainer to 93 

generate single-cell suspensions. After red blood cell lysis, cells were incubated with Fc blocking 94 

reagent and stained with anti-mCD45-AF700 (clone 30-F11), anti-mCD3-PE (clone 17A2), anti-95 

mCD8-APC (clone 53-6.7), and Zombie AquaTM. Live CD45⁺CD3⁺CD8⁺ tumor-infiltrating 96 

lymphocytes were purified by fluorescence-activated cell sorting. Sorted TILs were cultured in 97 

RPMI 1640 supplemented with 10% FBS, 1 mM sodium pyruvate (Gibco), 50 μM β-98 

mercaptoethanol (Gibco), 10 mM HEPES (Gibco), 1× MEM NEAA (Gibco), 100 IU/mL penicillin 99 

(Gibco), 100 μg/mL streptomycin (Gibco), IL-2 (3,000 IU/mL, T&L Biological Technology, Beijing, 100 

China), and anti-mCD3 antibody (30 ng/mL, BioXCell) before downstream assays. 101 

Proximity-labeling-guided prioritization of candidate tumor-reactive clonotypes 102 

To enrich candidate tumor-reactive clonotypes, we adapted previously reported intercellular 103 

proximity-labeling strategies into a screening workflow (16–18). Briefly, tumor cells were incubated 104 

with 0.05 mg/mL 1,3-fucosyltransferase (1,3-FT) and 10 μM GDP-fucose-Ru(bpy)₃²⁺ on ice for 20 105 

min (17), washed twice with PBS, and resuspended in FACS buffer. The labeled tumor cells were 106 

then co-incubated with the corresponding CD8⁺ TILs for 2 h. Biotin-PEG3-hydrazide (CAS: 107 

1381861-94-4, Confluore, Xi’an, China) was added at a final concentration of 100 μM, and the cell 108 

mixtures were irradiated with 450-nm light for 5 min to initiate proximity-dependent labeling. After 109 

three washes with FACS buffer, cells were stained on ice for 30 min with an ssDNA-conjugated 110 

streptavidin reagent and sorted for paired single-cell RNA/TCR sequencing (19). Single-cell capture, 111 

reverse transcription, and library construction were performed on the Singleron Matrix® platform 112 

using the sCircle™ Single Cell Full-Length Immunoreceptor Library Kit (Singleron 113 

Biotechnologies, Nanjing, China) according to the manufacturer’s instructions. Labeling-associated 114 

signals were considered during candidate selection for TCR reconstruction and functional validation. 115 

Processing of scTCR-seq data and clonotype definition 116 

scTCR-seq reads were processed using the CeleScope pipeline with a V(D)J reference based on 117 

refdata-cellranger-vdj-GRCm38-alts-ensembl-5.0.0. Filtered TCR contig annotations were 118 

imported into R for downstream analysis. TCR clonotypes were defined by paired CDR3 amino 119 

acid sequences of the α and β chains. Cells with only one productive chain were retained as 120 

independent clonotypes and were not merged with dual-chain clonotypes sharing the same α or β 121 

CDR3 sequence. Clonotype size was defined as the number of cells assigned to each clonotype. For 122 

clonotype-level analyses, only clonotypes represented by at least five cells were included unless 123 

otherwise indicated. 124 

Single-cell transcriptomic analysis 125 

Raw scRNA-seq data were processed using the CeleScope pipeline and aligned to the mouse 126 

reference genome mm10 to generate gene expression matrices. Downstream analyses were 127 
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performed in R using Seurat (v 5.4.0), dplyr (v 1.2.1), ggplot2 (v 4.0.2), pheatmap (v 1.0.13), 128 

harmony (v 1.2.4) and ggpubr (v 0.6.3). For each dataset, cells with fewer than 200 detected genes, 129 

more than 5,000 detected genes, or more than 5% mitochondrial transcripts were excluded. Gene 130 

expression values were normalized using the LogNormalize method with a scale factor of 10,000. 131 

The top 2,000 highly variable genes were identified using the FindVariableFeatures function with 132 

the “vst” method. The data were then scaled using all genes, followed by principal component 133 

analysis. Shared nearest-neighbor graph construction, clustering, and UMAP visualization were 134 

performed using the first 20 principal components with the FindNeighbors, FindClusters, and 135 

