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In brief

Mapping TCRs to antigens at scale 

presents a major challenge. Gaglione

et al. develop an approach to rapidly 

synthesize and screen thousands of 

TCRs, enabling broad TCR-antigen 

screening. Examining T cell specificity in 

vitiligo uncovers autoreactive T cells with 

transcriptional programs similar to 

melanoma-reactive T cells, revealing 

shared features of disease-relevant

T cells in autoimmunity and cancer.
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SUMMARY

T cells initiate targeted immune responses using T cell receptors (TCRs) to recognize specific antigens. Map-

ping TCRs to antigens at scale remains a major challenge. Here, we developed an approach to synthesize and 
functionally screen tens of thousands of TCRs simultaneously. TCR rapid assembly for functional testing 
(TCRAFT) uses a modular strategy to rapidly and inexpensively construct large pools of TCRs from se-

quences while maintaining TCRα/β pairing. We applied TCRAFT to reconstruct over 3,800 TCRs from vitiligo 
blister fluid and mapped these TCRs to specific peptide-major histocompatibility complexes using RAPTR, 
an activation-based library-on-library screening approach. Vitiligo antigen-specific T cells displayed pro-

nounced clonal expansion and transcriptomic signatures similar to antigen-specific T cells in melanoma, 
pointing to shared features of disease-relevant T cells in autoimmunity and cancer. Demonstrating scalabil-

ity, we synthesized and screened over 30,800 TCRs from donors with pancreatic ductal adenocarcinoma to 
capture antigen-reactive TCRs. Our approach expands the scale and accessibility of TCR-antigen screening, 
which is critical to understanding immunity and developing new immunotherapies.

INTRODUCTION

T cells are central to adaptive immunity, responding to specific 

antigens in the context of cancer, infection, and autoimmunity 

via T cell receptors (TCRs). Each T cell clone expresses a unique 

TCR, a heterodimer composed of a TCRα and TCRβ chain, that 

binds to short peptides presented by major histocompatibility 

complex (MHC) proteins (pMHCs) to elicit an antigen-specific 

T cell response. Screening TCRs for antigen reactivity at a high 

throughput would advance our understanding of natural immune 

function while providing sources of therapeutically relevant 

TCRs and data for improving computational models of TCR 

specificity. 1,2 However, the vast diversity of the TCR reper-

toire—up to 10⁸ unique clonotypes per individual 3,4 —makes 

large-scale mapping of TCR-antigen interactions a major 

challenge.

Identifying antigen-specific TCRs and their associated cell 

phenotypes is a critical priority in cancer 5 and autoimmune 

research. 6 T cells recognizing cancer-specific neoantigens often 

exhibit exhausted phenotypes, 7,8 and their role in tumor control 

is well documented. 9,10 By contrast, the phenotypic states and 

antigenic targets of T cells driving autoimmunity are less well 

understood. Proposed sources of autoantigens include self-

antigens, 11 post-translationally modified epitopes, 12 and viral 

epitopes. 13 Vitiligo is one of the few autoimmune diseases with 

known antigens, largely due to insights from melanoma studies.
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In both diseases, autoreactive CD8 + T cells target melanocyte-

derived antigens, including melanoma antigen recognized by T 

cells 1 (MART-1), tyrosinase, and gp100. 7,14–17 However, the 

extent of overlap in transcriptional features of antigen-specific 

T cells between vitiligo and melanoma remains unclear. Defining 

shared and distinct attributes of these T cell populations is 

essential for advancing targeted therapies in both cancer 5 and 

autoimmunity. 6

Despite advances in single-cell and computational methods for 

sequencing and pairing TCR chains, 18,19 TCR datasets alone pro-

vide little insight into antigen specificity. Current screening strate-

gies evaluate only a small subset of TCRs, typically selected 

based on clonotypic expansion or phenotypic markers. 1 Further-

more, assembling and screening TCR libraries remains costly, la-

bor-intensive, and inefficient. Existing approaches rely on synthe-

sizing expensive gene fragments, assembling individual TCRs in 

an array using custom oligonucleotides and libraries of TCR var-

iable regions, 20–26 or amplifying TCRs from primary cell sam-

ples. 27–29 A key limitation of synthetic TCR assembly is maintain-

ing the natural pairing between TCRα and TCRβ chains, which is 

essential for native TCR specificity. Current pooled TCR assembly 

methods either require co-transduction of separate TCR chains, 

an approach limited in scale, or scramble TCRα/β pairings, result-

ing in libraries dominated by non-functional TCRs. 30 While recent 

methods enable pooled assembly of up to 1,000 TCRs, error rates 

and technical complexity limit broad adoption or further increases 

in throughput. 31

To address these limitations, we developed TCR rapid assem-

bly for functional testing (TCRAFT), a scalable and cost-effective 

approach to easily synthesize tens of thousands of TCRs in a pool 

for under $1 per TCR. TCRAFT links pools of TCR variable region 

genes with CDR3α/β-containing oligonucleotides via three 

Golden Gate assembly steps, yielding paired-chain TCR libraries 

with >99% correctly assembled TCRs. We integrate TCRAFT with 

receptor-antigen pairing by targeted retroviruses (RAPTR), 32 a 

high-throughput antigen discovery platform, to enable one-pot li-

brary-versus-library screening of TCR reactivity. Using this sys-

tem, we screened 3,808 TCR clonotypes from vitiligo lesions 

against 101 vitiligo- and melanoma-associated antigens, extract-

ing precise TCR-antigen pairings in a single step. We orthogonally 

validated these hits and expanded reactivity screening to 561 an-

tigens using an antigen presentation assay. By linking TCR spec-

ificity to corresponding gene expression data, we identified corre-

lations between transcriptomic signatures of vitiligo- and 

melanoma-associated antigen-reactive T cells. To further demon-

strate scalability, we used TCRAFT to synthesize a single library of 

30,810 TCRs from surgically resected tumors and peripheral 

blood mononuclear cells (PBMCs) of patients with pancreatic 

ductal adenocarcinoma (PDAC) and identified antigen-specific 

TCRs using antigen-presenting cells pulsed with peptides.

By significantly reducing cost, labor, and technical barriers, 

TCRAFT provides an accessible and efficient strategy for 

assembling large TCR libraries. We couple these libraries with 

high-throughput antigen screening and single-cell transcriptom-

ics to link TCR specificity to cell phenotype. Applied to vitiligo, 

this integrated approach uncovers transcriptional programs of 

melanocyte-reactive T cells. Together, these tools will accelerate 

efforts to decode TCR specificity, understand immune re-

sponses, and develop TCR-based immunotherapies.

RESULTS

Modular assembly of pooled TCR libraries by 

hierarchical Golden Gate assembly

Single-cell and repertoire TCR sequencing enable deep profiling 

of clonal T cell dynamics in autoimmune diseases such as viti-

ligo, but TCR sequences provide limited disease context without 

antigen specificity. To address this, we aimed to establish a 

complete TCR-antigen discovery pipeline consisting of single-

cell sequencing to extract paired TCR chain sequences, pooled 

synthetic TCR assembly, and high-throughput library-on-library 

TCR-antigen screening (Figure 1A). We first sought to address 

the bottleneck of assembling large TCR libraries from 

sequencing data.

To enable low-cost pooled assembly of TCRs from se-

quences, we generate TCRαβ libraries using vector pools en-

coding germline alpha- and beta-chain variable (TRAV and 

TRBV) and constant (TRAC and TRBC) genes, as well as oligo-

nucleotide pools of linked CDR3α/β sequences (Figure S1). We 

first insert the CDR3α/β-containing oligos into vectors with 

matching TRBV-TRAC sequences, followed by insertion of 

TRBC-P2A-TRAV sequences between the CDR3α and CDR3β 
sequences. The resulting product is a complete, synthetically 

formatted TCR (TRBV-TRBC-P2A-TRAV-TRAC), which is then 

transferred to an expression vector of choice via a third reaction 

(Figure 1B).

Our approach uses Golden Gate assembly to pair CDR3α/β 
fragments with TRAV and TRBV genes in a pooled setting 

(Figure 1C). This approach employs type IIS enzymes to 

generate four-base-pair overhangs, ensuring seamless linkage 

of coding regions. Although Golden Gate assembly has previ-

ously been demonstrated for assembling individual TCRs, 22 ex-

tending this approach to pooled library assembly remained 

infeasible due to the low orthogonality between four-base over-

hangs. To address this challenge, we leveraged a comprehen-

sive 4-bp ligation fidelity dataset 33 to design highly orthogonal 

pairs of overhangs for each vector in the pool (Figure S1). 

Each TRBV-TRAC and TRBC-TRAV fragment was assigned a 

distinct, fixed pair of 5 ′ and 3 ′ overhangs to facilitate precise as-

sembly with CDR3α/β-containing oligos while preserving cod-

ing sequences (Table S1). Oligos thus encode CDR3α, 

CDR3β, and a few amino acids from associated TRBV, TRAV, 

TRAC, and TRBC regions, each of which contains a specific 

fixed 4-bp overhang. While other pooled approaches employ 

long orthogonal sequences to link each CDR3α and CDR3β, 

causing assembly complexity to scale with the number of 

TCRs, 31 TCRAFT overcomes this limitation by encoding 

CDR3α and CDR3β on the same oligo and using fixed germ-

line-defined overhangs. TCRAFT assembly complexity there-

fore remains constant regardless of the number of TCRs. Li-

brary size is determined by limits in oligo synthesis, the 

efficiency of bacterial electroporation to generate the plasmid 

library, and the sensitivity of downstream screening ap-

proaches. This design additionally allows for a fully standard-

ized protocol for all reactions. We benchmark TCRAFT against 

other approaches and detail costs in Table S1. Collectively, 

TCRAFT is designed to rapidly assemble large TCR libraries in 

6 days via three Golden Gate reactions using standard re-

agents, without liquid handling automation.
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Pooled assembly and characterization of a synthetic 

vitiligo 3,808 TCR library

To examine TCR reactivity in the context of vitiligo, we identified 

3,808 TCRs in suction blister fluid from vitiligo lesions of 10 

HLA-A*02:01 + (henceforth HLA-A2) donors (Figure 2A; 

Table S2). While prior work suggests that vitiligo is driven by 

CD8 + T cells reactive to MART-1 and other melanocyte-specific 

antigens, 34–37 perilesional T cell reactivity has not been broadly 

examined due to limitations in screening T cells from tissue sam-

ples. Vitiligo offers a compelling context for studying antigen-

specific T cell responses in autoimmunity given its strong HLA-

A2 risk association 37,38 and limited characterization of cellular 

mechanisms underlying a loss of tolerance.

We assembled these 3,808 vitiligo-associated TCRs 

using TCRAFT with greater than 1,000-fold coverage at each 

step. We analyzed the assembled TCR library via Oxford

Nanopore long-read sequencing to evaluate correct pairing 

between TCR components and assess the TCR frequency 

distribution. Sequencing revealed highly accurate pairing 

between CDR3α and CDR3β sequences and their correspond-

ing TRAV and TRBV alleles (Figures 2B, S2, and S3). 99.1% of 

sequences in the final product consist of correctly paired 

TRBV, TRAV, CDR3α, and CDR3β sequences corresponding 

to the 3,808 TCR list obtained from single-cell TCR 

sequencing (scTCR-seq) (Figure 2B). We detected 3,759 of 

3,808 TCRs (98.7%) via long-read sequencing with a ∼42-

fold variation in TCR frequency between the 5 th and 95 th per-

centiles (Figures 2C and 2D). We complemented this analysis 

with short-read sequencing of both the TRAV-CDR3α and 

TRBV-CDR3β regions at greater sequencing depth and de-

tected 99.9% of both CDR3α and CDR3β sequences 

(3,804/3,808).

A B C

Figure 1. Overview of modular TCR assembly and screening pipeline

(A) Schematic of a high-throughput screening pipeline to identify antigen-specific TCRs by sequencing samples to extract paired TCRαβ receptor sequences 

(step 1), assembling a TCR library in a pool and expressing TCRs in cells (step 2), and pairing TCRs to cognate antigens in a library-on-library screen with 

lentiviruses pseudotyped with pMHCs or other antigen discovery methods (step 3).

(B) Schematic of pooled TCR assembly method. Step 1 inserts oligos of paired CDR3β-α sequences into TRBV-TRAC vectors to generate TRBV-

CDR3β-CDR3α-TRAC. Step 2 inserts TRBC-P2A-TRAV fragments between CDR3β and CDR3α to generate complete TCRs. Step 3 transfers the complete 

TCRs to an expression vector. TCR libraries are expressed in cells via lentiviral transduction at a low MOI. All steps are completed via Golden Gate assembly.

(C) Schematic of approach to correctly pair TCR components. Type IIS enzymes generate 4-bp overhangs to facilitate ligation between reaction components. 

Each TRBV- and TRAV-containing vector contains unique pairs of 4-bp overhangs designed to maximize correct pairing while preserving coding sequences. 

