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Discovery of tumor-reactive T cell  
receptors by massively parallel library 
synthesis and screening

Ziva Moravec    1, Yue Zhao2,13, Rhianne Voogd1,13, Danielle R. Cook    3, 
Seon Kinrot    3, Benjamin Capra3, Haiyan Yang2, Brenda Raud1, Jiayu Ou2, 
Jiekun Xuan3,4, Teng Wei5, Lili Ren5, Dandan Hu6,7, Jun Wang8,9, 
John B.A.G. Haanen1,10,11, Ton N. Schumacher    1,11,12, Xi Chen    2,3,4  , 
Ely Porter    3   & Wouter Scheper    1 

T cell receptor (TCR) gene therapy is a potent form of cellular 
immunotherapy in which patient T cells are genetically engineered 
to express TCRs with defined tumor reactivity. However, the isolation 
of therapeutic TCRs is complicated by both the general scarcity 
of tumor-specific T cells among patient T cell repertoires and the 
patient-specific nature of T cell epitopes expressed on tumors. Here we 
describe a high-throughput, personalized TCR discovery pipeline that 
enables the assembly of complex synthetic TCR libraries in a one-pot 
reaction, followed by pooled expression in reporter T cells and functional 
genetic screening against patient-derived tumor or antigen-presenting 
cells. We applied the method to screen thousands of tumor-infiltrating 
lymphocyte (TIL)-derived TCRs from multiple patients and identified 
dozens of CD4+ and CD8+ T-cell-derived TCRs with potent tumor reactivity, 
including TCRs that recognized patient-specific neoantigens.

T cell receptor (TCR) gene therapy is a form of cellular immuno-
therapy in which peripheral blood T cells of patients with cancer are 
genetically engineered with tumor-specific TCRs in vitro before being 
reinfused into the patient. In contrast to immunotherapies such as 
immune checkpoint blockade1 or adoptive transfer of ex vivo expanded 
tumor-infiltrating lymphocyte (TIL) therapy2,3, the genetic transfer of 
therapeutic TCRs enables complete control over the specificity of the 
engineered T cell response, which depends strictly on the selected 
TCRs. Furthermore, generation of TCR gene-engineered T cells in vitro 

allows additional genetic modifications to endow T cell products with 
maximized in vivo activity and persistence4. However, the identifica-
tion of patient-derived, therapeutically relevant TCRs is complicated 
by the fact that tumor-specific TCRs in many patients make up only 
a minority of peripheral or intratumoral TCR repertoires5,6. In addi-
tion, many of the most immunogenic tumor antigens, such as cancer 
neoantigens that arise as a consequence of patient-specific tumor 
mutations7,8, are unique to individual patients, highlighting the need 
for truly personalized technologies for the discovery of therapeutic 
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to assemble the proof-of-concept CDR3Jα and CDR3Jβ oligo pools. 
Analysis of the resultant CDR3Jα–CDR3Jβ pool by next-generation 
sequencing (NGS) revealed an average pairing accuracy (termed 
‘α–β pairing accuracy’) of 97.4% (Fig. 1b and Supplementary Table 3), 
demonstrating that Zip sequences enable fragment assembly with 
extremely high fidelity. Of note, α–β pairing accuracy and frequency 
were not influenced by oligo sequence features, such as GC content or 
length, but assembly did lead to a slight decrease in library uniformity 
compared to the initial oligo pools, with the difference between the 
frequencies of resulting pairs at the 5th and 95th percentile increasing 
approximately six-fold (Extended Data Fig. 1d–f and Supplementary 
Table 4).

Although the sequence-specific incorporation of TRAV and TRBV 
genes is of lower plex (~50–150), the germline amino acid sequences 
of TRAV and TRBV heavily restrict the nucleotide sequence space 
that can be used to design the ConnA and ConnB sequences. This is 
further complicated by the highly homologous amino acid sequences 
across different variable gene alleles (Fig. 1c). We, therefore, devel-
oped a thermodynamics-driven codon diversification algorithm for 
the design of ConnA and ConnB sequence sets for both human and 
mouse TCRs that are predicted to be highly orthogonal under these 
constraints (Fig. 1d,e, Extended Data Fig. 2a,b and Supplementary 
Tables 5 and 6). NGS analysis after assembly of the proof-of-concept 
Vα–CDR3Jα–CDR3Jβ and VCV pools demonstrated exceptionally 
accurate acquisition of correct TRAV and TRBV genes in assembled 
sequences (Fig. 1f,g and Extended Data Fig. 2c,d). Specifically, we 
observed correct ConnA-mediated TRAV acquisition (termed ‘TRAV 
acquisition accuracy’) in, on average, 99.7% of resulting sequences 
and an average ConnB-mediated ‘TRBV acquisition accuracy’ of 99.8%. 
Similar to CDR3Jα and CDR3Jβ pairing, successive assembly steps 
modestly decreased library uniformity, with the difference between 
the frequencies of resulting Vα–CDR3Jα–CDR3Jβ and VCV sequences 
at the 5th and 95th percentile increasing to ~36-fold and ~48-fold, 
respectively (Supplementary Tables 7 and 8).

Finally, characterization of single-point mutations, insertions 
and deletions introduced during oligonucleotide synthesis and poly-
merase chain reaction (PCR) amplification demonstrated that 83.3% 
of TRAV_GL and TRBV_GL regions, 98.3% of ConnA and ConnB regions, 
71.2% of CDR3Jα regions and 75.2% of CDR3Jβ regions were mutation 
free (Fig. 1h). The higher error rates for CDR3Jα and CDR3Jβ regions 
likely derive from the fact that these were synthesized as oligonucleo-
tide pools, whereas TRAV_GL and TRBV_GL fragments were amplified 
from sequence-verified plasmids. By multiplying the different assem-
bly accuracies and mutation-free rates, we estimate a ‘perfect rate’ of 
approximately 43% of all correctly assembled VCV molecules. This 
percentage is sufficient for the applications described in this work 
and will likely improve in the coming years due to continuous improve-
ments in DNA synthesis technologies.

NGS-based functional profiling of synthetic TCR libraries
Conventional methods to test the specificity and functionality of single 
TCRs generally rely on measuring cytokine secretion, cytotoxicity or 
cellular activation of TCR-engineered T cells in individual experimen-
tal conditions6,16–19,22 and, as such, are not suitable for differentiating 
responding TCRs from bystander TCRs within complex TCR libraries. 
Recent work demonstrated the feasibility of NGS-based identification 
of antigen-specific TCRs from large pools of TCR-modified T cells, sub-
sequent to isolation of relevant cells based on expression of T cell activa-
tion markers after co-culture with antigen-presenting cells (APCs)23,24. 
Building on these approaches, we designed and benchmarked a pooled 
screening platform that couples the functional analysis of T cell activa-
tion to sensitive quantification of responding TCRs by NGS (Fig. 2a). 
In this method, TCR libraries are delivered in bulk to reporter T cells, 
and the resultant T cell library is incubated with APCs of interest. Acti-
vated T cells are isolated by fluorescence-activated cell sorting (FACS) 

TCRs. Moreover, although the role of major histocompatibility complex 
(MHC) class I–restricted CD8+ T cells in anti-tumor immunity is well 
established9–11, recent data highlight important roles for MHC class 
II–restricted CD4+ T cells in tumor control and response to immuno-
therapy, both through direct anti-tumor cytotoxicity and by boosting 
the activity of tumor-specific CD8+ T cells12–15. Thus, technologies that 
enable the high-throughput discovery of both MHC class I–restricted 
and MHC class II–restricted TCRs on a per-patient basis are needed.