RunUMAP functions, respectively. Clustering was performed at a resolution of 0.5. Cell subsets 136 

were manually annotated according to canonical marker genes, as shown in Fig. S2I. 137 

Functionally validated TCR clonotypes were mapped back to the single-cell atlas according to their 138 

paired CDR3α–CDR3β identifiers. Cells carrying validated clonotypes were highlighted on UMAP 139 

plots to examine their distribution across transcriptional subsets. For clonotype-level composition 140 

analysis, the number and proportion of cells from each validated clonotype falling into each 141 

annotated transcriptional subset were calculated based on single-cell annotations. For group-level 142 

analyses, validated clonotypes were further assigned to functional groups according to peptide 143 

specificity, functional avidity, or tumor-cell recognition properties, and the distribution of each 144 

group across transcriptional subsets was quantified. 145 

Differential gene-expression analysis among validated TCR groups was performed using the 146 

FindMarkers function in Seurat. For comparisons among SIIN_High, SIIN_Low, and KVV groups, 147 

cells carrying validated TCRs were first assigned to the corresponding epitope/avidity group. Each 148 

group was then compared against the other two groups using FindMarkers with only.pos = TRUE, 149 

logfc.threshold = 0.25, and min.pct = 0.1. Top differentially expressed genes were selected based 150 

on expression frequency and average log2 fold change and visualized using DotPlot. Dot color 151 

represents scaled average expression, and dot size represents the percentage of cells expressing each 152 

gene. 153 

For integrated analysis of parental MB49 and MB49-OVA CD8⁺ TILs, the two Seurat objects were 154 

first processed by SCTransform separately and then merged. Sample identity was recorded as 155 

“MB49 CD8+ TILs” or “MB49_OVA CD8 TILs” and used as the batch variable for integration. The 156 

top 3,000 integration features were selected using SelectIntegrationFeatures. Principal component 157 

analysis was performed on the selected features, and Harmony correction was then applied to the 158 

PCA embeddings using sample identity as the grouping variable. Harmony-corrected embeddings 159 

were used for downstream UMAP visualization, shared nearest-neighbor graph construction, and 160 

clustering. Specifically, the first 30 Harmony dimensions were used for RunUMAP, FindNeighbors, 161 

and FindClusters, with a clustering resolution of 0.5. For selected marker genes, violin plots were 162 

generated using log-normalized RNA expression values from the RNA assay. P values shown on 163 

violin plots were calculated by two-sided Wilcoxon rank-sum tests across cells. 164 

Plasmid cloning and construction 165 

TCR constructs encoding the α and β chains linked by a P2A peptide were synthesized by Genecfps 166 

(Wuxi, China) and cloned into the lentiviral vector pLV (Addgene no. 36084) for lentiviral 167 

production. 168 

Lentiviral production and transduction 169 
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For lentiviral production, HEK293T cells were seeded in 10-cm dishes and transfected with the 170 

transfer vector together with pMD2.G (Addgene no. 12259), pRSV-Rev (Addgene no. 12253), and 171 

pMDLg/pRRE (Addgene no. 12251) using PEI in Opti-MEM. For each dish, 5.625 μg transfer 172 

vector, 1.875 μg pMD2.G, 4.5 μg pRSV-Rev, 4.5 μg pMDLg/pRRE, and 50 μg PEI were used in a 173 

total volume of 1 mL. The medium was replaced 8 h after transfection. Viral supernatants were 174 

collected 48 h later, filtered through a 0.45-μm membrane, aliquoted, and stored at −80°C until use. 175 