Each CDR3α/β oligo contains four enzyme restriction sites, with the outer 4-bp overhangs facilitating pairing to TRBV vectors and inner 4-bp overhangs cor-

responding to TRAV vectors.

See also Figure S1.
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Library-on-library TCR-antigen screen using pMHC-

pseudotyped lentiviruses

To screen these TCRs for reactivity, we expressed our 3,808 viti-

ligo-associated TCR library in a clonal TCR-null Jurkat J76 T cell 

line encoding an NFAT-CFP reporter. 39 Most approaches to 

screen TCRs against antigens for reactivity are limited to individ-

ual antigens or fail to generate data on interacting TCR-antigen 

pairs. Barcoded pMHC tetramers can be used to map TCRs to 

antigens 40,41 but are logistically complex to scale to many anti-

gens and are limited by variable pMHC folding and multimeriza-

tion, barcode cross-contamination, noise from aggregation, and 

saturated signal from high-affinity interactions. 1 We and others 

have demonstrated the feasibility of using pMHC-displaying len-

tiviruses to infect antigen-specific TCR-expressing cells and 

extract paired TCR-antigen information with single-cell 

sequencing via the approaches RAPTR, ENTER-seq, and 

V-CARMA. 32,42,43 While in principle allowing for high-throughput 

antigen screening, our original RAPTR platform relied upon 

pMHC tetramers to pre-enrich TCRs from large libraries. Noting 

that pMHC-pseudotyped lentiviruses potently activate TCR-ex-

pressing cells, we optimized RAPTR to extract paired TCR-anti-

gen data for 3,808 TCRs against 101 HLA-A2-binding antigens in 

one step using a highly sensitive NFAT reporter 39 (Figure 3A). By

capturing cells both activated and transduced by pMHC viruses, 

we can minimize noise from non-specific transduction. This high 

selectivity is essential for screening large TCR libraries and elim-

inates laborious pre-enrichment steps.

We constructed a list of 101 HLA-A2-binding epitopes 

composed of melanoma-associated antigens, 44 vitiligo-associ-

ated antigens in the Immune Epitope Database (IEDB), 45 and 

known viral antigens from cytomegalovirus (CMV), Epstein-

Barr virus (EBV), human T-lymphotropic virus 1 (HTLV-1), yellow 

fever virus (YFV), influenza A virus (IAV), and SARS-CoV-2 

(Table S2). We then assembled a RAPTR library, with each 

epitope represented by a pMHC-pseudotyped lentivirus con-

taining a matched barcode to enable integration into bulk and 

single-cell sequencing workflows (Figure S4). Improving upon 

the prior RAPTR workflow, we used the 101-pMHC virus library 

to both activate and transduce antigen-specific cells. After stim-

ulating the 3,808 TCR library with the 101-pMHC virus library, we 

sorted activated TCR-expressing cells expressing an NFAT re-

porter (CFP + ), a subset of which were transduced (GFP + ) 

(Figure 3B).

As a feature of our assembly method, we codon-optimized 

CDR3α/β oligos to be fully unique, allowing complete TCR iden-

tities to be determined by sequencing either CDR3α or CDR3β.

A B

C

D

Figure 2. Pooled assembly of 3,808 TCRs from scTCR-seq of vitiligo blister fluid

(A) Sample origin and extraction of 3,808 TCRαβ clonotypes. Blister fluid samples from 10 HLA-A2 + vitiligo donors were analyzed via 10× scRNA-seq, scTCR-

seq, and CITE-seq to capture 3,808 unique TCR clonotypes with matched gene expression data.

(B) Heatmap depicting accuracy of TRAV and TRBV allele pairing to CDR3α and CDR3β sequences, respectively, as log 10 -transformed read counts of all TRAV-

CDR3α and TRBV-CDR3β combinations. Red indicates correct pairing, and gray indicates incorrect pairing.

(C) Log 10 -transformed read counts of complete, correctly assembled TCRs.

(D) Summary data on the proportion of 3,808 TCRs detected, the proportion of all TCRs correctly assembled, and frequency distribution.

See also Figures S2 and S3 and Table S1.
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Figure 3. RAPTR enriches and pairs reactive TCRs with antigens

(A) Schematic of TCR library screen with 101 pMHC-pseudotyped lentiviruses to extract TCR-antigen pairs. 3,808 TCR-expressing NFAT reporter J76 cells are 

mixed with a 101-pMHC virus library containing vitiligo, melanoma, and viral antigens. Cells activated and transduced by the virus library are sorted and single-

cell sequenced to capture reactive TCRs and cognate antigens.

(B) Cells activated (CFP + ) and transduced (GFP + ) by 101-pMHC virus library. Activated CFP + cells and CFP + GFP + cells are sorted to capture both TCRs reactive 

to pMHC virus and virally integrated pMHC barcodes. CFP + GFP + cells are sequenced via 10× single-cell sequencing.

(C) Bar plots for two enriched TCRs (TCR #1285 and #1296 as examples) showing the number of cells assigned each pMHC identity from single-cell sequencing. 

Each cell is assigned the pMHC identity with the highest UMI count. Each TCR clonotype is annotated as reactive to pMHCs with the most associated cells. TCR 

#1285 is reactive to ELAGIGILTV (MART-1 26–35 ), while TCR #1296 is reactive to IMDQVPFSV and ITDQVPFSV (gp100 209–217 ).

(D) Summary of reactive TCR clonotypes showing frequency (wedge size) and antigen reactivity (color) of each clonotype.

(E) Heatmap depicting the distribution of pMHC assignments for each reactive TCR clonotype, sorted by total TCR frequency (y axis). Each row represents a TCR 

clonotype, and values correspond to the sample data depicted in (C), scaled to the total number of cells. MART-1 26–35 and gp100 209–217 analogs, as well as other 

epitopes assigned to TCRs, are grouped and boxed on the left side of the heatmap.

See also Figures S4–S6 and Table S2.

ll
OPEN ACCESSArticle

Immunity 59, 1–17, February 10, 2026 5

Please cite this article in press as: Gaglione et al., Scalable TCR synthesis and screening enable antigen reactivity mapping in vitiligo, Immunity (2026), 
https://doi.org/10.1016/j.immuni.2026.01.001



Figure 4. Expanded reactivity screen of 3,808 TCRs and validation with antigen presentation assay

(A) Schematic of screening approach. 3,808 TCR-expressing NFAT reporter J76 cells are cocultured with HLA-A2 + T2 cells pulsed with 24 pools of peptides 

(561 unique antigens). Activated (NFAT-CFP + ) cells are sorted and sequenced via next-generation sequencing (NGS) to capture reactive TCRs.

(B) Bar plots and representative flow plots of cells activated by peptide pools. Bars report the ratio of % cells NFAT + CD69 + for peptide pools versus the no-

peptide control. Data shown as mean ± SD for 3 replicates.

(C) Heatmap depicting TCRs >10-fold enriched by the 101 virus library (RAPTR), 101 peptide pool, or indicated peptide pools. Fold enrichment was calculated by 

dividing the frequency of each TCR in sorted cells with the starting frequency in the naive 3,808 TCR library. Several TCRs enriched in both the no peptide (T2 cells 

only) and peptide pool conditions, as shown in the second heatmap, and these TCRs are not considered to be antigen-reactive. RAPTR-CFP + represents NGS 

analysis of cells activated by 101-pMHC virus library (CFP + ). Aggregate A consists of pools stimulating a >1.5-fold increase in activation, and aggregate B 

consists of pools stimulating a 1- to 1.5-fold increase in activation.

(D) Plot depicting fold enrichment of all TCRs activated by pMHC viruses and peptides (CFP + ). Each dot represents a TCR clonotype.

(E) Bar plot showing TCRs reactive to pool 20 (MART-1 26–35 analogs) and pool 21 (gp100 280–288 and gp100 209–217 analogs) with associated RAPTR single-cell 

identity. RAPTR assigned a pMHC identity that matches (green) or mismatches (red) the peptide data. Gray indicates TCRs not captured by RAPTR.

(legend continued on next page)
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To extract paired TCR-pMHC information, we performed single-

cell RNA sequencing (scRNA-seq) on the transduced cell subset 

using 10× Genomics GEM-X 5 ′ chemistry. We included a tar-

geted primer at the reverse transcription step and developed a 

custom amplification protocol to capture the TCRβ chain and 

identify complete TCR clonotypes. We additionally included a 

10× Genomics capture tag sequence in the viral genome analo-

gous to ENTER-seq. 42 This capture tag enables viral genomes, 

encoding pMHC barcodes, to be directly captured by the tem-

plate switch oligo (TSO) on 10× 5 ′ gel bead-in emulsion 

(GEM) beads.

After filtering for doublets, we recovered 8,557 cells with 

paired TCR and pMHC information. Each cell was assigned a 

TCR and pMHC identity based on the ratio of unique molecular 

identifiers (UMIs) for the dominant TCR or pMHC relative to all 

TCR or pMHC UMIs for that cell. Each TCR identity was then 

paired to a cognate pMHC by examining the pMHC assignments 

of all corresponding cells expressing a given TCR. For example, 

TCR #1285 recognizes a MART-1 26-35 analog, ELAGIGILTV, 

while TCR #1296 recognizes two gp100 209-217 analogs, 

IMDQVPFSV and ITDQVPFSV (Figure 3C). Collectively, a total 

of 54 candidate TCR clonotypes were captured with at least 5 to-

tal cells per clonotype, including 36 TCRs with at least 10 cells 

per clonotype, predominantly annotated as recognizing 

MART-1 26–35 analogs, gp100 209–217 analogs, and gp100 280–288 

(Figures 3D and 3E; Table S2). We observed a strong association 

between cells infected by viruses displaying MART-1 26-35 ana-

logs ELAGIGILTV and EAAGIGILTV, as well as gp100 209-217 an-

alogs ITDQVPFSV and IMDQVPFSV. Recovering a high quantity 

of cells increases confidence in assigning a pMHC identity to a 

given clonotype, but TCR-antigen pairs can be unambiguously 

established with as few as 5 cells. Some low-frequency 

(<0.5%) clonotypes were assigned 2–3 possible pMHC identities 

(Figure 3D), indicating a potential limit of detection.

Detection and validation of antigen-reactive TCRs with 

peptide-pulsed APCs

We next screened the 3,808 vitiligo TCR J76 library against pep-

tide-pulsed antigen-presenting cells (APCs) to validate putative 

antigen-reactive TCR clonotypes captured by our single-cell 

RAPTR workflow, demonstrate the compatibility of our TCR as-

sembly strategy with a well-precedented and widely used anti-

gen discovery method, and capture antigen-reactive TCRs 

against a broader array of pMHCs (Figure 4A). We generated a 

list of 561 antigens consisting of known vitiligo epitopes from 

the IEDB (36), an expanded list of melanoma-associated anti-

gens (195), 44,46,47 10 differentially expressed genes in diseased 

melanocytes filtered for binding to HLA-A2 using NetMHC-

pan4.1 48 (226), and viral antigens (104) (Table S2). The 101 anti-

gens represented by the RAPTR pMHC virus library are a subset 

of this broader 561-antigen list. We assembled 23 pools encom-

passing 561 unique peptides, separated by melanocyte or viral 

origin, and a single pool of 101 peptides corresponding to the

RAPTR virus library. Noting that RAPTR identified MART-

1 26–35 , gp100 280–288 , and gp100 209–217 analogs as immunodomi-

nant epitopes, we created separate pools (20 and 21) for these 

peptides.

Upon stimulating the vitiligo TCR J76 library with TAP-defi-

cient HLA-A2 + T2 cells pulsed with pools encompassing 561 

unique peptides, we observed TCR activation (NFAT + CD69 + ) 

in response to several pools (Figure 4B). The 101-antigen pool 

elicited the most significant activation, consistent with its inclu-

sion of known vitiligo epitopes, particularly MART-1 26–35 , 

gp100 280–288 , and gp100 209–217 analogs. Accordingly, vitiligo-

and melanoma-associated peptide pools #1, 20, and 21 contain-

ing these analogs stimulated over five-fold greater activation 

than the negative control. Most melanocyte peptide pools 

induced only modest activation, though six pools were statisti-

cally significant. Both viral peptide pools also activated a signif-

icant proportion of cells.

To efficiently capture antigen-reactive TCRs, we sorted cells 

activated (NFAT-CFP + CD69 + ) by peptide pools #1, 2, 20, 21, 

22, 23, and 24 (101-peptide pool). Noting subtle activation by 

the other melanocyte peptide pools, we stimulated cells with 

these pools individually before aggregating cells into two groups 

prior to sorting. Aggregate group A consisted of pools that eli-

cited a >1.5-fold increase in activation, while aggregate group 

B included pools that stimulated a 1- to 1.5-fold increase over 

the negative control (Table S2). We then PCR-amplified the 

TCRβ chain from genomic DNA to capture CDR3β sequences 

of enriched TCRs by next-generation sequencing (NGS).