In the present study, we developed a personalized TCR discovery 
pipeline that couples large-scale assembly of synthetic TCR libraries 
with high-throughput genetic screening, thereby enabling the func-
tional analysis of the specificities of thousands of individual TCRs 
in a single experiment. Notably, by generating synthetic libraries of 
patient-derived TCRs, this approach permits the assessment of TCR 
specificities in a manner that is not biased by the phenotypic fitness or 
clonal abundance of patient T cells in situ. We leveraged our technology 
to screen the tumor specificities of intratumoral T cell repertoires in 
multiple patients with cancer, and we identified MHC class I–restricted 
and MHC class II–restricted, patient-derived TCRs that recognized 
tumor-associated antigens, including neoantigens.

Results
Ultra-high-throughput pooled TCR gene synthesis
Methods for the generation of synthetic TCRs have traditionally relied 
on de novo synthesis of full-length TCRs, assembly of TCRs in indi-
vidual reactions (for instance, using synthetic CDR3α/β fragments and 
reusable plasmid stocks for germline TRAV and TRBV16–18) or amplifi-
cation of individual TCRs from complex TCR sequencing libraries19. 
However, both the low throughput and considerable costs (>$50 per 
TCR) prohibit the generation of synthetic TCR libraries at large scale. 
Emulsion-based approaches that amplify and clone native TCRs directly 
from polyclonal T cell populations have considerably increased the 
scale of TCR library generation20,21, but they lack control over the pres-
ence and abundance of individual TCRs in resulting libraries and do 
not enable linking the function of a TCR to the phenotypic state of 
the T cell that it was isolated from. To address these limitations, we 
devised a new approach that takes advantage of both the reusability 
of germline-encoded TCR variable genes and the availability of inex-
pensive synthetic oligonucleotide pools. With this new approach, up 
to 1,000 unique TCRs are synthesized in a one-pot reaction (Fig. 1a and 
Extended Data Fig. 1a,b), making the effective material cost of synthe-
sizing an individual TCR as low as $1. Fragments encoding the CDR3Jα 
and CDR3Jβ sequences of individual TCRs are prepared as separate 
single-stranded DNA (ssDNA) oligo pools. Each oligonucleotide in 
these pools contains a unique, orthogonal hybridization sequence (Zip) 
that enables correct pairing of CDR3Jα and CDR3Jβ oligonucleotides 
of individual TCRs. In addition, approximately 20-nucleotide (nt) con-
nector sequences (ConnA and ConnB) are included to guide pairing 
of CDR3Jα and CDR3Jβ oligonucleotides with the relevant germline 
TRAV and TRBV alleles, respectively. Through a multi-step assembly 
process, this strategy results in a library of TCRs, where each molecule is 
composed of TRBV, TRBC and TRAV domains (termed ‘VCV’ fragments) 
coupled to the TCR-specific Zip sequence. The complete VCV pool can 
subsequently be amplified by common forward and reverse primers, 
or single TCRs can be selectively amplified using primers targeting 
their respective Zip sequences (Extended Data Fig. 1c). TCRs are then 
subcloned into an expression vector containing the TRAC domain 
directly downstream of the cloning site, such that the inserted VCV 
fragment is in frame with the TRAC sequence to form a complete TCR.

We validated the accuracy of our method by producing a 
proof-of-concept VCV pool encoding 553 unique TCRs (Supplementary 
Table 1) and characterized the assembly intermediates and products. 
We pre-designed 1,000 unique Zip sequences with sufficient orthogo-
nality to enable highly specific, multiplexed hybridization of correct 
CDR3Jα and CDR3Jβ pairs (Supplementary Table 2), and we used these 
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Fig. 1 | Schematic overview and performance of massively parallel TCR gene 
synthesis. a, Pooled TCR gene assembly scheme. Gray fragments indicate 
reusable TRBC1, TRAV_GL or TRBV_GL gene sequences (GL, germline). Arrows 
indicate 3′ of DNA strands. ConnA, TRAV gene-specific connector sequences; 
ConnB, TRBV gene-specific connector sequences; Zip, TCR-specific barcode 
sequence. Asterisks indicate reverse complement sequences. The products of 
individual assembly steps are indicated by circled numbers. b, Frequency and 
α–β pairing accuracy of Zip-mediated CDR3Jα–CDR3Jβ fragments of the proof-
of-concept TCR library (n = 553 TCRs). Dots represent individual CDR3Jα–CDR3Jβ 
fragments. Box plots depict the median, the interquartile range and whiskers 
extending to minimal and maximal values. c, Framework 3 (FR3) regions of TRAV 
and TRBV protein sequences may be highly homologous. CDR1, CDR3 and FR3 

sequences of human TRBV6-1 to TRBV6-9 are shown as examples. d, Computer-
predicted orthogonality of natural (left) and codon-diversified (right) FR3 
connector sequences for TRAV (ConnA). e, Computer-predicted orthogonality 
of natural (left) and codon-diversified (right) FR3 connector sequences for TRBV 
(ConnB). f, Accuracy of TRAV ligation to individual CDR3Jα sequences within the 
proof-of-concept library. The heatmap depicts log10-transformed read counts of 
all possible TRAV–CDR3Jα combinations within the library. Red and blue colors 
indicate on-target and off-target ligations, respectively. g, Accuracy of TRBV 
ligation to individual CDR3Jβ sequences within the proof-of-concept library. Data 
are depicted as in f. h, Fractions of mutation-free sequences for the indicated 
assembly fragments of the proof-of-concept library. hyb., hybridization; div., 
diversified.
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or magnetic-activated cell sorting (MACS) based on the surface expres-
sion of activation markers, and transgenic TCRs of isolated cells are 
then amplified by PCR and quantified using NGS. To determine the 
feasibility of this approach, we subjected CD8+ TILs from the tumor of 
melanoma patient NKIRTIL063 to single-cell TCR sequencing (Extended 
Data Fig. 3), and we designed and synthesized a personalized TCR 
library that encoded all identified TCRs (928 unique TCRs among 4,542 
sequenced CD8+ TILs; Supplementary Table 9). In addition, several 
well-characterized HLA-A*02:01-restricted TCRs specific for common 
tumor-associated antigens and of diverse affinities were included in the 
library as internal controls. To allow the one-step analysis of TCR assem-
bly quality of the final VCV pool, rather than characterizing assembly 
intermediates as above, we developed a custom NGS method to enable 
analysis of full-length VCV fragments (Extended Data Fig. 4a and Meth-
ods). Applying this method to the NKIRTIL063 VCV pool showed average 
overall assembly accuracy (as defined in the Methods) and mutation-free 
rates of 89.1% and 53.9%, respectively (Extended Data Fig. 4b,c and Sup-
plementary Table 10). The NKIRTIL063 TCR library was retrovirally 
transduced into CD8+ Jurkat cells, and 99.9% of successfully assembled 