For Jurkat transduction, 3×105 ΔTCR Jurkat cells were incubated with 150 μL lentiviral supernatant 176 

in a 24-well plate in the presence of polybrene (Beyotime Biotechnology) at a final concentration 177 

of 8 μg/mL, and the total volume was adjusted to 600 μL with culture medium. Cells were 178 

centrifuged at 1,000 × g for 90 min at 32°C and then cultured for an additional 18 h. The viral 179 

medium was subsequently replaced with fresh medium. TCR expression was analyzed 2 days later 180 

by flow cytometry using anti-mouse TCRβ chain-PE (clone H57-597). 181 

Jurkat-based tumor-cell recognition assay 182 

For functional validation of candidate TCRs, TCR-transduced Jurkat cells were co-cultured with the 183 

corresponding tumor cell lines at a 1:2 ratio for 18 h, and T cell activation was assessed by CD69 184 

induction. Before co-culture, tumor cells were labeled with CFSE (Thermo Fisher) at a final 185 

concentration of 1 μM for 20 min at room temperature and then washed three times with FACS 186 

buffer to enable discrimination from Jurkat cells during flow cytometric analysis. After co-culture, 187 

cells were stained with anti-mouse TCRβ chain-PE and anti-hCD69-APC (clone FN50). CD69 188 

induction in Jurkat cells was quantified by flow cytometry. The gating strategy is shown in Fig. S1D. 189 

Peptide stimulation assay and functional avidity analysis 190 

To assess peptide sensitivity, TCR-transduced Jurkat cells were co-cultured with H-2Kb-expressing 191 

MC38 cells at a 1:2 ratio for 18 h in the presence of serially diluted SIINFEKL or KVVRFDKL 192 

(Synpeptide, Nanjing, China) peptide at final concentrations ranging from 10-12 to 10-5 mol/L. MC38 193 

cells were pre-labeled with CFSE as described above. After co-culture, cells were stained with anti-194 

mouse TCRβ chain-PE and anti-CD69-APC, and Jurkat activation was quantified as the frequency 195 

of CD69+ cells by flow cytometry. Dose–response curves were generated on the basis of CD69 196 

induction, and EC50 values were calculated accordingly. 197 

MHC-I immunopeptidomics of MB49-OVA 198 

For immunopeptidomics analysis, MB49-OVA cells were lysed in IP lysis buffer (Thermo Fisher 199 

Scientific) supplemented with protease inhibitor cocktail (cOmplete™, EDTA-free, Sigma-Aldrich) 200 

and Benzonase nuclease (Merck). Lysates were clarified by centrifugation at 20,000 × g for 90 min 201 

at 4°C, and the supernatants were collected for immunoprecipitation. Anti-H-2Kᵇ monoclonal 202 

antibody Y3 (BioXCell) was coupled to Protein G Dynabeads (Invitrogen) and crosslinked in 0.2 203 

M sodium borate buffer (pH 9.0) containing freshly prepared 20 mM dimethyl pimelimidate, 204 

followed by quenching with 50 mM Tris-HCl (pH 8.0). After washing with PBS, the antibody-205 

coupled beads were incubated with clarified lysates for 2 h at room temperature with gentle rotation. 206 

Beads were then washed sequentially with 150 mM NaCl in 20 mM Tris-HCl (pH 8.0), 400 mM 207 

NaCl in 20 mM Tris-HCl (pH 8.0), and 20 mM Tris-HCl (pH 8.0). MHC-I-bound peptides were 208 

eluted with 1% trifluoroacetic acid, desalted using C18 columns (Yingjie, OSPF0050-W), dried 209 

under vacuum, and stored at −80°C until LC–MS/MS analysis. 210 

LC–MS/MS analysis and data processing 211 
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Eluted peptides were analyzed on a nanoElute 2 system coupled online to a timsTOF Pro2 mass 212 

spectrometer equipped with a CaptiveSpray ion source (Bruker Daltonics) and operated in data-213 

dependent acquisition mode. Peptides were separated on a 25 cm × 75 μm analytical column packed 214 

in-house with 1.9 μm C18 PeproSil particles and maintained at 55°C. Mobile phase A consisted of 215 

0.1% formic acid in water and mobile phase B consisted of 0.1% formic acid in acetonitrile. Peptides 216 

were eluted at a flow rate of 300 nL/min using a gradient from 2% to 80% B, including ramps of 2% 217 

to 32% B over 30 min, 32% to 40% B over 15 min, followed by two 5-min ramps to 60% and 80% 218 