We compared TCR frequencies in enriched cells against the 

naive 3,808 TCR J76 cell line to identify antigen-reactive TCRs. 

Across all activation stimuli, including 24 peptide pools and the 

101-virus RAPTR library, 187 unique TCR clonotypes enriched 

more than 10-fold compared with the naive library after filtering 

TCRs also enriched by the no-peptide control (Figure 4C; 

Table S2). Given that peptide pools were split by melanocyte 

or viral origin, we classified TCRs as melanocyte-reactive if acti-

vated by pools #1 to 21 and viral-reactive if reactive to pools #22 

and 23. 138 TCR clonotypes were unambiguously reactive to 

melanocyte antigens, while 38 clonotypes reacted to viral anti-

gens. Of the 138 melanocyte-reactive clonotypes, 24 TCRs 

recognized MART-1 26–35 (EAAGIGILTV) and associated analogs, 

while 23 TCRs recognized gp100 280–288 (YLEPGPVTA) and 

gp100 209–217 analogs (ITDQVPFSV and IMDQVPFSV). We 

excluded four clonotypes (TCR #726, 2413, 1588, and 3443) 

activated by both viral and melanocyte peptide pools, but not 

by the no-peptide control. TCRs enriched regardless of their 

initial frequency in the naive 3,808 TCR library, with no bias to-

ward TCRs at a higher initial abundance (Figure S5). Both pep-

tide-pulsed APCs and pMHC-displaying viruses activated and 

enriched TCRs from starting frequencies as low as 0.0003%, 

with seven clonotypes enriching from <0.001% of the naive li-

brary. We additionally noted several TCR clonotypes enriched 

by all peptide pools and the no-peptide control. These TCRs

(F) Heatmap showing activation (% NFAT-CFP + CD69 + ) of individual TCR-expressing NFAT reporter J76 cells with individual peptide-pulsed T2 cells for TCR 

clonotypes identified via RAPTR or peptide pool screens. TCR-antigen pairs are classified as matched (green), mismatched (red), or not captured (gray) by the 

RAPTR single-cell workflow, with the number of cells per clonotype indicated. p values are calculated with a one-way ANOVA (unpaired) with Dunnett’s correction 

for multiple comparisons. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; n.s., p ≥ 0.05.

See also Figures S4–S6 and Table S2.
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are reactive to T2 cells but not the RAPTR pMHC virus library, 

highlighting a potential strength of pMHC-pseudotyped 

lentiviruses.

Noting that the RAPTR pMHC viral library is a potent antigen-

specific activator of T cells, we additionally set out to compare 

TCRs activated by our 101-member RAPTR viral library against 

a matched peptide pool. We sorted and bulk sequenced all 

T cells activated (CFP + ) or activated and transduced (CFP + GFP + ) 

by the 101-pMHC virus library, as well as cells activated (CFP + ) 

by the 101-peptide pool (Figure S6). The top 27 reactive TCR clo-

notypes are the same for all conditions (Figures S6A and S6B), 

with similar clonotype enrichment by both peptides and viruses 

(Figure 4D). TCR clonotypes activated by pMHC viruses (CFP + ) 

are also transduced (CFP + GFP + ) (Figures S6A and S6E). 

Comparing TCRs enriched by peptides and pMHC viruses 

beyond the top 27 clonotypes, we observe that each stimulus 

excludes several TCRs, 15 for viruses and 22 for peptides 

(Figure S6B), partly attributable to the definition of reactive as 

>10-fold enriched from the naive TCR library. The strong concor-

dance between TCR clonotypes enriched by peptides and 

pMHC viruses affirms our ability to extract reactive TCR clono-

types with orthogonal antigen discovery methods.

The reactive TCRs include 33 of 36 TCR clonotypes with >10 

cells in the RAPTR single-cell analysis, with the three missing 

clonotypes representing only 0.32% of enriched cells. To vali-

date hits, we examined clonotypes enriched by MART-1 26–35 an-

alogs (pool 20), as well as gp100 280–288 and gp100 209–217 ana-

logs (pool 21) (Figure 4E). TCR-antigen pairs captured via 

RAPTR largely correspond, with one mismatched clonotype 

per pool. These mismatched TCRs are low frequency in the sin-

gle-cell data, with 6 cells for TCR #1388 (pool 20) and 26 cells for 

TCR #3048 (pool 21). Most TCRs not captured by RAPTR single-

cell analysis (gray) also failed to enrich >10-fold for the 

101-peptide pool or viruses. Given that the concentration of indi-

vidual peptides in pools 20 and 21 is ∼10-fold higher than in the 

101-peptide pool, we hypothesize that these TCRs may be less 

sensitive to antigen stimulation.

As further validation, we established individual clonal TCR J76 

cell lines for a selection of TCRs and verified reactivity to individ-

ually peptide-pulsed T2 cells (Figure 4F). Of these, 13 TCR-

antigen pairs identified via single-cell sequencing align with 

individual T2-peptide stimulation data, with two mismatched 

low-frequency clonotypes. By integrating large-scale TCR as-

sembly and reactivity screening with pMHC-displaying viruses 

and peptide-pulsed APCs, we enable large-scale screening of 

thousands of TCRs from tissue-derived TCRs.

Phenotypes and antigen reactivity of blister fluid TCRs 

in vitiligo

We next sought to examine the gene expression programs of an-

tigen-specific TCRs in vitiligo using our scRNA-seq dataset. An-

tigen-specific T cells have been reported to exhibit tissue-

resident memory (T RM ) 
49 and cytotoxic phenotypes, 36 yet the 

functional interplay and contributions of these cell states to viti-

ligo pathogenesis remain unclear. Paradoxically, the same T cell 

phenotypes implicated in autoimmunity are broadly protective in 

melanoma and other cancers. 50,51 Although vitiligo and mela-

noma share antigenic targets, 7,14–17 it remains unclear whether 

antigen-specific T cells adopt similar transcriptional programs

in the context of an inflammatory autoimmune setting versus 

the immunosuppressive tumor microenvironment. Although 

chronic antigen exposure occurs in both contexts, thus far it 

has not been possible to directly compare T cell transcriptional 

states of known antigen-reactive T cells in autoimmunity and 

cancer.

To address these questions, we created an atlas of T cell phe-

notypes for all 10 donors via unsupervised clustering (Figures 5A 

and S7; Table S3) paired with TCR-seq data evaluated for anti-

gen reactivity. Most cells captured were CD8 + . A minority of cells 

were regulatory T cells, as evidenced by expression of FOXP3 

(Figure S7). Among CD8 + T cells, we observed a ‘‘cytotoxic 

CD8’’ cluster defined by high expression of multiple granzymes 

and perforin (PRF1), consistent with prior literature highlighting 

the role of cytotoxic CD8 + T cells in vitiligo. 52 This phenotype 

was corroborated by high expression of HLA-DRB1 in this clus-

ter (Figure S7). We further detected two clusters characterized 

by expression of ZNF683 (HOBIT), a key transcription factor 

marking tissue-resident CD8 + T cells, and the chemoattractant 

GPR183 (EBI2), marking CD8 + T cells in an activated and migra-

tory state. 53

To resolve the identities of these clusters and compare them to 

known T cell phenotypes in vitiligo, we surveyed expression of 

effector molecules, cytokines, chemokines, and transcription 

factors across the entire T cell atlas. The cytotoxic CD8 T cell 

cluster expressed high levels of multiple granzymes, including 

GZMA, GZMB, GZMH, and GZMM, but did not display high 

expression of GZMK (Figure S7), in contrast to the CD8 + 

GZMK + cells previously shown to drive pathogenesis in rheuma-

toid arthritis 55 and airway inflammation. 56 Suggesting an ex-

hausted state, the cytotoxic CD8 cluster expressed PDCD1, 

CTLA4, and TIGIT (Figure S7). Among cytokines and chemo-

kines, IFNG and CCL4/5 were predominantly expressed, in addi-

tion to IL32 (Figures 5B and S7), which previous studies link to 

effector T cell responses in skin inflammation. 57–59 The tissue-

resident cluster was broadly HOBIT + CD69 + ITGAE (CD103) + 

CD49A (ITGA1) - , consistent with prior reports. 60–62 Although 

ITGAE (CD103) was most highly expressed in our ‘‘tissue-resi-

dent’’ cluster (Figure S7; Table S3), both CD69 and ZNF683 

were also detected at a lower level across the T cell atlas 

(Figure S7). This aligns with observations that CD8 + T cells 

generally adopt a T RM phenotype in vitiligo. 60–62

To define the phenotypes of clonally expanded and antigen-

reactive TCRs, we analyzed scTCR-seq and scRNA-seq data 

(Table S3). A total of 619 melanocyte-reactive T cells, repre-

senting 138 TCR clonotypes (Table S3), were distributed 

over multiple clusters in the T cell atlas, with the majority 

localized to the CD8 + cytotoxic cluster (Figure 5B). We further 

examined TCRs reactive to MART-1 26-35 , hereafter MART-1 

(Figure 5C; N = 24 TCRs, 147 cells), a key antigen in both viti-

ligo 49 and melanoma. 63 These T cells were highly enriched in 

the CD8 + cytotoxic cluster and demonstrated strong tran-

scriptional upregulation of TRAV12-2 relative to other melano-

cyte-reactive TCRs (Figure S7B; Table S3). Viral-reactive 

clones were broadly distributed across similar transcriptional 

clusters as the melanocyte-reactive clones but were relatively 

underpowered in our dataset (Figure 5D; N = 38 TCRs, 84 

cells). By contrast, cells harboring TCRs that were highly clon-

ally expanded but not captured as reactive (‘‘top undetected
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Vitiligo dataset- 10 donors; 52016 cells; 3808 paired TCRs tested
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Figure 5. Phenotypes of TCRs with detected antigen reactivity

(A) UMAP representation of T cell clusters from integrated single-cell RNA sequencing (scRNA-seq) analysis of 10 vitiligo donors.

(B–E) Transcriptional cluster distribution of all melanocyte-reactive TCRs (B), MART1-reactive TCRs (C), viral-reactive TCRs (D), and top undetected TCRs (E). 

(F and G) Clonal frequency distribution of antigen-detected TCR clonotypes versus non-antigen-detected TCR clonotypes (‘‘others’’). Clone frequency is 

calculated per donor. Data show antigen-detected clonotypes have a higher clonal frequency compared with non-antigen-detected clonotypes.

(H) Enrichment of variable gene segments in antigen-detected TCR clonotypes compared with non-reactive clonotypes. Statistics were computed using Fisher’s 

exact test.

(I) Pairwise clone similarity computed using TCRdist between pairs of clonotypes in the indicated groups.

(J) Application of the TTE gene signature from Oliveira et al. 7 to clonotypes in our dataset.

(K) Correlation of melanocyte-reactive gene expression signature with the melanoma TTE signature across all cells with antigen-reactive TCRs.

(L) Correlation of the NeoTCR8 gene signature from Lowery et al. 54 across all cells in (K).

(M) Merged embedding of scRNA-seq data from vitiligo blister fluid (our data) and melanoma tissue data from Oliveira et al. 7

p values are calculated using two-sided Wilcoxon tests for pairwise comparisons between antigen-reactive groups and Spearman correlation for correlation 

analyses. See also Figures S7–S10 and Table S3.
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TCRs’’) demonstrated a moderately decreased enrichment in 

the CD8 + cytotoxic cluster (Figure 5E). Differential expression 

analysis comparing the transcriptional phenotypes of top un-

detected TCRs to those of melanocyte-reactive TCRs re-

vealed widespread differential expression of TCR variable 

gene segments (Figure S7B; Table S3), suggesting that 

altered antigen and/or HLA specificity, rather than altered 

T cell state, is the defining feature of the top undetected 

TCRs. Melanocyte-reactive TCRs exhibited higher clonal fre-

quencies across and within individual donors compared 

with viral-reactive TCRs and non-antigen-detected TCRs 

(‘‘others’’) (Figures 5F, 5G, and S7C). Moreover, MART-

1-reactive TCRs are more clonally expanded relative to other 

melanocyte-reactive TCRs. These findings underscore the 

importance of MART-1 recognition in vitiligo pathogenesis 

and the capacity of our approach to detect TCRs specific 

for disease-associated antigens.

Previous studies have reported biased germline V allele usage 

in antigen-specific TCRs in autoimmunity. 64 To investigate 

whether antigen-specific TCRs are similarly restricted in vitiligo, 

we compared individual V or J allele usage in melanocyte-reac-

tive clonotypes relative to other TCRs. Both TRAV12-2 and 

TRBV19 were significantly enriched in melanocyte-reactive 

TCRs relative to all non-reactive TCRs or top undetected clones, 

largely driven by MART-1 reactivity (Figure 5H; Table S3).