TCR sequences yielded cell-surface-expressed TCRs (Extended Data 
Fig. 4d). To assess the sensitivity of our screening method, we first took 
advantage of the included control TCRs and evaluated screening perfor-
mance against an HLA-A*02:01-positive immortalized B cell line pulsed 
with the cognate peptide of either the MART1-specific model TCRs 
DMF4 and DMF5 or the WT1-specific TCRs C4 and C4DLT. Screening 
the NKIRTIL063 TCR library against the two pulsed B cell lines revealed 
clear enrichment of TCRs DMF4 and DMF5 among activated T cells 
after incubation with MART1 peptide-pulsed cells and enrichment of 
TCRs C4 and C4DLT in response to WT1 peptide-pulsed cells (Fig. 2b). 
Notably, the high-affinity DMF5 and C4DLT TCRs displayed more pro-
nounced enrichment as compared to the lower-affinity DMF4 and C4 
TCRs, demonstrating that the strength of T cell–target cell interactions 
may be gauged from screening data.

Next, to evaluate the suitability of our screening platform for the 
discovery of MHC class II–restricted TCRs, we synthesized a library 
of 1,341 unique TCRs that encoded all TCRs that were identified by 
single-cell sequencing of CD4+ TILs isolated from an ovarian tumor 
(patient OVC190; Extended Data Fig. 5 and Supplementary Tables 11–16) 
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Fig. 2 | Overview and validation of large-scale functional profiling of synthetic 
TCR libraries. a, Schematic overview of the screening methodology. b, CD8+ 
Jurkat cells were engineered to express the NKIRTIL063 CD8+ TIL-derived TCR 
library (n = 935 TCRs), which included control TCRs specific for MART126–35 
(TCRs DMF4 and DMF5) and WT1126–134 (TCRs C4 and C4DLT). Library-expressing 
Jurkat cells were screened against immortalized HLA-A*02:01+ B cells pulsed with 
MART126–35 or WT1126–134 peptide. Dots represent individual TCRs. Fold change 
represents the relative abundance of TCRs in WT1126–134 and MART126–35 peptide-
pulsed conditions. c, CD4+ Jurkat cells were transduced with the OVC190 CD4+ 

TIL-derived TCR library (2,900 unique TCR sequences) that included MHC class II–
restricted MANSC1D85H and SNORD73AR165W neoantigen-specific TCRs as internal 
controls. The Jurkat library was screened against patient-matched immortalized 
B cells pulsed with MANSC1D85H or SNORD73AR165W peptide. Data are plotted as in 
b. d, NKIRTIL063 library-expressing CD8+ Jurkat cells were diluted 3-fold, 10-fold 
and 30-fold with mock-transduced cells and screened against MART126–35 peptide-
pulsed HLA-A*02:01+ B cells. Data are plotted as in b. In all plots, screen hits were 
defined as outlined in the Methods and are marked by colored dots. P values were 
generated using the DESeq2 Wald test and adjusted for several comparisons.
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and expressed the library in CD4+ Jurkat cells. Two MHC class II–
restricted neoantigen-specific TCRs that were previously isolated 
from TILs of a patient with melanoma25 were included in this library 
as internal controls. Screening the library against patient-matched 
immortalized B cells pulsed with either of the cognate peptides of 
both control TCRs demonstrated clear and exclusive enrichment of 
the two neoantigen-specific TCRs in response to their cognate neo-
antigens (Fig. 2c).

Given that abundances of individual TCRs in synthesized 
libraries may vary, we next assessed the sensitivity of our screening 
method in conditions where antigen-specific TCRs are represented at 
lower-than-average frequencies. To this end, Jurkat cells expressing the 
NKIRTIL063 library were mixed with mock-transduced cells such that 
individual NKIRTIL063 TCRs were present at frequencies of, on average, 
1 × 10−3, 0.3 × 10−3, 1 × 10−4 or 0.3 × 10−4 of total cells. Screening of result-
ing populations against MART1 peptide-pulsed B cells clearly identified 
both MART1-specific TCRs, including the low-affinity DMF4 TCR, dem-
onstrating that our method enables detection of antigen-specific TCRs 
even in settings where these are present at low abundance (Fig. 2d). 
Finally, we validated that screening performance was not affected by 
the type of reporter T cells used ( Jurkat cells or primary T cells) nor by 
alternative methods for isolation of activated T cells (FACS or MACS; 
Supplementary Fig. 1), demonstrating the flexibility and robustness of 
our method across different experimental procedures. Collectively, 
these data demonstrate that our pooled TCR screening technology 
enables the identification of antigen-specific TCRs from complex 
TCR libraries. Moreover, the method allows one to distinguish TCRs 
of different affinities and to screen the specificities of both MHC class 
I–restricted and MHC class II–restricted TCRs.

Personalized tumor-specific TCR discovery
To assess the feasibility of our TCR screening method for the person-
alized identification of therapeutically relevant TCRs, we next set out 
to identify tumor-specific TCRs within the NKIRTIL063 library. As a 
first approach, we aimed to broadly survey the anti-tumor repertoire 
within the patient library in an antigen-agnostic manner. We, therefore, 
screened the TCR library against two allogeneic melanoma cell lines that 
share expression of the HLA-A*02:01 allele with patient NKIRTIL063. 
Screening against cell lines RPMI7951 and Malme3M identified multi-
ple TCRs (RPMI7951: 48 TCRs; Malme3M: 81 TCRs) that were signifi-
cantly enriched (Fig. 3a), suggesting a broadly tumor-reactive TCR 
repertoire among TILs of this patient. To validate these observations, 
a broad array of responding and non-responding TCRs (n = 62 and 
n = 33, respectively) from the Malme3M screen were PCR amplified 
from the library using their unique Zip barcode and expressed in donor 
T cells. Functional testing of resulting single TCR-engineered T cells 
confirmed MHC class I–dependent recognition of Malme3M cells by 31 
of 62 (50%) responding TCRs (Fig. 3b,c). To further validate the feasibil-
ity of this approach, we profiled tumor reactivity of TIL-derived TCRs 
in an additional patient. TILs from cervical cancer patient CV19 were 
subjected to single-cell TCR sequencing, and a library encoding all 
identified TCRs (n = 1,501) was synthesized (Extended Data Fig. 6 and 
Supplementary Tables 17–20). In parallel, the human papillomavirus 
(HPV)-positive cervical cancer cell line SiHa was engineered to express 
all six MHC class I alleles of patient CV19. Screening the library against 
MHC-modified SiHa cells identified 34 responding TCRs (Extended 
Data Fig. 7a). In addition, screening against HPV E7-expressing or 
E6-expressing cells revealed reactivity to E7 for three TCRs (Extended 
Data Fig. 7b,c). Functional testing of four individual hit TCRs, including 
two E7-reactive TCRs, against SiHa and K562-E7 cells confirmed reactiv-
ity of two TCRs against HPV E7 and of two TCRs against an unidentified 
SiHa-expressed tumor-associated antigen (Extended Data Fig. 7d–f). 
Notably, T cells engineered with SiHa-reactive, but not HPV E7-reactive, 
TCRs were capable of recognizing autologous tumor digest of patient 
CV19 (Extended Data Fig. 7g).