B. The spray voltage was set to 1.5 kV, the mass range was 100–2000 m/z, and the ramp time was 219 

200 ms. PASEF acquisition was performed with 6 MS/MS scans per cycle, a total cycle time of 1.44 220 

s, an intensity threshold of 2500, and a target intensity of 20,000. Raw data were analyzed for peptide 221 

identification using PEAKS Studio, and peptide-spectrum visualization was performed using 222 

FragPipe-PDV. 223 

Statistical analyses 224 

Statistical analyses were performed by R or GraphPad Prism. Information on specific statistical tests 225 

is listed in the figure legends and/or method details. P values are listed in figures or figure legends. 226 

ns, not significant; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001. 227 

 228 

Results  229 

Clonal expansion enriches reactive TCRs in a context-dependent manner but does not resolve 230 

reactivity strength 231 

To directly test whether an expansion-based nomination strategy can effectively capture tumor 232 

reactivity in native tumors, we combined paired scTCR-seq, scRNA-seq, and clonotype-level 233 

functional validation of CD8⁺ TILs isolated from the E0771 and LLC tumor models, reconstructing 234 

candidate clonotypes ranked by clone size (Fig. 1A and S1A, B). In E0771 CD8⁺ TILs, we first 235 

prioritized the two most expanded paired clonotypes, E0-1 (clone size = 332) and E0-2 (clone size 236 

= 247), but both induced only weak CD69 upregulation in Jurkat–tumor co-culture assays (Fig. 1B, 237 

S1D). Upon extending the screen, we identified four reactive TCRs, E0-3 (153), E0-4 (19), E0-5 238 

(8), and E0-6 (5), including low-frequency clonotypes that still showed clear tumor reactivity (Fig. 239 

1C). A similar pattern was observed for LLC CD8⁺ TIL-derived clonotypes: the two highly 240 

expanded clonotypes, LLC-1 (165) and LLC-2 (101), again showed only weak activation, whereas 241 

two reactive TCRs, LLC-3 (9) and LLC-4 (5), were identified from low-frequency clonotypes after 242 

expanding the screen (Fig. 1E, F). Scatterplot analysis further showed that CD69 induction did not 243 

exhibit a simple positive relationship with clonotype size among TCRs derived from E0771 or LLC 244 

CD8⁺ TILs (Fig. 1D, G). Together, these data indicate that highly expanded clonotypes do not 245 

reliably correspond to the strongest functional responses in native CD8⁺ TIL compartments, and that 246 

bona fide reactive TCRs can also reside in low-frequency clones. 247 

Because clonal expansion alone did not explain the functional differences observed among 248 

clonotypes recovered from native CD8⁺ TILs, we next sought to examine more proximal variables 249 

underlying tumor-cell recognition in an antigen-defined setting. For a given reactive TCR, signal 1 250 

can be resolved into at least two experimentally separable components: the functional avidity of the 251 

TCR for its cognate peptide–MHC complex and the abundance of that peptide’s presentation on 252 

tumor cells. A direct comparison of these variables requires that TCR specificity, peptide 253 
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presentation abundance, and TCR avidity be defined within the same system, which is difficult to 254 

achieve comprehensively for reactive TCRs recovered from native tumors. We therefore turned to 255 

the MB49-OVA model for joint analysis of these two dimensions of signal 1. 256 

We first asked how informative clone size remained in this model. From a total of 777 paired 257 

clonotypes recovered from MB49-OVA CD8⁺ TILs, we selected the top 17 expanded clonotypes for 258 

reconstruction and functional testing. Sixteen of these 17 clonotypes induced clear CD69 259 

upregulation upon co-culture with MB49-OVA tumor cells, whereas only one was classified as non-260 

reactive (Fig. 1H and S1C, E-G). The validated reactive clonotypes spanned a broad range of clone 261 

sizes, from 86 to 784, and their CD69 responses also varied substantially across the set (Fig. 1H, I). 262 