We next used TCRdist 65 to explore and quantify sequence 

similarities between antigen-reactive TCRs, focusing on 

MART-1-reactive clonotypes. TRAV-12 + MART-1-reactive 

TCRs demonstrated high pairwise similarity relative to TRAV-

12 − MART-1-reactive, top undetected, and non-reactive TCRs 

(Figures 5I and S8A). This similarity is not observed if TCRdist 

is computed based on CDR3 sequences (Figure S8B), confirm-

ing that TRAV12-2 drives clustering of TRAV12-2 + MART-

1-reactive TCRs. We next examined pairwise TCR distance 

distributions to assess whether antigen-reactive clones were 

systematically missed. MART-1-reactive clonotypes enriched 

in the lowest decile of pairwise TCR distances (‘‘G1’’), with prev-

alence decreasing at greater distances (Figures S8C and S8D). 

Consistent with our clustering analysis, TRAV-12 + MART-

1-reactive TCRs dominate the lowest pairwise distances 

(Figures S8E and S8F). The lack of co-clustering between 

MART-1-reactive and non-reactive TCRs suggests that we 

largely captured MART-1-reactive clonotypes, while other mela-

nocyte-reactive TCRs exhibit low clustering with diverse 

sequences.

The presence of effector and exhaustion markers on antigen-

specific T cells in vitiligo prompted us to assess their transcrip-

tional similarity to T cells in melanoma. We derived signatures 

of melanocyte-reactive and viral-reactive TCRs (Table S3) in viti-

ligo blister fluid and applied previously published gene expres-

sion signatures of antigen-specific CD8 + T cells in melanoma 7 

to our dataset (Figures 5J and S9A). Among melanoma tumor-

specific T cell signatures derived in Oliveira et al., 7 the terminal 

exhausted (TTE) signature was most strongly enriched in our viti-

ligo melanocyte-reactive T cells compared with non-reactive 

cells (Figures 5J and S9A). Genes shared between our melano-

cyte-reactive signature and the TTE signature included CCL5, 

GZMB, HOPX, MTSS1, and PRF1. A second, independent neo-

antigen-reactive T cell signature (NeoTCR8) 54 showed similar

enrichment among our melanocyte-reactive T cells (Figures 5L, 

S9A, and S9C). Further, all tumor-specific signatures from Oli-

veira et al. 7 correlated with our derived melanocyte-reactive 

T cell signature, with the strongest correlations observed for 

the TTE and T progenitor exhausted (TPE) signatures 

(Figures 5K and S9B). We noted comparable enrichment and 

correlation with the NeoTCR8 signature (Figure S9A).

We next merged our vitiligo scRNA-seq data with melanoma 

scRNA-seq data from Oliveira et al., 7 confirming that our mela-

nocyte signature was enriched in tumor-reactive T cells 

(Figures S9D–S9F). Visualization of antigen-reactive clones 

from both vitiligo and melanoma on the merged embedding 

confirmed their overall transcriptional similarity (Figures 5M 

and S10). Nonetheless, differential gene expression analysis re-

veals subtle differences between the two cell states (Figure S10; 

Table S3), with HLA-II genes, antigen processing components (e. 

g., CD74), and LAG3 upregulated in melanoma tumor-reactive 

T cells, whereas genes related to TCR signaling (e.g., CD3G, 

CD48, and CD81) and IL7R were upregulated in vitiligo-reactive 

cells. Collectively, these results suggest largely shared CD8 + 

T cell transcriptional phenotypes between vitiligo and mela-

noma, although the tumor microenvironment imposes subtle 

changes in antigen-reactive T cells.

Assembly and antigen reactivity screening of a 30,000+ 

TCR library

With a validated methodology to construct TCR libraries, we next 

set out to determine if we could efficiently assemble tens of thou-

sands of TCRs in a single reaction workflow. We compiled 

30,810 TCR sequences derived from tumor-infiltrating lympho-

cytes (TILs) from surgically resected tumors and matched 

PBMCs from 21 donors with PDAC, as well as PBMCs from 9 

PDAC and 2 healthy donors 66,67 (Figure 6A; Table S2). We or-

dered CDR3α/β oligos at a cost of $0.30 per TCR and assembled 

the TCR library using TCRAFT. Analogous to the 3,808 TCR 

library, we characterized the product with both Oxford Nanopore 

long-read sequencing and short-read Element sequencing. 

CDR3α and CDR3β sequences accurately paired with their cor-

responding TRAV and TRBV alleles, with 99.1% of assembled 

sequences forming correctly assembled TCRs and 99.6% 

(30,681/30,810) of TCRs detected via long-read sequencing 

(Figure 6B). TCR frequencies spanned ∼36-fold between the 

5 th and 95 th percentiles, a modest distribution suitable for a vari-

ety of screening methods (Figures 6C and 6D). Short-read 

sequencing captured 99.9% of CDR3α and CDR3β sequences 

(30,772/30,810).

To evaluate our ability to isolate rare antigen-reactive TCRs 

from this large TCR library, we expressed the 30,810 TCR library 

in a clonal NFAT-CFP reporter J76 T cell line. To experimentally 

validate that the library was functional, we activated the TCR li-

brary with T2 cells pulsed with the previously used pool of 

96 seroprevalent viral (CEF) HLA-A2-binding epitopes 

and select individual peptides: influenza-derived GL9 

(GILGFVFTL), CMV-derived NLV (NLVPMVATV), and EBV-

derived GLC (GLCTLVAML), and sorted activated cells for TCR 

sequencing analysis. Five donors with available haplotypes 

were HLA-A*02:01 + , and the library incorporates TCRs from 

both TILs and PBMCs. We thus anticipated a small proportion 

of the TCRs to be potentially reactive to these immunodominant
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Figure 6. Pooled assembly of 30,810 TCRs from scTCR-seq of PDAC tumor resections and PBMCs

(A) Sample origin and extraction of 30,810 TCRαβ clonotypes.

(B) Heatmap depicting accuracy of TRAV and TRBV allele pairing to CDR3α and CDR3β sequences as log 10 -transformed read counts of all TRAV-CDR3α and 

TRBV-CDR3β combinations. Red and gray indicate correct and incorrect pairing, respectively.

(C) Log 10 -transformed read counts of complete, correctly assembled TCRs.

(D) Summary data on the proportion of 30,810 TCRs detected, the proportion of all TCRs correctly assembled, and frequency distribution.

(E) Screen of 30,810 TCR library with peptide-pulsed T2 cells (individual peptides and a 96-member CEF peptide pool). Bar plot shows activation as a percentage 

of cells NFAT + CD69 + with representative flow plots for each antigen or pool. Data are represented as mean ± SD for n = 4 replicates. p values were calculated with 

a one-way ANOVA (unpaired) with Dunnett’s correction for multiple comparisons.

(F) Scatterplot representing TCR clonotypes enriched by T2 cells pulsed with NLV, CEF pool, or no peptide (negative control). Enriched cells were processed via 

NGS to extract TCR clonotypes. TCR frequencies are depicted with each dot representing a unique TCR clonotype. Colored dots indicate the top 10 TCR 

clonotypes enriched exclusively by NLV peptide (red) or CEF (blue).

See also Figures S2, S3, S5, and S6 and Table S2.
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epitopes. We captured reactivity to the CEF peptide pool 

(p < 0.0001) and NLV peptide (p = 0.0017) by a small fraction 

of cells (Figure 6E). We sorted cells reactive to T2 cells pulsed 

with the 96-peptide CEF pool, T2 cells pulsed with NLV peptide, 

and T2 cells without peptide as a negative control. We then 

sequenced CDR3β amplicons to identify activated TCRs for 

each condition and examined their frequency in the naive library 

(Figure S5E). Of the ten most abundant clonotypes enriched by 

NLV but not the no-peptide control (Figure 6F), seven contained

α or β chains documented as NLV-specific in VDJDb. 68 Two of 

these clonotypes match TCRs known to recognize NLV 

(Table S2), and three clonotypes are from a donor confirmed to 

be HLA-A2 + . 65,69 The top 40 clonotypes enriched by NLV are 

listed in Table S2. Consistent with the presence of NLV in the 

96-peptide pool, NLV-reactive TCRs represent a subset of those 

enriched by the CEF peptide pool (Figure S6F). To further vali-

date these TCRs, we re-stimulated NLV-enriched cells with T2 

cells pulsed with NLV peptide and no peptide. Sorting activated 

(NFAT-CFP + CD69 + ) cells, we recovered the same top NLV-reac-

tive TCRs (Figure S6G). Our approach to assembling large syn-

thetic TCR libraries enables the sensitive identification of low-

frequency antigen-reactive TCRs.

DISCUSSION

Scalable, cost-effective synthesis and functional screening of 

TCR libraries with high accuracy are essential to decoding 

TCR-antigen specificity. We have integrated single-cell CD8 + 

T cell profiling, pooled low-cost assembly of thousands of 

TCRs, and library-on-library TCR-antigen screening to build a 

broadly adoptable TCR-antigen screening pipeline and to 

examine transcriptomic signatures of antigen-reactive TCRs. 

Our TCR assembly approach, TCRAFT, enables low-cost, 

pooled synthesis of tens of thousands of TCRs with >99% as-

sembly accuracy while maintaining native α/β pairing. Immortal-

ized TCR-expressing cells facilitate deep profiling of irreplace-

able samples, including blister fluid and resected tumor in this 

study, that would otherwise be infeasible to study with primary 

cell screens. 7,20–22,24,29,70 This approach additionally enables 

rounds of enrichment, repeated screens with different sets of an-

tigens, functional characterization, and TCR-antigen pairing in a 

single step using RAPTR. By integrating TCRAFT with an opti-

mized RAPTR pipeline, we achieved efficient, one-pot screening 

of TCR-antigen interactions, allowing identification of antigen-

specific TCRs from thousands of TCRs with matched gene 

expression data. Using this pipeline, we screened 3,808 TCRs 

derived from vitiligo lesions of 10 donors against 101 antigens 

in a library-versus-library format and an expanded set of 561 an-

tigens classified by melanocyte or viral origin. We further synthe-

sized a 30,810-TCR library in a single reaction and demonstrated 

the compatibility of both TCR libraries with peptide-pulsed anti-

gen-presenting cell screening. By linking antigen specificity to 

scRNA-seq data for vitiligo lesion-associated TCRs, we identi-

fied signatures of both melanocyte- and viral-reactive TCRs 

and shared transcriptional phenotypes with antigen-specific 

T cells in melanoma.

Advances in single-cell methods for sequencing paired 

TCR chains have produced large TCR datasets with little 

data on antigen specificity. Fewer than 1 million unique

TCR-antigen pairs are known, with less than 4% of these 

TCRs including both TCR α and β chains. 2 Current pipelines 

for reconstructing and evaluating TCR sequences for speci-

ficity are largely confined to research groups with specialized 

expertise and typically focus on individual TCRs selected 

based on clonotypic expansion or phenotype. Although 

large-scale TCR synthesis and screening would provide unbi-

ased antigen reactivity profiling, existing strategies are 

expensive, scale-limited, or difficult to execute, requiring 

liquid handling or specific optimization for each TCR library. 

By contrast, TCRAFT is affordable (<$1/TCR), freely available, 

easy to implement, and compatible with an array of antigen 

discovery methods. We anticipate that these features will 

enable broad use, leading to a significant increase in the num-

ber and diversity of known TCR-antigen pairs. This will accel-

erate the identification of clinically relevant TCRs for adoptive 

cell therapies and engineered therapeutics while providing 

valuable training data for computational models predicting 

TCR specificity.

Characterizing antigen-specific T cells in autoimmunity is 

crucial to decoding disease pathogenesis, developing diag-

nostic markers, and designing targeted immunotherapies. 

Analysis of paired scRNA-seq and TCR-seq data from vitiligo 

blister fluid revealed that melanocyte- and viral-reactive TCRs 

span multiple transcriptional states. Underscoring the speci-

ficity and sensitivity of our screening pipeline, TCRs identified 

as vitiligo antigen-specific exhibited pronounced clonal expan-

sion. These T cells primarily adopted a cytotoxic phenotype 

characterized by expression of granzymes, IFNG, CCL4/5, 

PRF1, and exhaustion markers such as PDCD1. Gene signature 

analysis of antigen-reactive T cells in our dataset revealed sig-

nificant correlation with antigen-specific T cells in melanoma, 

particularly with terminally exhausted CD8 + T cells. The molec-

ular mechanisms driving convergent phenotypes of T cell cyto-

toxicity and exhaustion in autoimmunity and cancer remain to 

be determined but are likely driven by chronic antigen expo-

sure. 71,72 Our data suggest that T cell exhaustion is a common 

phenotype of antigen-specific T cells across autoimmunity and 

cancer. Notably, genetic analyses have associated vitiligo with 

reduced incidence of melanoma, 73 raising the possibility that 

antigen-reactive T cells in one setting may confer protection 

in another.