Identification of neoantigen-specific TCRs
We next leveraged our screening method for the personalized identi-
fication of neoantigen-specific TCRs within the NKIRTIL063 library. 
We previously identified non-synonymous tumor mutations of patient 
NKIRTIL063 and designed and expressed tandem minigene (TMG) con-
structs that collectively encode the 200 most highly expressed muta-
tions (out of a total of 685) in immortalized patient NKIRTIL063 B cells25. 
Notably, because such patient-matched B cells are fully MHC proficient, 
the use of these cells enables the screening of TCRs across the patient’s 
complete MHC haplotype. The resulting 20 TMG-expressing B cell 
lines were combined into five pools and used to screen the patient TCR 
library. This yielded 32 significantly enriched patient TCRs responding 
to diverse TMG pools (Fig. 3d and Supplementary Fig. 2). Expression 
of isolated hit TCRs in CD8+ Jurkat cells and co-culture with individual 
TMG lines confirmed reactivity of 22 out of 32 (69%) TCRs against 
TMGs 3, 7, 8 and 16 (Fig. 3e). In line with our sensitivity benchmarking 
(Fig. 2d), reactive TCRs could be identified irrespective of their fre-
quency and assembly accuracy within the total library (Extended Data 
Fig. 8). Deconvolution of recognized TMG constructs identified four 
neoantigens (GFPT2A676V, CCSERP329L, TNFAIP2P348A and ADAM10P164L) 
as the cognate targets of screen-identified TCRs (Fig. 3f). Moreover, 
incubation of selected TCR-engineered primary T cells with the patient’s 
melanoma line demonstrated the capacity of five out of six tested TCRs 
to recognize and kill patient tumor cells (Fig. 3g).

To evaluate whether the throughput of our screening method 
permits neoantigen-specific TCR discovery in a cancer type in which 
tumor-specific TILs are expectedly less frequent compared to mela-
noma, we focused on ovarian cancer patient OVC190. In addition to 
the library encoding TCRs identified among CD4+ TIL from this patient 
(1,341 TCRs; see above), we synthesized a TCR library encoding all 274 
CD8+ TIL clonotypes identified in the patient’s tumor. Paired exome 
and RNA sequencing revealed 61 expressed non-synonymous tumor 
variants, which were encoded in eight different TMG constructs and 
expressed in immortalized patient-matched B cells. Screening of the 
CD4+ T-cell-derived library against pooled TMG-expressing B cell lines 
yielded two putatively neoantigen-reactive TCRs (TCR 198.1 and TCR 
576.3; Fig. 4a). Although TCR 97.2 and TCR 184.1 did not reach statistical 
significance, they were included for validation. Expression of hit TCRs 
in CD4+ Jurkat cells and incubation with single TMG-expressing B cells 
demonstrated reactivity of three out of four identified TCRs toward 
TMG 5 (Fig. 4b), and subsequent TMG deconvolution experiments 
using single minigene-expressing B cells demonstrated that all three 
TCRs recognized an MTREXD398A neoantigen (Fig. 4c and Extended Data 
Fig. 9a). In addition, TCR-engineered donor CD4+ T cells displayed cyto-
toxicity toward MTREXD398A-expressing B cells but not cells expressing 
the wild-type MTREX sequence (Fig. 4d). No neoantigen-specific TCRs 
were identified among CD8+ TIL-derived TCRs in this patient’s tumor 
(Extended Data Fig. 9b).

Taken together, these data demonstrate the feasibility of using 
our TCR screening technology for the personalized discovery of 
tumor-specific and neoantigen-specific TCRs in patients with can-
cer, including patients with cancers in which tumor-specific TILs are 
generally rare.

Phenotype of tumor-reactive T cells
Recent work proposed gene expression signatures for the prospec-
tive identification of tumor-specific CD4+ and CD8+ T cells26, and we, 
therefore, questioned whether these signatures would effectively 
identify the tumor-specific TCRs identified using our screening plat-
form. Because the method of processing NKIRTIL063 tumor material 
precluded reliable profiling of TIL transcriptomes, we initially focused 
our analysis on the OVC190 tumor. NeoTCR4 and NeoTCR8 signature 
scores of OVC190 CD4+ and CD8+ TIL clonotypes were derived from 
single-cell gene expression data. Neoantigen-specific clonotypes and 
NeoTCR signature-positive cells mapped to clusters of CD4+ TILs with 