Notably, strong tumor-cell recognition was not restricted to the largest MB49-OVA CD8⁺ TIL-263 

derived clonotypes. Several clonotypes with intermediate or relatively low frequencies still induced 264 

robust CD69 upregulation, whereas some of the most expanded clonotypes showed only moderate 265 

responses (Fig. 1I and S2A, B, E). Thus, in MB49-OVA CD8⁺ TILs, clonal expansion efficiently 266 

enriched reactive TCRs, but did not by itself resolve the relative magnitude of reactivity within the 267 

reactive pool. 268 

TCR avidity and peptide presentation jointly shape tumor recognition strength and state bias 269 

To define the antigenic basis of the functional heterogeneity observed among MB49-OVA CD8⁺ 270 

TIL-derived reactive clonotypes, we first profiled the peptide presentation landscape of MB49-OVA 271 

by MHC-I immunopeptidomics. Among the most abundant presented ligands, two OVA-derived 272 

peptides, SIINFEKL and KVVRFDKL, were prominently detected (Fig. 2A and S2C, D; Table S1). 273 

We then assigned the validated reactive clonotypes according to peptide specificity and divided 274 

them into a SIIN-reactive group and a KVV-reactive group. Based on peptide titration profiles, the 275 

SIIN-reactive clonotypes were further separated into a high-avidity SIIN_High group and a low-276 

avidity SIIN_Low group (Fig. 2B, C). Within the expanded reactive set, these groups comprised 277 

eight SIIN_High clonotypes, three SIIN_Low clonotypes, and five KVV clonotypes, and all three 278 

groups contributed comparably to the reactive clonal pool in vivo (Fig. 2C and S1H). Importantly, 279 

these groups were not composed exclusively of highly expanded clonotypes; low-frequency reactive 280 

clonotypes were also represented within the SIIN_High and KVV groups (Figure S2E-G). Peptide 281 

titration assays established a clear hierarchy of functional avidity across the three groups: 282 

SIIN_High TCRs showed the greatest peptide sensitivity, SIIN_Low TCRs showed the lowest, and 283 

KVV TCRs were intermediate (Fig. 2B–D). The groupwise -log10(EC50) values ranged from 9.2 284 

to 10.6 for SIIN_High, 7.2 to 7.3 for SIIN_Low, and 8.2 to 9.0 for KVV (Fig. 2C, D). Notably, even 285 

within the SIINFEKL-specific subset, clonotype size was not strongly coupled to functional avidity 286 

(Fig. 2E). 287 

We next asked whether this avidity hierarchy was preserved when the same TCRs encountered intact 288 

tumor cells. This was not the case. In peptide titration assays, KVV TCRs were more sensitive than 289 

SIIN_Low TCRs (Fig. 2B–D). However, when co-cultured with MB49-OVA tumor cells, SIIN_Low 290 

TCRs induced stronger CD69 responses than KVV TCRs (Fig. 2F). Accordingly, the groupwise 291 

tumor-cell recognition output ranked as SIIN_High > SIIN_Low > KVV, which differed from the 292 

ordering inferred from peptide sensitivity alone (Fig. 2D, F). This reversal was consistent with the 293 

difference in tumor-side peptide availability, because SIINFEKL was detected at higher abundance 294 

than KVVRFDKL in the immunopeptidomics analysis (Fig. 2A). Thus, peptide titration–based 295 

avidity ranking did not directly match the ranking of tumor-cell recognition in the tumor-cell context. 296 
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We then mapped the 16 functionally validated reactive TCRs back onto the single-cell atlas of 297 

MB49-OVA CD8⁺ TILs to examine whether these differences were also associated with distinct in 298 

vivo state distributions. Reactive cells were broadly distributed across the atlas rather than confined 299 

to a single transcriptional compartment (Fig. 2G and S2H, I). When analyzed by TCR group, distinct 300 

state biases became apparent. SIIN_High cells were concentrated in Teff_inflam, SIIN_Low cells 301 

preferentially localized to Teff_cytotox with partial extension toward other states, whereas KVV 302 

cells were enriched in Cycl_CD8 and Teff_Cxcr6 and showed elevated Gzmk, Cxcr6, and Mki67 303 