Paired with new methods to capture TCR sequences such 

as TIRTL-seq, 19 our approach for large-scale TCR assembly 

and screening using RAPTR and peptide-pulsed APCs com-

pletes a pipeline to generate TCR specificity data at an un-

precedented scale. Given the extensive work expressing 

TCRs in both primary and Jurkat cells, we expect that our 

TCR library assembly approach will be compatible with 

any workflow utilizing TCR-expressing cells. 7,11,31,39,74–82 

TCRAFT should also readily integrate with other antigen dis-

covery approaches, including T-Scan, 11,79 MCR-TCRs, 80 

TCR-MAP, 78 pMHC multimers, 40 and screening of minigene li-

braries, 81 expanding the scale of known TCR-antigen interac-

tions. By enabling rapid and cost-effective TCR assembly and 

seamlessly integrating TCR libraries with multiple antigen 

screening methods, this pipeline has the potential to advance 

immunotherapy, accelerate vaccine design, and deepen our 

understanding of TCR recognition.
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Limitations of the study

This integrated approach to synthesize, express, and deorphan-

ize TCRs has several limitations. Although RAPTR is theoretically 

capable of screening thousands of antigens, 32 we limited our 

screen to 101 antigens due to the cost and logistical challenge 

of building large viral libraries. At present, RAPTR requires a 

one-time arrayed transfection step to generate a viral packaging 

cell line that can then be used to produce pooled viral libraries. 

Recent advances in constructing viral packaging cell lines in 

pool 83,84 and automation may significantly reduce this cost 

and increase the scale of RAPTR screens.

Even at the scale of thousands of antigens, RAPTR and most 

existing antigen discovery approaches require pre-selecting 

HLA alleles and potential antigens. Our study screened a total 

of 561 HLA-A*02:01-binding antigens and found only ∼5% of 

the TCR repertoire to be reactive to these antigens. It is likely 

that other TCRs in the library are melanocyte-reactive, either to 

other antigens bound to HLA-A*02:01 or other MHCs, but were 

not detected in our screen. Improvements to screening ap-

proaches such as RAPTR, functional screening in primary cells, 

and the incorporation of peptide-MHC datasets from sources 

including immunopeptidomics, whole exome sequencing, and 

RNA sequencing will likely improve the antigen identification 

rate for orphan TCRs.

We applied TCRAFT, RAPTR, and an APC-based assay to 

screen TCR reactivity with Jurkat cells, an approach well-suited 

for profiling low-frequency TCRs and irreplaceable samples. 

Synthetic TCR libraries can also be expressed in primary cells 

for functional assays (i.e., AIM) 82 and to examine potential differ-

ences in antigen sensitivity between Jurkat and primary cells. 24 

Further, although TCRAFT is currently designed for reconstruct-

ing human TCR repertoires, this design framework can be readily 

applied to develop equivalent systems for other organisms. 

Despite these limitations, this work demonstrates cost-effec-

tive, large-scale TCR synthesis, functional screening, and TCR-

antigen mapping from sequencing data, enabling deep profiling 

of scarce samples. These advances establish a broadly adopt-

able platform to link T cell specificity to transcriptomic state 

and build a foundation for expanded study of T cell recognition 

in diverse disease contexts.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Michael Birnbaum 

(mbirnb@mit.edu).

Materials availability

TCRAFT plasmids are available as a kit on Addgene (Birnbaum group), both pre-

pooled (https://www.addgene.org/pooled-library/birnbaum-human-tcraft/, Cat 

#1000000264) and as individual plasmids (https://www.addgene.org/kits/ 

birnbaum-tcraft/, Cat #1000000271). Additional plasmids are available upon 

request.

Data and code availability

Code to generate oligo pools for TCRAFT, analyze TCR library composition, 

and process NGS and single-cell RAPTR sequencing data is available on 

GitHub at https://github.com/birnbaumlab/TCRAFT/ and https://github.com/ 

birnbaumlab/Gaglione-et-al-2025. NGS and RAPTR scRNA-seq datasets 

are available in the National Center for Biotechnology Information Sequence

Read Archive under accession number PRJNA1247142. scRNA-seq and 

scTCR-seq data are available at https://singlecell.broadinstitute.org/single_ 
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reactivity-mapping-in-vitiligo (accession number SCP3412). Any additional in-

formation required to reanalyze the data reported in this paper is available from 

the lead contact upon request.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC anti-human CD69 (clone FN50) Biolegend Cat#310910; RRID: AB_314845

PE anti-human CD19 (clone HIB19) Biolegend Cat#302208; RRID: AB_314238

APC anti-human TCR α/β (clone IP26) Biolegend Cat#306718; RRID: AB_10612569

PE anti-human TCR α/β (clone IP26) Biolegend Cat#306708; RRID: AB_314646

Bacterial and virus strains

Stbl3 chemical competent cells ThermoFisher Cat#C737303

ElectroMAX® DH10β electrocompetent E. coli ThermoFisher Cat#18290015

Biological samples

Suction blister biopsies Vitiligo Clinic and Research 

Center, University of 

Massachusetts Chan 

Medical School

N/A

Chemicals, peptides, and recombinant proteins

Synthesized peptides Genscript Table S2

Phorbol 12-myristate 13-acetate (PMA) ThermoFisher Cat#J63916.MA

DEAE-dextran hydrochloride Sigma Cat#D9885-10G

Ionomycin, 96% ThermoFisher Cat#J62448.MCR

Critical commercial assays

NEBNext Ultra II Q5 Master Mix NEB Cat#M0544L

KAPA HiFi HotStart Readymix Roche Cat# KK2601

NEBridge Ligase Master Mix NEB Cat#M1100

NEBridge Golden Gate Assembly Kit (BsmBI-v2) NEB Cat#E1602

NEBridge Golden Gate Assembly Kit (BsaI-HF-v2) NEB Cat#E1601

BsaI-HF-v2 NEB Cat#R3733

BsmBI-v2 NEB Cat#R0739

BbsI-HF NEB Cat#R3539

SapI NEB Cat#R0569

FastDigest XbaI ThermoFisher Cat#FD0685

FastDigest Buffer ThermoFisher Cat#B64

Nuclease-free water (not DEPC-treated) ThermoFisher Cat#AM9937

Shrimp alkaline phosphatase (rSAP) NEB Cat#M0371

ElectroMAX DH10B E. coli ThermoFisher Cat#18290015

MCE membrane filter, 0.025 μm pore size Millipore Sigma Cat#VSWP02500

Chloramphenicol Millipore Sigma Cat#C0378

Electroporation cuvette (1 mm gap) VWR Cat#89047-206

SPRIselect beads Beckman Coulter Cat#B23317

GeneJET Plasmid Miniprep Kit ThermoFisher Cat#K0502

GeneJET Gel Extraction Kit ThermoFisher Cat#K0692

TransIT®-Lenti Transfection Reagent Millipore Sigma Cat#MIR6603

Quikchange Lightning Site-Directed Mutagenesis Kit Agilent Cat#210518

Genscript Genbuilder Gibson Mix Genscript Cat#L00701-50

Ligation sequencing DNA V14 Oxford Nanopore Technologies Cat#SQK-LSK114

Chromium GEM-X Single Cell 5 ′ Kit v3 10X Genomics Cat#PN-1000695

Chromium Next GEM Single Cell 5 ′ Kit v2 10X Genomics Cat#PN-1000263

(Continued on next page)
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK293T cells (ATCC CRL-11268) were cultured in DMEM (ATCC) supplemented with 10% fetal bovine serum (FBS; Atlanta bio-

logics) and penicillin-streptomycin (Gibco). Jurkat J76 T cells, a Jurkat E6.1 cell line devoid of TCR alpha and beta chains, were a

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chromium Next GEM Single Cell 5 ′ Kit v1.1 10X Genomics Cat#PN-1000165

Library Construction Kit 10X Genomics Cat#PN-1000190

Chromium Single Cell Human TCR Amplification Kit 10X Genomics Cat# PN-1000252

PureLink™ Genomic DNA Mini Kit ThermoFisher Cat#K182001

Deposited data

Raw TCRAFT library sequencing (Nanopore and Element) This paper SRA: PRJNA1247142

Raw bulk NGS data (RAPTR) This paper SRA: PRJNA1247142

Raw single cell sequencing data (RAPTR) This paper SRA: PRJNA1247142

Processed blister fluid scTCR-seq and scRNA-seq data This paper https://singlecell.broadinstitute. 

org/single_cell: accession SCP3412

30,810 TCR sequences (scTCR-seq data) Ali et al. 76 , Katz et al. 77 N/A

Melanoma scRNA-seq data Oliveira et al. 7 dbGaP: study ID 26121, accession 

phs001451.v3.p1

Experimental models: Cell lines

HEK-293T ATCC Cat#CRL-3216

Jurkat J76 Heemskerk lab N/A

T2 ATCC Cat#CRL-1992

NFAT-CFP CD8 + Jurkat J76 This paper N/A

J76_3808 TCR library This paper N/A

J76_30,810 TCR library This paper N/A

Clonal TCR J76 This paper N/A

Oligonucleotides

Oligos for TCRAFT This paper Table S4

Oligos for library preparation This paper Table S4

Recombinant DNA

psPAX2 Addgene Cat#12260

pMD2.G Addgene Cat#12261

pMD2.VSVG-mut Addgene Cat#182229

pGGAselect Addgene Cat#195714

pLeAPS-GFP Addgene Cat#182230

pHIV-peptide-b2M-HLA-A0201 (SCT pMHCs) This paper N/A

pHIV-TCR (clonal TCRs) This paper N/A

TCRAFT TRAV-TRBC and TRBC-TRAV vectors This paper; Addgene Cat# #1000000264 and Cat#1000000271

Software and algorithms

Cellranger (vX3.1) 10X Genomics https://www.10xgenomics.com/support/

software/cell-ranger/latest

Prism (v10) Graphpad https://www.graphpad.com/features

Flowjo (v.10.10.0) BD https://www.flowjo.com/

Seurat (v.4.4.0) Hao et al. 85 https://doi.org/10.1016/j.cell.2021.04.048

TCRAFT package This paper https://github.com/birnbaumlab/TCRAFT

Other

Code and analyses This paper https://github.com/birnbaumlab/TCRAFT

https://github.com/birnbaumlab/
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gift from Dr. M. Heemskerk. 39 J76 cells and T2 cells (ATCC CRL-1992) were cultured in RPMI-1640 (ATCC) supplemented with 10% 

FBS and penicillin-streptomycin.

Biological Samples

Suction blister biopsies

Individuals with rapidly progressing, active vitiligo were recruited under an Institutional Review Board-approved protocol (H-14848) 

at the University of Massachusetts Chan Medical School. Participants with a diagnosis of vitiligo by clinical exam performed by a 

dermatologist and treatment-naive for more than 6 months were included for sampling. Clinical blistering sites were examined 

through suction blister biopsies focused on specific areas showing disease symptoms. Blisters were purposefully formed over 

confetti or trichrome lesions, incorporating both affected and surrounding skin to capture immune cells. Active lesions not charac-

terized as confetti or trichrome were sampled at the border zone between depigmented and pigmented skin. Ten suction blisters 

were obtained and pooled for each patient, as previously described. 86

METHOD DETAILS

Plasmid cloning and construction

Oligonucleotides were ordered from IDT (listed in Table S2), gene fragments were synthesized by Twist Biosciences and IDT, oligo-

nucleotide pools were synthesized by Twist Biosciences (250-300 nt) and IDT (300-350 nt), and TCRAFT vectors were constructed by 

Genscript and Twist Biosciences. psPAX2 and pMD2.G were gifts from D. Trono (Addgene #12260 and #12259). pMD2.G-VSV-G-

mut is available on Addgene as plasmid #182229. 32 TRBV-TRAC and TRBC-TRAV TCRAFT vectors were designed using native hu-

man sequences for TRBV and TRAV alleles from IMGT. 87 Vectors were assembled by Twist Biosciences: TRBV-TRAC in a pGGA 

cloning vector with chloramphenicol resistance and TRAC-P2A-TRAV in the pTwist Kan HC v2 cloning vector with kanamycin resis-

tance (Table S1). A lentiviral expression vector (pHIV backbone) was constructed by inserting a gene fragment (IDT) encoding LacZ 

flanked by SapI recognition sites (5’-GCA-SapI site-LacZ-SapI site-ATC-3’) using Genscript Genbuilder Gibson Mix (Genscript 

#L00701-50) and removing an undesired backbone SapI site with the Quikchange Lightning Site-Directed Mutagenesis Kit (Agilent 

#210518).

To generate pMHC-displaying lentiviruses, 101 pMHCs were cloned into a pHIV backbone by Genscript as single-chain trimers 

(SCT) 32 (HGH signal peptide-peptide-G4S linker-β2 microglobulin-HLA-A*02:01) with two cysteine mutations to stabilize peptide-

MHC binding (Y84C in HLA-A2 and G2C in the G4S linker). Our previously described pLeAPS-GFP plasmid 32 was modified to include 

a 10X bead-compatible tag sequence (TSO) 42 and an extended 18 bp barcode via randomized primers.