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02210-6

Malm
e3M

B2M
–/–  M

alm
e3M

Malm
e3M

B2M
–/–  M

alm
e3M

Malm
e3M

B2M
–/–  M

alm
e3M

1496 1 105

104

103

–103

104 105 106 1070 104 105 106 1070

104 105 106 1070 104 105 106 1070

0

105

104

103

–103

0

105

104

103

–103

0

105

104

103

–103

0

104 105 106 1070 104 105 106 1070

105

104

103

–103

0

105

104

103

–103

0

494 1
216 1

609 1
1389 1
1207 1

20 1
424 1
1311 1
685 3
680 1
925 2
365 1
1261 1
606 1
1275 1

17 1
1126 1

1490 1
706 1
176 1
750 1
138 1

1220 1
523 2
993 1

PMEL17
1298 1
359 1

1108 1
213 1

177 1
DMF5
715 1

1447 1
150 1

77 1
1066 1

518 2
958 1
601 1
689 1
1144 1
1351 1
1119 1
147 1
795 1

DMF4
756 1

73 1
114 1

436 1
1076 1

1G4
1279 1

1078 2
1032 1
349 1

1243 1
991 1
128 1

1057 1

1407 1
1276 2
202 1
474 1
814 1

940 3
76 1

425 1
832 1
426 1
189 1
957 1
548 1
704 1
806 1

CDK4#53
331 1
870 1
542 1
739 1
738 1

1497 2
347 1

1394 1
250

200

150

100

50

0

1417 1
712 1

888 1
275 1
614 1
70 1

1047 1
433 1
303 1

a b

d e

gf

c

TMG pool 1 TMG pool 2 TMG pool 3 TMG pool 4

Responding 
TCRs

Non­responding 
TCRs

IFN
γ spots

RPMI7951

TM
G 1

TM
G 2

TM
G 3

TM
G 4

359.1
336.2

1490.1
401.1
150.1
706.1
200.1
188.1
80.1

1379.1
1126.1
612.5

1455.1
17.1

836.1

TM
G 5

TM
G 6

TM
G 7

TM
G 8

445.1
114.1
19.1

197.1
139.1
60.1

255.1
1.1

21.2
51.1

141.1
20.1

1114.1
754.1

1392.1

TM
G 9

TM
G 10

TM
G 11

TM
G 12

1517.1

TM
G 13

TM
G 14

TM
G 15

TM
G 16

41.1

CD69+ cells (%)

0 20 40 60 80

Pool 1 Pool 2 Pool 3

Pool 4

*

*
*
*
*
*
*
*
*
*

*

*

*
*
*
*
*
*

*
*
*
*

0

20

40

60

80

100

Fold change (log2) Fold change (log2)

Ad
ju

st
ed

 P
 v

al
ue

 (–
lo

g 10
)

0

20

40

60

80

100 DMF5

DMF4Ad
ju

st
ed

 P
 v

al
ue

 (–
lo

g 10
)

–4 –2 0 2 4 –10 –5 0 5 10

*****
*
***
*
**
**

**
***
*

***
***

*

*

*

**

40.9% 1.8%

29.4% 1.2%

0.7% 1.3%

CD137­APC

C
D

3­
BV

42
1

Malme3M
B2M–/–

Malme3M

518.2

680.1

331.1

0

5

10

Fold change (log2)

Ad
ju

st
ed

 P
 v

al
ue

 (–
lo

g 10
)

0

5

10

Ad
ju

st
ed

 P
 v

al
ue

 (–
lo

g 10
)

DMF4

DMF5
PMEL17

–5 0 5

Fold change (log2)
–5 0 5

1G4 DMF4

DMF5

PMEL17

25
5.11.1 19

.1
21.

2
51.1 60.1

114
.1
13

9.1
19

7.1
445.1

0

20

40

60

80

100

0

20

40

60

80

100

17.
1
80.1

15
0.1

18
8.1

20
0.1

336.2
359.1

401.1
70

6.1
112

6.1

14
90.1

41.1
0

20

40

60

80

0

20

40

60

80 Wild­type
Mutant

GFPT2CCSER2TNFAIP2 ADAM10

C
D

69
+  c

el
ls

 (%
)

No target Malme3MNo target

No
T cells

1:1 3:1 10:1
0

20

40

60

80

100

E:T ratio

Li
ve

 tu
m

or
 c

el
ls

(n
or

m
al

iz
ed

) (
%

)

336.2

401.1

17.1

80.1

19.1

255.1

Fig. 3 | Personalized mining of tumor-reactive TCRs from melanoma TILs. 
a, The NKIRTIL063 TCR library (n = 935 TCRs) was expressed in CD8+ T cells and 
screened against the melanoma lines RPMI7951 and Malme3M. Fold change 
represents the relative abundance of TCRs after incubating T cells with or without 
the lines. Screen hits were defined as in Fig. 2. TCRs selected for validation are 
marked with dots. b, Malme3M-reactive TCRs identified in a were individually 
expressed in CD3+ T cells, and their activation in response to Malme3M cells 
was measured by IFNγ ELISpot. β2-microglobulin-deficient Malme3M served as 
negative control. Heatmap depicts the number of IFNγ spots. Responding TCRs 
are ordered according to increasing adjusted P values. Asterisks mark Malme3M-
reactive TCRs (as defined in the Methods). c, Flow cytometric data of a strong, 
medium and non-responder TCR after co-culture with Malme3M cells, gated on 
live CD3+ cells. d, NKIRTIL063 immortalized B cells were transduced with TMG 
constructs encoding the patient’s 200 most highly expressed non-synonymous 
tumor mutations. TMG B cell lines were combined into five pools of four lines and 

used to screen the NKIRTIL063 TCR library. MART126–35 minigene-expressing B 
cells were included in TMG pool 3. Dots represent individual TCRs. Fold change 
represents the relative abundance of TCRs in cultures with the indicated TMG 
pools. e, TMG-reactive TCRs identified in d were individually expressed in CD8+ 
Jurkat cells and cultured with TMG-expressing NKIRTIL063 B cells. Activation 
of TCR-transduced cells was assessed by measuring CD69 expression using flow 
cytometry. Heatmap depicts the percentage of CD69+ cells within live mTCRβ+ 
cells. Within TMG pools, TCRs are ordered according to increasing adjusted P 
values. Asterisks mark TMGs with z > 1. f, Neoantigen specificity of TMG-reactive 
TCRs was determined by incubating TCR-transduced Jurkat cells with TMG 
constructs in which indicated mutant minigenes were reverted to their wild-type 
sequence. T cell activation was evaluated by measuring CD69 expression using 
flow cytometry. g, Cytotoxicity toward the NKIRTIL063 cell line was measured 
after incubating TCR+ T cells with the tumor line at the indicated effector-to-
target ratios.
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dysfunctional and Treg phenotypes (Fig. 4e–g). Surprisingly, however, 
only one of the three neoantigen-specific TCRs (TCR 576.3) ranked 
within the top 250 scoring clonotypes, and none ranked within the top 
10% (90th percentile) of signature scoring clonotypes (Fig. 4h). Lack of 
MHC class II expression on OVC190 tumor cells (Extended Data Fig. 9c) 
did not allow us to functionally test whether CD4+ TIL-derived TCRs may 

recognize tumor-expressed antigens other than neoantigens (such as 
non-mutated differentiation or cancer testis antigens). Although it, 
therefore, cannot be excluded that top signature scoring clones may 
be specific against other classes of tumor antigens, these data suggest 
that neoantigen-specific TCRs may be obtained from TILs that express 
only low levels of reactivity-associated signatures and, thus, may only 
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Fig. 4 | Phenotype of tumor-specific T cells. a, CD4+ Jurkat cells were transduced 
with the CD4+ TIL-derived library of patient OVC190 (n = 1,341 TCRs encoded 
as 2,900 unique nucleotide sequences). Patient immortalized B cells were 
engineered to express TMGs encoding all expressed non-synonymous tumor 
mutations (n = 61) and used to screen the OVC190 TCR library. Dots represent 
individual TCRs. Codon-diversified replicates of individual TCRs are designated 
by suffixes ‘a–e’. Screen hits and P values were defined as in Fig. 2. b, Hit TCRs 
identified in a were individually expressed in CD4+ Jurkat cells and co-cultured 
with TMG-expressing patient B cells. Heatmap depicts the percentage of CD69+ 
cells within live mTCRβ+ cells. Asterisks indicate conditions with z > 2. c, CD4+ 
T cells transduced with neoantigen-specific OVC190 TCRs were incubated with 
patient B cells expressing the MTREXD398A neoantigen or its wild-type sequence, 
and T cell activation was assessed by measuring CD137 expression by flow 
cytometry. d, OVC190 TCR-engineered donor CD4+ T cells were incubated 
with patient B cells expressing the mutant or wild-type MTREX sequence at the 
indicated effector-to-target ratios. The fraction of remaining live B cells after co-