(Fig. 2H-J). Within SIINFEKL-specific cells, SIIN_High and SIIN_Low further differed in effector 304 

gene modules: SIIN_High displayed higher expression of Ifng and inflammatory chemokines (Ccl3 305 

and Ccl4), whereas SIIN_Low showed higher Gzma and Gzmk. Notably, SIIN_High and KVV 306 

TCRs identified among low-frequency reactive clonotypes also showed atlas distribution patterns 307 

broadly similar to those of the corresponding expanded groups (Figure S2J-M). Together, these data 308 

indicate that reactive TCRs with different combinations of TCR avidity and peptide presentation 309 

show different in vivo state distributions in addition to differences in acute tumor-cell recognition. 310 

In the MB49-OVA model, in addition to OVA-reactive TCRs, we also identified a subset of TCRs 311 

reactive to parental MB49 antigens. Unlike the OVA-reactive groups described above, these MB49-312 

reactive TCRs showed a distinct distribution across the transcriptional atlas, occupying less 313 

activated states. By contrast, MB49-reactive TCRs identified in parental MB49 tumors displayed a 314 

more effector-biased distribution together with greater clonal expansion (Fig. S3A-E). Notably, 315 

Jurkat cells transduced with MB49-reactive TCRs derived from either MB49-OVA or parental 316 

MB49 recognized MB49 tumor cells with comparable CD69 induction in vitro (Fig. S3F). These 317 

findings suggest that, in the MB49-OVA model, MB49-reactive clonotypes retain intrinsic tumor-318 

recognition capacity, whereas their limited in vivo expansion and less effector-biased states may 319 

reflect competition from dominant OVA-reactive clonotypes (Fig. S3G). Together, these 320 

observations highlight tumor context as an additional layer shaping the in vivo state distribution of 321 

reactive clonotypes beyond their intrinsic recognition capacity. 322 

 323 

Discussion 324 

Our study supports the view that clonal expansion is informative (6, 8), but should not be regarded 325 

as a stable indicator for tumor reactivity in native tumors. In both E0771 and LLC, highly expanded 326 

clonotypes did not consistently correspond to the strongest functional responses, whereas clear 327 

tumor reactivity was also observed among low-frequency clones. These findings argue that low-328 

frequency clonotypes should not be overlooked during the nomination of tumor-reactive TCRs. This 329 

pattern is not unexpected in tumors, where reactive clonotypes are likely to undergo repeated cycles 330 

of stimulation, expansion, contraction and tissue retention (10). Single-cell atlases capture only one 331 

time point within this dynamic process, whereas the observed expansion state reflects its cumulative 332 

outcome rather than an instantaneous measurement of tumor recognition strength. Accordingly, 333 

clone size may provide a useful clue for candidate enrichment, but not a direct estimate of ongoing 334 

tumor-reactive output. 335 

These observations point to a more direct question: if clone size itself is insufficient to explain 336 

functional differences among reactive TCRs, what variables more proximally constrain tumor-cell 337 

recognition? Among the reactive TCRs identified in MB49-OVA, the avidity hierarchy established 338 

by peptide titration was not preserved when the same TCRs encountered intact tumor cells. Instead, 339 

Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.08.07.000304. This version posted August 7, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0



differences in tumor-side peptide abundance were sufficient to reorder the relative performance of 340 

reactive TCRs. This suggests that, in the tumor-cell context, avidity measured under conditions of 341 

saturating peptide presentation is not sufficient to rank the strength of TCR reactivity against tumor 342 

cells. From this perspective, so-called optimal avidity is better viewed as a conditional property that 343 

depends on the presentation landscape in which a given TCR is evaluated, rather than as a fixed 344 

intrinsic attribute of the TCR itself. 345 

In MB49-OVA CD8⁺ TILs, reactive TCRs spanning different combinations of TCR avidity and 346 

peptide presentation were all capable of giving rise to expanded clonotypes in vivo, and the 347 

differences in clone size among them were not always pronounced. For example, even among 348 

SIINFEKL-specific TCRs, for which antigen abundance should in principle be comparable, both 349 

the high-avidity and low-avidity groups contained TCRs that were either strongly expanded or only 350 

weakly expanded. This implies that once antigenic input exceeds a certain level, TCRs above a 351 

minimum avidity threshold may all be sufficient to drive expansion. By contrast, these groups 352 

displayed reproducible biases in their distributions across the single-cell atlas. Specifically, 353 