Individual TCRs for validation were ordered as TRBV-TRBC-P2A-TRAV gene fragments (IDT) and assembled via Golden Gate into 

the same pHIV backbone described above, modified to contain the TRAC flanked by BsmBI recognition sites.

Selection of TCRAFT Golden Gate overhang sets

Unique, highly orthogonal overhangs were designed for each TRBV-TRAC (n = 48) and TRBC-TRAV (n = 45) vector to ensure each 

CDR3α and CDR3β pairs with correct alleles in hierarchical Golden Gate assembly reactions. To ensure that TCRAFT assembly prod-

ucts formed functional protein coding sequences, the overhangs assigned to each TRBV-TRAC and/or TRBC-TRAV vector were en-

coded within the V/C region coding sequences. Because each vector was assigned a unique overhang pair, the same 93 overhang 

pairs were conserved across all TCRAFT assemblies regardless of the composition of the CDR3 oligo pool, enabling reproducible 

assemblies across TCR libraries of all sizes and compositions.

To begin the overhang design process, all possible valid 4-bp overhangs were first identified in the last 8 amino acids of each native 

TRBV and TRAV sequence and the first 10 amino acids of the TRAC and TRBC via combinatorial codon shuffling. An overhang set

Ω = 
( 

O L1; O R1

) 
; …; 

(
O Ln; O Rn

) 
was defined as a set of n overhang pairs 

( 
O Li ;O Ri

) 
, where O Li and OR

i correspond to the left and right 4-bp

overhangs assigned to vector i, respectively. All 4-bp overhangs were defined to be in 5’-3’ orientation by default.

A NEB dataset of overhang ligation fidelities for all 256 possible 4-bp overhangs was used to computationally model overhang liga-

tion. 33 This dataset was generated by incubating an oligonucleotide pool spanning all 256 possible 4-bp overhangs with various 

Golden Gate Type IIS enzymes to measure the pairwise ligation fidelity between all possible 4-bp sequences. Because pairing fidelity 

was determined via sequencing of the ligated products, for all possible 4-bp overhang pairs O i and O j , the NEB dataset contains r 
( 
O i ; 

O j 
) 
, the number of sequencing reads corresponding to O i and O j ligated together. By definition, r is symmetric: r 

( 
O i ;O j 

) 
= r 

( 
O j ;O i 

) 
. 

The NEB ligation fidelity dataset was used to compute p(O i | 𝕊), the marginal probability that overhang O i ligates with its Watson-

Crick overhang pair RC(O i ) (where RC(O i ) denotes the reverse complement of O i ) given an arbitrary list 𝕊 of total overhangs present 

in the reaction mixture as follows:

p(O i | 𝕊) =
1

2 
⋅

⎡

⎢
⎣ 

r(O i ; RC(O i ))
∑

O s ∈𝕊 

r(O i ;O s )
+ 

r(O i ; RC(O i ))
∑

O s ∈𝕊 

r(RC(O i );O s )

⎤

⎥
⎦
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p(O i | 𝕊) was computed by dividing the number of reads corresponding to O i ligated with RC(O i ) by the sum of reads correspond-

ing to O i or RC(O i ) ligating with all possible overhangs in the total background list 𝕊. The average of two terms accounts for numerical 

differences between the sums 
∑ 

O s ∈ 𝕊 r(O i ; O s ) and 
∑ 

O s ∈ 𝕊 r(RC(O i );O s ), which in practice are similar but not identical. For the pur-

poses of TCRAFT overhang optimization, the following three background overhang lists were defined and used:

𝕃 := 
{ 

O Li ; RC 
( 

OL
i

) ⃒
⃒
⃒ 1 ≤ i ≤ |Ω| 

} 
(the set of all left overhangs and their reverse complements), ℝ := 

{ 
O Ri ; RC 

( 
O Ri

) ⃒
⃒
⃒ 1 ≤ i ≤ |Ω| 

}

(the set of all right overhangs and their reverse complements), 𝕋 := 𝕃 ∪ ℝ (the total set of all possible overhangs present in the reac-

tion mixture).

These components were used to construct a custom scoring function, f(Ω), which was designed to output higher scores for over-

hang sets that are predicted to be highly orthogonal and to yield accurate vector assemblies. f(Ω) was constructed as a weighted 

average of two sub-scores f 1 (Ω) and f 2 (Ω) as shown below:

f 1 (Ω) = min
1 ≤ i ≤ |Ω|

[ 
p 
( 

O Li
⃒
⃒ 𝕋 

) 
⋅ p 

( 
OR

i

⃒
⃒ 𝕋 

)] 

f 2 (Ω) =
∏

1 ≤ i ≤ |Ω| 

p 
( 

OL
i

⃒
⃒ 𝕃 

) 
⋅p 
( 

OR
i

⃒
⃒ ℝ 

)

f(Ω) = w⋅f 1 (Ω) + (1 − w)⋅f 2 (Ω)

f 1 (Ω) was designed to optimize for maximal correct circular vector assembly and was computed by taking the minimum of the cor-

rect assembly probability product across all vectors. Aggregating scores across each vector using the minimum instead of calcu-

lating an average or sum ensures that correct circular assembly values across vectors all exceed a minimum threshold. f 2 (Ω) was 

added as a regularization term to reward overhang sets that contain highly orthogonal overhangs and was computed by taking 

the total product of the left-ligation probabilities for all left overhangs and the right-ligation probability for all right overhangs. f 1 (Ω) 

and f 2 (Ω) were combined via a weighting coefficient which was empirically set to w = 0:5.

A Markov Chain Monte Carlo (MCMC) sampling approach inspired by the Metropolis algorithm and Simulated Annealing was used 

to stochastically identify overhang sets that achieve high scores on the scoring metric f(Ω). Each iteration, the algorithm generated a 

new candidate overhang set Ω ′ by randomly selecting one overhang O i ∈ Ω and replacing it with a different valid overhang for that 

position. The new overhang set was scored to obtain f(Ω ′ ), and the update was either accepted or rejected according to the Metrop-

olis acceptance distribution P accept :

P accept = min 

( 

1; exp 

(
f(Ω ′ ) − f(Ω)

T

))

Optimization was carried out in two fixed-temperature stages (unlike classical simulated annealing, which uses a time-varying tem-

perature schedule). In the first stage, eight random initializations of the overhang set were generated by sampling from the space of 

valid overhangs for each position, and these initial seeds were independently optimized for 10,000 iterations at a fixed temperature of 

T = 10 − 4 . All optimization trajectories were automatically terminated early if there was no score update for 1,000 consecutive itera-

tions. Following the first round, the overhang set with the highest score out of the eight parallel runs was selected for a second, focused 

optimization round. In this second round, eight copies of the best-scoring set from round 1 were again optimized in parallel at a higher 

temperature of T = 10 − 3 for 5,000 iterations. The highest-scoring set across all optimization runs was returned as the final over-

hang set.

The result was a pair of 4-bp overhangs for each TRBC-TRAV and TRBV-TRAC fragment that preserves coding sequences. A total 

of four overhang sets were generated: two overhang sets for TRBV-TRAC vectors, and another two sets for TRBC-TRAV vectors, 

termed A and B for both. TRAV pool A includes TRAV1-1 to TRAV16 (22 alleles) and pool B includes TRAV17 to TRAV41 (23 alleles). 

TRBV pool A includes TRBV2 to TRBV7-8 (24 alleles) and pool B includes TRBV7-9 to TRBV30 (24 alleles). TRAV and TRBV alleles 

were split into two pools each to maximize assembly efficiency. Code implementation of the workflow described above, which was 

used to generate all overhangs, is provided at https://github.com/birnbaumlab/Gaglione-et-al-2025.

Generation of TCRAFT CDR3 oligo pools

CDR3 oligos for TCRAFT assembly were generated using a software package available at https://github.com/birnbaumlab/TCRAFT. 

The script accepts a CSV file containing TRAV, TRBV, TRAJ, TRBJ, CDR3α, and CDR3β regions as an input, and outputs a list of 

oligos to order, pre-split into A and B pools. Output oligos are also separated by length (≤ 300 bp and >300 bp) to simplify ordering. 

The CDR3 oligo generation code begins by randomly sampling codons according to a human codon usage distribution table to 

generate nucleotide sequences that translate to the input CDR3α/β amino acid sequences. Following random nucleotide sampling, 

the script removes all TCRAFT-relevant restriction sites and homopolymer sequences greater than 5 nucleotides in length via syn-

onymous codon shuffling. The final CDR3 oligo is created by concatenating the appropriate primer sequences, restriction sites, and 

TRAV/TRBV/TRAC/TRBC junction sites with embedded overhangs to the cleaned CDR3α/β nucleotide sequences. Generated CDR3
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oligos are validated by a second script, also accessible at the link above, which simulates end-to-end TCRAFT assembly for each 

CDR3 oligo and ensures that the simulated TCRAFT assembly matches the desired input TCR clonotype in amino acid space and 

does not contain any extraneous restriction sites.

Validation of Golden Gate overhang sets

Computationally generated overhang sets were experimentally validated. Four pools of backbone library vectors were generated by 

inserting pools of oligos containing the overhang sets, BsmBI recognition sites, and a defined barcode for each overhang to enable 

computation of assembly fidelity into pGGAselect (Addgene #195714). Oligo pools representing eventual CDR3α/β oligos were 

flanked with BsmBI recognition sites, prescribed overhangs, and a unique barcode. Oligo pools were amplified according to manu-

facturer instructions (15 cycles).

Vectors and oligos for each overhang set were pooled in Golden Gate assembly reactions at a 4:1 molar insert-to-vector ratio with

2 μL of BsmBI Golden Gate Enzyme Mix (NEB) and T4 Ligase Buffer (NEB). Golden Gate reactions were cycled (30 cycles of 42C for

5 min, 16C for 5 min; 60C for 5 min, 80C for 20 min). 2 μL of the product was heat-shock transformed into competent Stbl3 E. coli, 

cultured under chloramphenicol (Sigma Aldrich) selection, and midiprepped. Amplicons of ligated insert and flanks were PCR-ampli-

fied (30 cycles) and submitted to Genewiz (Amplicon-EZ NGS). Comparison of barcodes adjacent to insert overhangs allowed for 

quantification of on-target versus off-target vector-insert pairing within each overhang set.

Synthesis and cloning of TCR libraries

TCR libraries were generated in hierarchical Golden Gate assembly reactions as follows. Oligo pools A and B (Twist for 250-300 nt, 

97% of TCRs; IDT for oligos > 300 nt, 3% of TCRs) were generated by the oligo generation script. Oligo pools were re-suspended as 

directed by the manufacturer. If ordered with separate manufacturers (Twist for ≤ 300 bp and IDT for >300 bp), oligos pools were 

mixed proportionally prior to amplifying. 20 ng of each oligo pool was PCR-amplified using NEBNext Ultra II Q5 Master Mix (NEB 

Cat #M0544L) (98C for 30s; 12 cycles of 98C for 30s, 68C for 30s, 72C for 30s; 72C for 5 min) using Oligo_f and Oligo_r primers fol-

lowed by a 1.8× SPRIselect bead (Beckman Coulter) cleanup and elution in elution buffer (Thermo Fisher).

In step 1, CDR3α/β oligo pools A and B were inserted into the TRBV-TRAC-containing vectors (A and B). In parallel, TRBV-TRAC 

vector pool A was reacted with CDR3α/β oligo pool A, and TRBV-TRAC vector pool B was reacted with CDR3α/β oligo pool B. The 

following were combined to generate two 15 μL reactions (A and B): 0.1 pmol of vector mix, 0.4 pmol CDR3α/β oligo pool, 5 μL 

NEBridge Ligase Master Mix (NEB), 1 μL BbsI-HF enzyme (NEB), and nuclease-free water (Thermo Fisher). Both Golden Gate reac-

tions were completed: 60 cycles of 37C for 5 min, 16C for 5 min; 65C for 20 min; hold at 4C. Post-reaction, a clean-up cut was 

performed to ensure complete elimination of unreacted vector by adding 1 μL of BbsI-HF enzyme (NEB) and 1 μL of shrimp alkaline 

phosphatase (rSAP) (NEB) to the reaction mix and incubating at 37C for 1 hour followed by 65C for 20 minutes for heat inactivation. 

The step 1 products were drop dialyzed for 3 hours on an MCE membrane filter (0.025 pore size) (Millipore Sigma). Dialyzed prod-

ucts were electroporated into ElectroMAX® DH10β electrocompetent E. coli (Thermo Fisher, cat No. 18290015) according to manu-

facturer instructions. Following overnight culture under chloramphenicol (Sigma Aldrich) selection, electroporation efficiency was 

evaluated, and products 1A and 1B were midiprepped using a NucleoBond Xtra Midi EF kit (Macherey-Nagel). A minimum of 

1000× library coverage was achieved at each electroporation step. Step 1A and 1B products were mixed proportionally according 

to the number of oligos in each oligo pool, henceforth referred to as step 1 product (minimum 300 ng required).