culture was measured by flow cytometry. e, UMAP plot of single-cell expression 
data from OVC190 TILs. f, Projection of NeoTCR4 and NeoTCR8 scores of 
OVC190 TILs onto the transcriptomic map. g, Projection of neoantigen-specific 
clonotypes onto the transcriptomic map. h, Ranking of OVC190 TIL clonotypes 
based on NeoTCR4 scores. Neoantigen-specific clonotypes are highlighted in 
red. i, UMAP of single-cell transcriptomic data from HC25 TILs. j, Projection of 
NeoTCR4 and NeoTCR8 scores of HC25 TILs onto the transcriptomic map.  
k, Projection of tumor-reactive clonotypes onto the transcriptomic map. 
l, Ranking of HC25 CD4+ (top) and CD8+ (bottom) TIL clonotypes based on 
NeoTCR4 and NeoTCR8 scores, respectively. Tumor-specific clonotypes are 
highlighted in red. Pie charts depict the fraction of tumor-specific CD4+ (top) and 
CD8+ (bottom) TIL-derived clonotypes among the 90th percentile of NeoTCR4 
and NeoTCR8 scoring clonotypes, respectively. CM, central memory; dysf., 
dysfunctional; eff., effector; EM, effector memory; mut, mutant; N, naive-like; M, 
memory; prol., proliferating; wt, wild-type.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02210-6

be identified using approaches that enable a comprehensive screening 
of TIL repertoires, as described here. Of note, screening the OVC190 
CD8+ T-cell-derived library against primary OVC190 tumor cells did not 
identify tumor-reactive TCRs (Extended Data Fig. 9d).

To more directly assess the capacity of these transcriptional sig-
natures to identify tumor-reactive T cells, we additionally profiled the 
tumor specificities of TILs from a hepatocellular carcinoma specimen 
(patient HC25; Supplementary Table 21). Here, PD1+ TILs were isolated 
to enrich for T cells presumed to be tumor reactive9,27, followed by 
single-cell RNA and TCR sequencing. NeoTCR4 and NeoTCR8 scores 
were derived for CD4+ and CD8+ TIL-derived clonotypes, respectively, 
revealing highest levels of signature expression in dysfunctional 
CD8+ T cells and CD4+ regulatory T cells (Tregs) (Fig. 4i,j). Next, func-
tional screening of the 382 highest-scoring clonotypes against dis-
sociated autologous tumor cells yielded as few as 22 tumor-reactive 
clonotypes (Extended Data Fig. 10), suggesting that a large majority 
of signature-positive TILs in this specimen are non-tumor-specific 
bystanders. Interestingly, the transcriptional states of tumor-reactive 
clonotypes converged to a late dysfunctional phenotype (Fig. 4k). 
Notably, within the 90th percentile of signature scoring MHC class 
I–restricted and MHC class II–restricted clonotypes, only two (out of 
52) and six (out of 142) TCRs, respectively, displayed tumor reactivity 
(Fig. 4l). Taken together, these observations underline the value of 
comprehensive, functional TCR screening approaches for the unbiased 
identification of bona fide tumor-reactive TCRs.

Discussion
The identification of therapeutic TCRs for personalized TCR gene 
therapy is complicated by the patient-specific and highly diverse 
nature of TCR repertoires in individual patients with cancer. Moreover, 
tumor-specific T cells may be exceedingly rare, in particular in tumors 
that lack robust endogenous T cell reactivity5,6. To date, antigen-specific 
TCR discovery methods have generally relied on the low-throughput 
assembly and expression of single TCRs, followed by analysis of their 
reactivity in separate experimental conditions6,16–19,22. However, such 
approaches are costly and poorly scalable and are, therefore, not suited 
for the screening of complex TCR repertoires. More recent strategies 
capable of isolating natively paired TCRαβ chains from polyclonal 
T cells20,21 provide the opportunity to screen reactivities of large num-
bers of TCRs, for example when combined with NGS-based analysis of 
responding TCRs23,24, but lack control over the fidelity or frequencies 
of individual TCRs within the generated libraries.

To address these limitations, we developed a personalized TCR 
discovery pipeline that couples large-scale assembly of synthetic 
TCR libraries with functional genetic screening, enabling the pro-
filing of thousands of individual TCRs in a single experiment. Our 
‘sequence-and-synthesize’ approach results in TCR libraries with 
relatively uniform representation of individual TCRs and, in con-
trast to approaches that rely on primary patient-derived T cells28, 
enables the functional analysis of TCR repertoires in a manner that 
is not biased by the phenotype or clonal abundance of intratumoral 
T cells. A detailed analysis of the TCR sequence fidelity of synthesized 
libraries demonstrated correct assembly rates and ‘perfect rates’ of, 
on average, approximately 90% and approximately 40% across librar-
ies, respectively, which is sufficient for successful identification of 
antigen-specific TCRs, including those of relatively low affinity. Because 
the highest fraction of sequence errors originated from the synthe-
sized CDR3Jα and CDR3Jβ oligonucleotide pools, we expect that the 
sequence fidelity of TCR libraries synthesized using our method will 
improve further with future advances in commercial DNA synthesis 
technology. Although it is, in principle, feasible to design well more 
than 1,000 orthogonal Zip sequences to enable pairing of more com-
plex CDR3Jα–CDR3Jβ oligonucleotide pools, such increased complexi-
ties would require undesirably prolonged reaction times. To enable 
scalability while safeguarding rapid turnaround times, we, therefore, 

limit the number of unique TCRs per one-pot assembly to 1,000 TCRs 
and straightforwardly synthesize libraries of multiple thousands of 
TCRs in parallel one-pot reactions.