SIIN_High, SIIN_Low and KVV TCRs each preferentially occupied distinct transcriptional 354 

compartments, indicating that different combinations of TCR avidity and peptide presentation are 355 

associated with different state distributions. Thus, differences in signal-1 composition may not 356 

necessarily be reflected in a sustained separation of clone size, but may instead emerge as biased 357 

transcriptional programs and state preferences among reactive T cells. 358 

MB49-OVA represents a relatively strong and controllable antigenic setting, whereas native tumors 359 

are more likely to contain antigen landscapes of lower abundance, greater heterogeneity and 360 

ongoing dynamic remodeling (15, 20). In addition, clonotypes directed against different tumor 361 

antigens may compete with one another (21, 22). When one antigen elicits broad and strong clonal 362 

expansion, other reactive clonotypes may fail to gain opportunities for expansion even if they retain 363 

substantial recognition capacity. We therefore regard the present study as a concrete example of how 364 

avidity and presentation cooperate to shape the TCR repertoire, rather than as a universal rule for 365 

ranking tumor-reactive TCRs. Within this framework, antigen abundance, TCR avidity and clonal 366 

competition jointly shape clonal expansion, indicating that highly expanded clonotypes alone may 367 

not fully capture the functional breadth of tumor-reactive repertoires. This consideration is 368 

particularly relevant for candidate nomination, where low-frequency clonotypes may represent an 369 

underexplored source of functionally valuable tumor-reactive TCRs. Importantly, our results also 370 

show how strongly OVA overexpression can inflate antigen abundance and drive clonal expansion. 371 

Conclusions drawn from OVA-based immune models may therefore, at least in part, reflect a 372 

simplified experimental regime rather than the full complexity of clonal dynamics and epitope 373 

competition in real tumors. 374 
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Figure 1. Clonal expansion enriches reactive TCRs in a context-dependent manner but does 390 

not resolve reactivity strength 391 

(A) Overview of the integrated workflow and functional validation. MB49-OVA CD8+ TILs were 392 

profiled by scRNA-seq and paired scTCR-seq to define transcriptional states and recover full-393 

length TCR sequences. Paired TCR clonotypes were ranked by clonotype size and defined by 394 

identical matched TCRα and TCRβ sequences. Selected full-length TCRs were reconstructed, 395 

packaged into lentivirus, and expressed in ΔTCR Jurkat cells (TCR-deficient Jurkat cells). TCR-396 

transduced Jurkat cells were co-cultured with MB49-OVA cells at a 1:2 ratio (Jurkat:tumor) for 18 397 

h, and CD69 induction was measured by flow cytometry.  398 

(B and E) Top expanded clonotypes from E0771 CD8+ TILs (B) and LLC CD8+ TILs (E). Tables 399 

(top) list the two most expanded paired clonotypes, including paired CDR3α/CDR3β sequences 400 

and clonotype sizes. Flow cytometry histograms (bottom left) show CD69 after tumor co-culture 401 

for ΔTCR (gray) and the indicated TCR-transduced Jurkat cells. Bar plots (bottom right) quantify 402 

CD69+ frequency. Data are shown as mean ± SEM from n = 3 independent co-culture experiments 403 

per group. P values were calculated by two-sided unpaired t tests for the indicated comparisons. 404 

Significance levels are indicated in the plots. 405 
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(C and F) Functionally validated tumor-reactive clonotypes from E0771 CD8+ TILs (C) and LLC 406 

CD8+ TILs (F). Tables (top) list validated reactive TCRs with paired CDR3α/CDR3β sequences 407 

and clonotype sizes. Flow cytometry histograms (bottom left) show CD69 after tumor co-culture 408 

for ΔTCR (gray) and the indicated TCR-transduced Jurkat cells. Bar plots (bottom right) quantify 409 

CD69+ frequency. Data are shown as mean ± SEM from n = 3 independent co-culture experiments 410 

per group. P values were calculated by two-sided unpaired t tests for the indicated comparisons. 411 