In step 2, step 1 product was reacted with the TRBC-TRAV-containing vectors (A and B) to insert TRBC-P2A-TRAV fragments 

between CDR3β and CDR3α. For step 2A, the following were combined to generate a 20 μL reaction: 150 ng of step 1 product and 

TRBC-TRAV pool A at a 1:2 molar ratio (313 ng), 2 μL of T4 ligase buffer (NEB), 1 μL NEBridge BsmBI-HF-v2 Master Mix (NEB), 

and nuclease-free water (Thermo Fisher). For step 2B, the following were combined to generate a 20 μL reaction: 150 ng of step 1 prod-

uct and TRBC-TRAV pool B at a 1:2 molar ratio (313 ng), 2 μL of T4 ligase buffer (NEB), 1 μL NEBridge BsaI-v2 Master Mix (NEB), and 

nuclease-free water (Thermo Fisher). Step 2A and 2B were completed separately with the following cycling conditions: 60 cycles of 

42C (BsmBI, step 2A) or 37C (BsaI, step 2B) for 5 min, 60C for 5 min; 80C for 20 min; hold at 4C. Post-reaction, 1 μL of BsmBI-v2 

enzyme (NEB) or 1 μL of BsaI-HF-v2 enzyme (NEB) were added to steps 2A and 2B, respectively, in addition to 1 μL of rSAP (NEB). 

Both were incubated at 55C (step 2A, BsmBI) or 37C (step 2B, BsaI) for 1 hour followed by 80C for 20 minutes. Step 2 products 

were dialyzed and electroporated identically as in step 1, described above, followed by culture under chloramphenicol (Sigma Aldrich) 

selection. Midiprepped step 2 products were mixed proportionally to form the complete TCR library (minimum 244 ng required).

In step 3, the complete synthetic TCR library was transferred to a destination lentiviral expression vector, described above, to 

enable TCR expression in cells. The following were combined to generate a 15 μL reaction: 0.05 pmol destination vector, 0.1 

pmol of mixed step 2 product, 5 μL of NEBridge Ligase Master Mix (NEB), 1 μL of SapI enzyme (NEB), and nuclease-free water 

(Thermo Fisher). The following cycling conditions were used: 60 cycles of 37C for 5 min, 16C for 5 min; 60C for 5 min; hold at 4C. 

Immediately before dialyzing, the reaction was incubated at 60C for 5 min and 65C for 20 min to enable heat inactivation. The 

step 3 products were dialyzed and electroporated identically to steps 1 and 2, described above, followed by culture under carbeni-

cillin (Sigma Aldrich) selection. The final product is a complete, pooled TCR library in a lentiviral expression vector.

TCR library and oligo pool sequencing

To examine and quantify assembled TCR sequences, TCR plasmid libraries and oligo pools were sequenced. Products of reactions 

1, 2, and 3 contain several unique cut sites including XbaI. Products were digested with FastDigest XbaI (Thermo Fisher) in FastDigest
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Buffer (Thermo Fisher) for one hour at 37C. The digested products were purified via columns by mixing products 1:1 with binding 

buffer from GeneJET Gel Extraction Kit and following kit instructions. Oxford Nanopore-compatible libraries were generated via liga-

tion with kit SQK-LSK114 (ONT) and sequenced on a PromethION R10 flowcell (ONT). For the 3,808 TCR library, the intermediate 

products (reactions 1 and 2) and final product (reaction 3) were sequenced. For the 30,810 TCR library, only the final product (reaction 

3) was sequenced. Long-read sequencing enables minimally biased evaluation of correct pairing, as it avoids PCR steps that depend 

on specific primer binding sites.

For greater read depth, short-read sequencing was used to sequence TRAV-CDR3α regions (primers: TRAV_CDR3A_f, TRAV_ 

CDR3A_r), TRBV-CDR3β regions (primers: TRBV_CDR3B_f, TRBV_CDR3B_r), and CDR3α-CDR3β oligos (primers: Oligo_Illumina_f 

and Oligo_Illumina_r). All primers were used at 1 μM. PCRs were completed with NEBNext Ultra II Q5 Master Mix (NEB #M0544). 

CDR3α-CDR3β oligo pools were PCR-amplified to add partial Illumina adapters with the above primers (50 ng template; 98C for 

30 sec; 13 cycles of 98C for 30 sec, 70C for 30 sec, 72C for 30 sec; 72C for 1 min). TRAV-CDR3α and TRBV-CDR3β regions were 

PCR-amplified with above primers binding conserved regions to add partial Illumina adapters. Template for this reaction consisted 

of plasmid library (50 ng); reaction conditions: 98C for 30 sec; 15 cycles of 98C for 30 sec, 70C for 30 sec, 72C for 45 sec; 72C for

1 min. A second PCR added indices and complete Illumina adapters to all amplicons (primers: Illumina_Truseq_f and Illumina_ 

Truseq_r; 20–100 pg template; 98C for 30 sec; 15 cycles of 98C for 30 sec, 70C for 30 sec, 72C for 30 sec; 72C for 1 min). Amplicons 

were pooled in an equimolar manner and sequenced with an Element AVITI, generating paired end 300 bp reads.

Long-read sequence processing

Long-read sequencing analysis was completed in Python. Reads were filtered with a size cutoff 8500 bp for the final TCR library (step 

3, size ∼8800 bp), 2800 bp for step 1 product, and 3500 bp for step 2 product. To filter out non-TCR sequences, reads were filtered for 

the presence of a TRAC and TRBC. Next, each read was mapped to a TRAV and TRBV and sequences in the adjacent CDR3 regions 

were extracted. Each CDR3 region was independently searched for the designed CDR3α and CDR3β sequences; in addition to map-

ping CDR3α and CDR3β regions to the designed list, new CDR3α and CDR3β sequences were also annotated. Correctly paired, 

incorrectly paired, and new complete TCR sequences were recorded and counted. Downstream analysis and plots were generated 

with Matplotlib and Seaborn in Python.

Short-read sequence processing

Short read sequencing analysis was completed in Python. For CDR3 oligo pool sequencing data, forward and reverse reads were 

merged into a single contiguous read using the PEAR software package (v0.9.10). Following read merging, reads were annotated 

by performing an exact match dictionary search against oligo sequences ordered. For TRAV-CDR3α and TRBV-CDR3β amplicons, 

forward and reverse reads were processed independently. The reverse reads, which captured most of the CDR3, were used to 

extract and annotate the CDR3 coding sequence via exact match lookup.

Single-cell RNA and TCR sequencing

3,808 TCR library

scRNA-seq library generation. Blister fluid was centrifuged at 350g for 10 minutes at 4C. For single-cell sequencing, whole cell pellet 

from blisters was used for 10X input due to cell counts being significantly lower than maximum cell input recommendation. Once the 

single cell suspension was obtained, samples were processed using the standard chromium 5 ′ V1 (VB203 donor) or V2 (others) + TCR 

library generation workflow (10x Genomics) and sequenced on a NextSeq500/550 (Illumina) instrument following recommended read 

configurations. BCL files were then converted to FASTQ files using bcl2fatstq (v2.15.1). Reads were filtered, aligned, and quantified 

using the 10X Cellranger computational suite (vX.3.1) to generate UMI-collapsed gene by cell count matrices.

scRNA-seq preprocessing of vitiligo scRNA-seq and scTCR-seq data. The Seurat (version 4.4.0) package was used to exclude 

low-quality barcodes, resulting in a total of 52,016 barcodes that met the following criteria: log10GenesPerUMI (complexity) 

exceeding 0.75; number of UMIs between 250 and 60,000; number of genes between 200 and 5,500; and mitochondrial reads 

less than 20%. Once these high-quality barcodes were obtained, non-PseudoY genes were removed from the dataset, resulting 

in a total of 20,688 genes analyzed across 52,016 cells from 10 donors. Subsequently, the Seurat package was employed to integrate 

the filtered gene-by-cell matrices, which were then analyzed using a typical unsupervised procedure including normalization, scaling, 

dimensionality reduction, batch correction, cell clustering, and differential gene expression analysis.

TCRs were called using CellRanger and filtered to a final set of 3,808, selected for overlap with scRNA-seq data and the presence 

of a single alpha and beta chain. Clonotypes were defined by V/J gene usage and CDR3 sequences of both chains. Only TCRs with 

paired transcriptomic data from quality-controlled cells were retained. scRNA-seq data included samples from both blister fluid and 

blood as annotated in the final scRNA-seq metadata; only TCRs from blister fluid were retained for analysis.

Determination of enriched variable gene segments in melanocyte-reactive TCRs. We used a Fisher’s exact test to compute the 

enrichment of V alleles in melanocyte- or MART-1-reactive TCRs compared to all non-reactive TCRs or top undetected TCRs. 

Top undetected TCRs were defined as TCRs with clonal frequency greater than or equal to the top 25% cutoff of the ‘others’ distri-

bution shown in Figure 5F.

Signature analyses with scRNA-seq data. To determine signatures of melanocyte-reactive and viral-reactive cells, differential 

expression analyses of antigen-reactive cells were performed comparing them against all other cells using MAST 88 with a covariate 

(latent_vars) for donor. Genes differentially expressed at FDR P < 0.05 and log-fold change > 0.58 (fold change 1.5) were carried 

forward for signature analyses. To compare our signatures to signatures from Lowery et al. 54 and Oliveira et al., 7 the
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AddModuleScore_Ucell() function was used in Seurat. Correlation analyses between signatures were restricted to cells harboring 

antigen-reactive TCRs in the indicated class (melanocyte-reactive or viral-reactive).

TCRdist analyses. We computed TCRdist with default parameters incorporating both germline segments and the amino acid 

sequence of the CDR3. For heatmap analyses in Figure S8, we downsampled the ‘all others’ class to 100 unique clones. For analyses 

examining the distribution of TCRdist (Figures S8C–S8F), all clones of the indicated classes were used, without downsampling. 

Integration of vitiligo and melanoma scRNA-seq data. We obtained melanoma scRNA-seq data directly from the authors of Oliveira 

et al. 7 All T cell clusters were merged across the two datasets after stringent batch correction with Harmony, 89 adjusting for both 

donor and cohort. We used MAST with a covariate for donor to identify significantly differentially expressed genes between vitiligo 

melanocyte-reactive TCRs and melanoma neoantigen-reactive TCRs.

30,810 TCR library

Human paired TCR sequences were compiled from multiple sources including clinical trial NCT02305186, 66,67 and from whole blood 

and surgically resected tumor samples from patients with pancreatic ductal adenocarcinoma receiving treatment at Dana-Farber 

Cancer Institute (IRB #03-189 and #14-408). The study was conducted in accordance with the Declaration of Helsinki and the Inter-

national Ethical Guidelines for Biomedical Research involving Human Subjects. Written informed consent was obtained from partic-

ipants enrolled in #03-189 and #14-408 prior to sample collection.

For each PBMC sample, 6,000 cells were loaded into a 10X Chromium controller instrument along with Chromium Next GEM Single 

Cell 5’ v2 beads (10X Genomics PN-1000263). Up to four PBMC samples were multiplexed together after being tagged with unique 

DNA-barcoded antibodies as described above. For tumor samples, all sorted cells were loaded, and no multiplexing was performed. 

After RT-PCR, cDNA was purified, and a library was constructed from each sample using a 10X Library Construction Kit (10X Geno-

mics PN-1000190) following the standard 10X protocol. An additional VDJ-enriched library was created for each sample using a 

specialized Chromium Single Cell Human TCR Amplification Kit (PN-1000252). Libraries were then sequenced on an Illumina 

NovaSeq system operated by Azenta/Genewiz generating paired end 150bp reads.

The following steps were performed separately for each patient. First, the TCR contigs sequenced in the pre- and post-treatment 

sample were collapsed into one list to allow for clonotype assignment independent of time. The list was filtered to eliminate any non-

productive rearrangements and sequences obtained from cells that did not pass QC, as described above. Then, a tentative clono-

type was assigned to each unique combination of 1 to 4 TCR chains that co-occurred in one cell; a TCR chain was defined as the 

productive combination of a V gene, D gene (for β chains only), J gene, and complementarity determining region 3 (CDR3). Clono-

types were finalized by reassigning any cell if its TCR chain set formed a subset of another clonotype. A clonotype was considered to 

be shared between the blood and the tumor sample of a given patient if at least one match occurred in the α-chain or the β-chain 

CDR3 amino acid sequence.

Expression of TCRs in reporter Jurkat J76 cells

Jurkat J76 cells were lentivirally transduced to express CD8α and β chains in addition to a fluorescent reporter under the control of a 

nuclear factor of activated T cells (NFAT) response element. 39 Cells transduced by NFAT-CFP-encoding lentivirus were sorted as 

single cells into a 96-well plate and cultured until confluent. Half of each clonal population was stimulated with phorbol 

12-myristate 13-acetate (PMA,10 ng/mL, Thermo Fisher) and ionomycin (1 ug/mL, Thermo Fisher). Reporter CFP expression was 

compared between stimulated cells and unstimulated cells and a clone with the highest differential was selected. The selected clone 

is henceforth referred to as NFAT-CFP CD8 + J76.