We leveraged our technology to synthesize and screen approxi-
mately 5,000 unique synthetic TCRs across four patient samples. 
In addition, we demonstrate the utility of our NGS-based pooled 
functional screening approach for the identification of both MHC 
class I– and MHC class II–restricted tumor-specific TCRs from 
tumor-infiltrating T cell repertoires, including TCRs specific for can-
cer neoantigens. Recent efforts that compared the transcriptional 
phenotypes of tumor-specific and bystander T cells have led to the 
identification of tumor reactivity-associated gene programs26, and 
such signatures could facilitate the relatively straightforward isola-
tion of tumor-specific T cells and their TCRs. However, the lack of 
scalable and affordable TCR screening technologies has so far made 
it difficult to validate the performance of these signatures. In an initial 
effort in two tumor specimens, we benchmarked the identification of 
tumor-specific T cell clonotypes using such gene signatures against our 
functional screening method. In doing so, we observed low frequencies 
of tumor-specific TCRs among clonotypes that expressed high levels 
of reactivity-associated signatures, suggesting that bystander T cells 
may still be common among signature-positive TILs. More notably, 
our data indicate that truly tumor-reactive TCRs may be isolated from 
TILs that express such transcriptional signatures at only low levels, 
indicating that a comprehensive understanding of the tumor-reactive 
TCR pool requires the use of technologies that allow functional profil-
ing of TCRs at scale, as described here. Of note, given the exploratory 
nature of this effort, it will be of interest to corroborate these findings 
in larger patient cohorts.

Looking forward, our method should facilitate the identifica-
tion of tumor antigen-specific TCRs for use in the next generation of 
personalized TCR gene therapies. Using carefully streamlined, Good 
Laboratory Practice (GLP)-compliant workflows, we project that our 
pipeline will enable therapeutic TCR discovery within 4–5 weeks (from 
patient tissue onboarding to validated TCRs; Supplementary Fig. 3). 
Within the landscape of recent efforts to design personalized (neo)
antigen-specific immunotherapies, in which the TCR or tumor anti-
gen discovery so far may take from 3 months to up to 5 months29–31, 
this constitutes an important advance. Thus, the method presented 
here represents a powerful tool for the design of future cellular 
immunotherapies.
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Methods
Patient material
Tumor tissue and peripheral blood mononuclear cells (PBMCs) were 
collected from patients treated at the Netherlands Cancer Institute–
Antoni van Leeuwenhoek Hospital (NKI-AVL; Amsterdam, The Nether-
lands), Shenzhen People’s Hospital (Shenzhen, China) or Sun Yat-sen 
University Cancer Center (Guangzhou, China), with written informed 
consent and in accordance with guidelines of the respective local medi-
cal ethical committees at those institutions. For patients NKIRTIL063 
and OVC190, fresh tumor tissue was obtained by surgical resection, 
mechanically disrupted and digested for 30 min (for patient OVC190 
tissue) or overnight (for patient NKIRTIL063 tissue) at 37 °C in RPMI 
1640 medium (Life Technologies) supplemented with penicillin–strep-
tomycin (Roche), 0.01 mg ml−1 pulmozyme (Roche) and 1 mg ml−1 col-
lagenase type IV (BD Biosciences). The resulting single-cell suspensions 
were cryopreserved in liquid nitrogen. For patients CV19 and HC25, 
fresh tumor tissue was cut into fine pieces and digested into single-cell 
suspension in DMEM supplemented with Accutase (STEMCELL Tech-
nologies) and DNaseI (Sigma-Aldrich). After digestion, an aliquot of 
single-cell suspension of patient HC25 was used to sort PD1+ TILs by 
FACS, as described below, which were immediately subjected to RNA 
and TCR single-cell sequencing. The remainder of the single-cell sus-
pension was cryopreserved in liquid nitrogen.

Antibodies
The following antibodies were used for flow cytometry: CD3-APC 
(clone SK7, BD Biosciences, dilution 1:50); CD3-FITC (clone SK7, BD 
Biosciences, dilution 1:50); CD3-FITC (clone OKT3, BioLegend, dilution 
1:30); CD3-BV421 (clone UCHT1, BioLegend, dilution 1:100), CD4-FITC 
(clone RPA-T4, BD Biosciences, dilution 1:200), CD14-APC-H7 (clone 
MoP9, BD Biosciences, dilution 1:100); CD16-APC-H7 (clone 3G8, BD 
Biosciences, dilution 1:100); CD19-FITC (clone 4G7, BD Biosciences, 
dilution 1:200); CD45-APC (clone HI30, BD Biosciences, dilution 1:50); 
CD8α-PE (clone RPA-T8, BD Biosciences, dilution 1:30); CD8α-PacBlue 
(clone SK1, BioLegend, dilution 1:100); CD8α-Alexa Fluor 700 (clone 
3B5, Thermo Fisher Scientific, dilution 1:50); CD8β-BB700 (clone 
2ST8.5H7, BD Biosciences, dilution 1:400); CD69-BV421 (clone FN50, 
BioLegend, dilution 1:50); CD137-PE (clone 4B4, BioLegend, dilution 
1:100); CD137-APC (clone 4B4, BioLegend, dilution 1:100); CD107a-PE 
(clone H4A3, BioLegend, dilution 1:50); and PE-conjugated anti-mouse 
TCRβ constant domain (clone H57-597, BD Biosciences, dilution 1:150). 
Live/Dead Fixable Near-IR Dead Cell Stain (Thermo Fisher Scientific), 
7-AAD (Thermo Fisher Scientific) or DAPI was used to identify live cells. 
Data from flow cytometry experiments were acquired using FACSDiva 
software (version 8.0.2, BD Biosciences) and analyzed using FlowJo 
(version 10.7.1, BD Biosciences).

Single-cell RNA and TCR sequencing
For patient NKIRTIL063, cryopreserved tumor digest was thawed and 
stained with DAPI and antibodies against CD45, CD3 and CD8. Live 
single CD45+CD3+CD8+ T cells were then isolated by flow cytometry and 
loaded into a Chromium single-cell sorting system (10x Genomics). For 
patient OVC190, tumor digest was thawed and stained with antibodies 
against CD45, CD3, CD4, CD8 and CD25, and live CD45+CD3+CD4+ or 
CD8+ T cells were isolated by flow cytometry and loaded into two sepa-
rate lanes of a Chromium system. For patient HC25, live CD45+CD3+PD-1+ 
TILs were sorted to enrich for tumor-reactive cells, followed by loading 
into a Chromium system. Cells were kept on ice during all steps of the 
workflow. Gene expression (for all samples except NKIRTIL063) and 
TCR library preparation were performed using the Chromium Next 
GEM Single Cell 5′ and V(D)J reagent kits (10x Genomics) according 
to the manufacturer’s instructions, and libraries were subsequently 
sequenced on Illumina HiSeq 2500 and MiSeq sequencing systems. 
Sequencing reads were aligned to the human transcriptome and 
assigned to individual cells using Cell Ranger (version 6.1.2). Unique 

molecular identifiers (UMIs) were merged and counted according to 
Cell Ranger default parameters, and cells were filtered so that cells with 
fewer than 10,000 detected UMIs, less than 10% of reads mapping to 
mitochondrial genes or more than 10% of reads mapping to ribosomal 
protein-coding genes were retained. Further analysis was performed 
using Seurat32 (version 4.0.1) in R (version 4.1.1). In brief, gene expres-
sion data (excluding TCR variable genes) were normalized using the 
SCTransform function, simultaneously regressing out the effects of 
mitochondrial content and total UMI count in each cell. Then, Seurat 
functions were used for principal component analysis (PCA), followed 
by uniform manifold approximation and projection (UMAP), nearest 
neighbor identification and graph-based clustering (neighbors were 
identified using the first 30 principal components, and clusters were 
identified with the resolution set to 0.8 (for OVC190 data) or 0.4 (for 
HC25 data)). Mean NeoTCR4 and NeoTCR8 scores per T cell clonotype 
were calculated as defined in ref. 26.