Significance levels are indicated in the plots. 412 

(D and G) Relationship between clonotype size and functional tumor reactivity of validated TCRs 413 

derived from E0771 CD8⁺ TILs (D) and LLC CD8⁺ TILs (G). Each dot represents one validated 414 

clonotype, plotted by clonotype size and the frequency of CD69⁺ Jurkat cells after tumor co-415 

culture. 416 

(H) Representative flow cytometry histograms showing CD69 induction in TCR-transduced Jurkat 417 

cells after co-culture with MB49-OVA tumor cells. ΔTCR Jurkat cells served as the negative 418 

control (gray). Reactive and non-reactive clonotypes are shown in red and blue, respectively. 419 

Reactivity was defined as CD69+ ≥10%. 420 

(I) Relationship between clonotype size and functional tumor reactivity among the top expanded 421 

clonotypes recovered from MB49-OVA CD8⁺ TILs. Each dot represents one reconstructed 422 

clonotype, plotted by clonotype size and the frequency of CD69⁺ Jurkat cells after co-culture with 423 

MB49-OVA tumor cells. 424 

Parts A was created using BioRender. 425 
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Figure 2. Avidity and peptide presentation jointly shape tumor recognition strength and state 427 

bias  428 

(A) Peptide intensity distribution (log2) from MHC class I immunopeptidomics of MB49-OVA 429 

tumor cells. Each point represents one identified peptide. SIINFEKL and KVVRFDKL are 430 

highlighted in red.  431 

(B) Peptide titration curves for TCR-transduced Jurkat cells co-cultured with H-2Kb-expressing 432 

MC38 cells at a 1:1 ratio for 18 h in the presence of serially diluted SIINFEKL or KVVRFDKL 433 

peptide (10-12 to 10-5 M). CD69 induction was quantified as CD69+ frequency, and EC50 values 434 

were derived from dose-response curves. Data are shown as mean ± SEM from n = 3 independent 435 

peptide-stimulation experiments for each TCR. 436 

(C) Table summarizing reactive TCR clonotypes, including peptide specificity (SIINFEKL or 437 

KVVRFDKL), clonotype size, functional avidity (-log10(EC50)), and group assignment. 438 

SIIN_High and SIIN_Low denote SIINFEKL-specific TCRs with higher and lower functional 439 
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avidity, respectively; KVV denotes KVVRFDKL-specific TCRs. 440 

(D) Box plot summarizing functional avidity (-log10(EC50)) across SIIN_High (n=8), SIIN_Low 441 

(n=3), and KVV groups (n=5); each point represents one TCR. 442 

(E) Correlation between clonotype size and functional avidity (-log10(EC50)) for SIINFEKL-443 

specific TCRs. Each point represents one SIINFEKL-specific TCR clonotype. The relationship 444 

was assessed by simple linear regression; the solid line indicates the fitted regression line and 445 

dotted lines indicate the 95% confidence interval. R² and P value are shown in the plot. 446 

(F) Box plot showing the percentage of CD69⁺ cells among TCR-transduced Jurkat cells after co-447 

culture with MB49-OVA tumor cells. Each point represents one TCR clonotype, and values are 448 

shown as the mean CD69⁺ frequency from n = 3 independent co-culture experiments. SIIN_High 449 

(n=8), SIIN_Low (n=3), and KVV groups (n=5). 450 

(G) UMAP of MB49-OVA CD8⁺ TILs scRNA-seq data with cells from all validated MB49-OVA 451 

reactive clonotypes pooled (All group) highlighted. 452 

(H) UMAP projections highlighting reactive clonotypes from each group (SIIN_High, SIIN_Low, 453 

KVV). Colors denote individual clonotypes and other cells are shown in gray. 454 

(I) Pie charts showing the transcriptional subset composition of reactive cells for All group and for 455 

each TCR group (SIIN_High, SIIN_Low, KVV). The dominant subset is annotated. 456 

(J) Dot plot summarizing expression of selected marker genes across SIIN_High, SIIN_Low, and 457 

KVV groups. Dot color indicates scaled average expression and dot size indicates the fraction of 458 

expressing cells. 459 

 460 
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