TCR-encoding lentivirus was produced by transiently transfecting HEK293T cells with psPAX2 packaging plasmid and pMD2.G 

VSV envelope plasmid, and TCR library transfer plasmid at a ratio of 5.6:3:1 (per T225 flask: 22.5 μg psPAX2, 7.5 μg pMD2.VSVG, 

42 μg TCR library transfer plasmid) in addition to TransIT-Lenti Transfection Reagent (Mirus Bio) at a 3:1 ratio of transfection reagent 

to DNA. Opti-MEM (Thermo Fisher), transfection reagent, and DNA were mixed and incubated for 10 minutes prior to dropwise addi-

tion to confluent HEK293T cells. Lentivirus was collected at 48 and 72 hours, centrifuged at 300g for 5 minutes to eliminate debris, 

and filtered through a 0.45-μm polyethersulfone filter (Millex, Millipore Sigma). Concentrated lentivirus (200×) was generated by ul-

tracentrifugation at 100,000g for 90 minutes at 4C. Supernatant was discarded, and the pellet was resuspended overnight in 100 μL 

of Opti-MEM at 4C. Resuspended virus was aliquoted and stored at -80C.

Lentivirus was titered and NFAT-CFP CD8 + J76 cells were transduced at an MOI of 0.05. Transduced cells were sorted on a BD 

FACSAria at a minimum coverage of 1000× for the 3,808 TCR library and 100× for the 30,810 TCR library to generate TCR library-

expressing reporter J76 cells.

For individual clonal TCR lines, TCR constructs were formatted as TCRβ-P2A-TCRα and cloned into the same pHIV backbone vec-

tor as the TCR library. NFAT-CFP CD8 + J76 cells were transduced with unconcentrated TCR lentivirus generated as described above 

(1 mL per 1M cells) and TCR expression was verified by flow cytometry with anti-TCR antibody (clone IP26, BioLegend).

Library-versus-library RAPTR lentiviral screening assay

Assembly of RAPTR 101-pMHC virus library

Lentivirus activated by promoter shuffling (LeAPS) virus libraries were produced as previously described in Dobson et al. 32 Briefly, 

HEK293T cells were seeded as described 24 hours pre-transfection. Libraries of 101 barcoded GFP-expressing pLeAPS plasmids 

and 101 pHIV-pMHC plasmids (GenScript) (Table S2) were used to generate VSVG-pseudotyped lentivirus in array in 24-well plates. 

Following virus collection at 48 hours, HEK293T cells were seeded at 20% confluency and transduced with pairs of barcoded LeAPS
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and pMHC viruses in duplicate 24-well plates (per well: 100 μL barcoded LeAPS virus and 700 μL pMHC virus) with the addition of

8 μg/mL of diethylaminoethyl-dextran (Sigma-Aldrich) to aid transduction.

After 48 hours, duplicate wells were examined via flow cytometry for transduction by pMHC virus (mCherry + ) and LeAPS-barcode 

virus (GFP + ). The duplicate wells in culture were pooled proportionally according to the proportion of pMHC- and LeAPS barcode-

transduced (mCherry + GFP + ) cells to ensure proportional representation of each pMHC library member. Pooled cells were sorted 

(mCherry + GFP + ) to generate the 101-pMHC virus-packaging cell line. To generate pMHC virus, virus-packaging cells were seeded 

analogously as HEK293T cells for transfection with psPAX2 and pMD2.VSVG-mut plasmids using TransIt-Lenti (Mirus Bio) transfec-

tion reagent. 101-pMHC virus library was collected and concentrated at 48 and 72 hours as described above.

RAPTR viral library stimulation

To stimulate the 3,808 TCR library with the 101-pMHC virus library, 65 million cells were incubated in complete RPMI with 560 μL of 

concentrated 101-pMHC virus library and 8 μg/mL of diethylaminoethyl-dextran (Sigma-Aldrich) for 24 h at 37C. Cells were washed 

once in FACS buffer and NFAT-CFP + cells were sorted on a BD FACSAria cell sorter.

RAPTR scRNA-seq of transduced cells

Prior to single-cell sequencing cells to extract TCRs enriched by stimulation with the 101-pMHC virus library, cells were sorted for 

transduction (GFP + ). Cells were analyzed using the 10x Genomics Chromium GEM-X Single Cell 5’ v3 kit (PN-1000699). 0.5 μL of 

10 μM custom TCR-specific primer (10X_TRAC_RT) was spiked into the reverse transcription (RT) mix to maximize TCR capture 

and a pMHC barcode-construct specific primer was added to the cDNA amplification mix (1 μL of 10 μM 10X_pMHC_cDNA) followed 

by a 0.65× SPRIselect bead (Beckman Coulter) cleanup. TCR amplicons were generated from cDNA via two nested PCRs: PCR #1 

(98C for 45 sec; 15 cycles of 98C for 20 sec, 62C for 30 sec, 72C for 30 sec; 72C for 1 min) with 0.2 μM of 10X_nested_f and 

10X_TCR_outer_r using KAPA HiFi HotStart ReadyMix (Roche) followed by a left-sided 0.8× SPRIselect bead cleanup; PCR #2 

(98C for 45 sec; 13 cycles of 98C for 20 sec, 62C for 30 sec, 72C for 30 sec; 72C for 1 min) with 0.2 μM of 10X_nested_f and 

10X_TCR_inner_r followed by a left-sided 0.8× SPRIselect bead cleanup. pMHC amplicons were generated from cDNA via PCR 

(98C for 45 sec; 25 cycles of 98C for 20 sec, 62C for 30 sec, 72C for 30 sec; 72C for 1 min) with 0.2 μM of 10X_nested_f and 

10X_pMHC_r followed by a left-sided 0.8× SPRIselect bead cleanup. TCR and pMHC amplicons were indexed, pooled, and 

sequenced (150 bp PE) on an Element AVITI.

RAPTR scRNA-seq analysis

Cell-feature matrices were constructed for both TCR and pMHC amplicons using 10X CellRanger (v9.0.1). Unique 44-bp CDR3β 
barcodes were used as feature references to identify TCRs and 18-bp barcodes were used to identify pMHCs. Downstream analysis 

was completed in Python. In each dataset, cells with < 5 TCR or pMHC UMIs and cells with less than 60% of UMIs corresponding to a 

single TCR identity were filtered out. Each cell was assigned a TCR or pMHC identity based on the highest number of UMIs for each. 

The TCR and pMHC datasets were merged on cell barcodes, ensuring each cell had both a TCR and pMHC identity. TCR identities 

with fewer than 5 cells were filtered out. Plots were generated using Matplotlib and Seaborn packages.

Peptide-APC and J76 library co-culture screen

Peptides were selected from several sources for screening using antigen-presenting cells. The Immune Epitope Database (IEDB) was 

used to assemble a list of HLA-A2-binding human self-epitopes derived from genes that had been previously confirmed as generating 

immunogenic antigens in the context of vitiligo or melanoma. To identify novel candidate antigens specific to melanocytes, scRNA-

seq data from melanocytes isolated from vitiligo donors were integrated with melanocyte scRNA-seq data from 17 donors profiled in 

Gellatly et al. 58 Genes specifically expressed in melanocytes were identified by performing differential expression analysis between 

melanocytes and all other cell types. Genes significantly upregulated (FDR-adjusted P < 0.05) and exhibiting a log-fold change > 1 

were selected. This set was then intersected with melanocyte-specific gene lists derived from external datasets. 

Melanocyte-specific gene expression in external datasets was identified using a multi-step data integration approach leveraging 

three datasets: the FANTOM5 project, 90 GTEx Portal, 91 and the single-cell analysis study by Belote et al. 92 In the FANTOM5 data-

base, genes were selected if their expression was more than twofold higher than in any other tissue and exceeded 5 Transcripts Per 

Million (TPM) in the melanocyte categories of ‘‘Melanocyte.dark,’’ ‘‘Melanocyte.light,’’ or ‘‘Melanocyte.’’ This yielded 227 candidate 

genes. Gene expression data from the GTEx Portal were then used to further refine the list to focus on skin-specific expression. 

Genes with higher expression in ‘‘Skin – Sun Exposed (Lower leg)’’ and ‘‘Skin – Not Sun Exposed (Suprapubic)’’ compared to all other 

non-brain and non-nerve tissues were prioritized, resulting in 13 genes with elevated expression in these skin tissues. Expression of 

proteins from these genes in melanocytes was then confirmed using a dataset from Belote et al., 92 leading to the identification of five 

known melanocyte-specific genes: PMEL, MLANA, TYRP1, and DCT. Excluding these genes that have been extensively examined in 

vitiligo, 10 genes were selected for screening (CD63, CDH3, CYGB, GMPR, GPR143, PLP1, SLC1A4, SOX10, VAT1). Epitopes pre-

dicted to bind HLA-A2 were selected for screening using NetMHCpan version 4.1. Epitopes associated with extracted TCRs in 

VDJDb 68 were also included. We further assembled a list of melanoma-associated epitopes from literature. 44,46,47

All peptides (GenScript) were pooled as described in Table S2 at 5 mg/mL in dimethyl sulfoxide. TAP-deficient T2 cells were pulsed 

with peptide pools at 10 μg/mL or individual peptides at 1 μg/mL for 4 h and incubated at a 1:1 ratio with TCR-expressing NFAT-CFP 

CD8 + J76 cells at 37C for 20–24 h. Individual peptide validation was completed in 96-well U-bottom plates. Cells were washed and 

stained with anti-CD69 (Biolegend, clone FN50) and anti-CD19 (Biolegend, clone HIB19) in FACS buffer, both at a 1:200 dilution. Cells 

were analyzed for activation (NFAT + CD69 + ) on a Cytoflex S flow cytometer. For peptide pools, activated cells were sorted with a BD 

FACSAria cell sorter.
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Bulk sequencing of TCRs enriched by antigen screens

To identify TCRs enriched by screens with the 101-pMHC virus library or peptide-pulsed T2 cells, genomic DNA was isolated from 

J76 cells using the PureLink Genomic DNA kit (Thermo Fisher). Noting that CDR3α and CDR3β were ordered on a single oligo and that 

each was codon-optimized to uniquely encode a specific TCR, extracting either CDR3α or CDR3β enabled identification of the full 

TCR clonotype. Using the CDR3β to identify TCRs in this assay, TRBV-CDR3β amplicons were amplified (98C for 30 sec; 24 cycles of 

98C for 30 sec, 70C for 30 sec, 72C for 45 sec; 72C for 1 min) from 1 μg of genomic DNA using NEBNext Ultra II Q5 Master Mix (NEB) 

and 1 μM of each forward and reverse primer (for TCR: TRBV_CDR3B_f and TRBV_CDR3B_r; for pMHC: pMHC_BC_f and 

pMHC_BC_r). Amplicons were submitted for Amplicon-EZ analysis by Genewiz. Enrichment was calculated for each TCR as the frac-

tion of reads for each enriched TCR divided by the TCR frequency in the base TCR library cell line quantified by sequencing on an 

Element AVITI (300 bp PE).

Individual functional TCR validation

Monoclonal TCR lines were established by assembling individual TCRs in pHIV backbones, generating unconcentrated TCR lenti-

virus as described above, and transducing 1 million NFAT-CFP CD8 + J76 cells with 1 mL of unconcentrated virus, verifying expres-

sion by staining with anti-human TCR antibody (BioLegend, clone IP26). T2 cells were pulsed with individual peptides (Genscript) at 

1 μg/mL for 2-4 hours. 100,000 peptide-pulsed T2 cells were incubated with 100,000 monoclonal TCR-expressing NFAT-CFP CD8 

J76 cells overnight. Cells were washed and stained with anti-CD69 (Biolegend, clone FN50) and anti-CD19 (Biolegend, clone HIB19) 

in FACS buffer (PBS + 0.1% BSA + 1 mM EDTA) (1:200 dilution), before analysis on a Cytoflex S flow cytometer.

Antibodies in flow cytometry

All antibodies were used at a 1:50 or 1:200 dilution from stock concentration as described. Cells were stained in FACS buffer (PBS + 

0.1% BSA + 1 mM EDTA) for 20 minutes at 4C, washed, and sorted on a BD FACSAria or analyzed on a Cytoflex S. All antibodies are 

from BioLegend.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses were performed using Python or GraphPad Prism (v.10). Information on specific statistical tests is included in 

figure legends. Data in bar plots is represented as the mean ± S.D. as indicated in figure legends. P values are listed in figure legends.

Software

Graphs were generated using Python and GraphPad Prism (v.10). Flow cytometry data were analyzed by FlowJo (v.10.10.0).
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