Design and synthesis of TCR libraries
Synthetic TCR libraries were produced as in a multi-step assembly pro-
cess (Fig. 1a and Extended Data Fig. 1a,b). First, germline (GL)-encoded, 
sequence-verified, reusable human TRAV_GL and TRBV_GL fragments 
were amplified from sequence-verified plasmids (covering 52 human 
TRAV alleles and 53 human TRBV alleles). Each TRBV_GL fragment 
contains a 5′ primer binding site (termed CF), followed by the coding 
sequence of the TRBV gene (including the leader peptide), ending at 
the cysteine immediately preceding the CDR3 (‘2nd-CYS’, following 
IMGT nomenclature33). Similarly, each TRAV_GL fragment contains a 5′ 
region encoding a P2A peptide followed by the coding sequence of the 
TRAV gene (including the leader peptide) ending at the 2nd-CYS. The 
last 20–30 bp of each TRAV_GL or TRBV_GL allele (that is, the ConnA or 
ConnB region, respectively) is codon diversified (as described in ref. 
34) to maximize DNA sequence diversity. Each TRAV_GL or TRBV_GL 
fragment is then PCR amplified using a 5′ phosphothioate-modified 
forward primer and a 5′ phosphate-modified reverse primer, followed 
by treatment of the PCR product with lambda exonuclease to gener-
ate ssDNA TRAV_GL and TRBV_GL fragment pools. In parallel, ssDNA 
CDR3Jα and CDR3β pools were gene synthesized (Twist Bioscience, 
Agilent Technologies or Integrated DNA Technologies; see Supple-
mentary Tables 22–28 for oligo sequences of synthesized pools) and 
PCR amplified using the universal 5′ phosphothioate-modified GQ1 
and unmodified GQ4* primers (for ssDNA CDR3Jα pools) or unmodi-
fied GQ5 and 5′ phosphothioate-modified BCD* (for ssDNA CDR3β 
pools; see Extended Data Fig. 1a,b and Supplementary Table 29 for 
primer sequences). GQ4 and GQ5 segments were removed after PCR, 
for which two different methods were used with similar results. One 
method involved the introduction of a type IIS restriction site (for 
example, BsaI or BbsI) between Zip and GQ4 on CDR3Jα oligos and 
between GQ5 and Zip on CDR3β oligos, followed by digestion using 
the corresponding type IIS restriction enzyme to remove the GQ4 and 
GQ5 segments. Alternatively, one or two dT bases were used instead 
of the type IIS restriction sites. Accordingly, one or two dU bases were 
added to the 3′ end of primers GQ4* and GQ5, and GQ4 and GQ5 seg-
ments were removed after PCR using the New England Biolabs End 
Repair kit, as described previously35. After either method, ssDNA was 
generated using lambda exonuclease. The two resultant ssDNA pools 
(~10 nM each) were incubated in PCR buffer at 50 °C for 24 h to allow 
cognate pairs of CDR3Jα and CDR3β oligos to hybridize through their 
Zip and Zip* domains, after which double-stranded DNA (dsDNA) was 
generated by addition of Taq DNA polymerase to extend the 3′ ends. 
Zip sequences were pre-designed to have GC content of 50% and 
similar melting temperatures (Supplementary Table 2). This ‘CDR3Jα–
CDR3β’ pool was then PCR amplified using 5′-unmodified GQ1 and 
5′-phosphothioate-modified BCD*. The GQ1 segment was removed 
using type IIS restriction or dU-based DNA repair as described above, 
and the top strand of the dsDNA amplicon was removed using lambda 
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exonuclease to expose the 3′ ConnA* sequence for hybridization to 
the TRAV_GL fragment pool. The resultant single-stranded paired 
CDR3Jα–CDR3β pool (at 10 nM) was annealed with the TRAV_GL pool 
(at 50 nM) via hybridization of ConnA (on TRAV_GL) and ConnA* (on 
CDR3Jα–CDR3β) in PCR buffer at 50 °C for 3 h, and dsDNA was gener-
ated using Taq DNA polymerase to extend the 3′ ends. The dsDNA 
pool was subsequently ligated to a dsDNA fragment encoding the 
murine TRBC1 domain directly followed by a short linker (GSG) and 
P2A sequence using Golden Gate assembly, making use of a type IIS 
restriction site in the BCD and murine TRBC1 fragments. Next, the 
identical P2A sequence at the 5′ of TRAV_GL fragments and the 3′ of 
the TRBC1 fragment were exploited to circularize the ligation product 
using Gibson assembly. The circularized product was re-linearized by 
PCR using primers GQ3 and 5′-phosphothioate-modified GQ2*. The 
GQ3 domain was removed by type IIS restriction or dU-based DNA 
repair as described above, and ssDNA was generated using lambda 
exonuclease. The ssDNA pool was annealed to the TRBV_GL frag-
ment pool via hybridization between ConnB and ConnB* sequences, 
and dsDNA was generated by extension of the 3′ ends using Taq DNA 
polymerase, producing the final VCV pool. Of note, the NKIRTIL063 
VCV pool was synthesized using an oligonucleotide pool encoding 
pre-paired CDR3Jα–CDR3Jβ sequences (~350 nt in length; Integrated 
DNA Technologies), and the dropout rate within the resulting VCV 
pool was relatively high (10.9%; Supplementary Table 10). All other 
VCV pools were synthesized using separate CDR3Jα and CDR3Jβ pools 
(each ~230 nt in length; Agilent Technologies or Twist Bioscience), and 
dropout rates were maintained at 2–3%.

The following HLA-A*02:01-restricted TCRs were included in 
selected VCV pools as internal controls: 1G4 (specific for NY-ESO-1157–165), 
DMF4 and DMF5 (both specific for MART126–35), PMEL17 (specific for 
gp100280–288), C4 and C4DLT (both specific for WT1126–134) and CDK4 53 
(specific for CDK4R24L). TCR C4DLT has a higher affinity toward the WT1 
epitope compared to C4 (refs. 36,37), and DMF5 has a higher affinity 
toward the MART1 epitope compared to DMF4 (refs. 38,39). In addition, 
for the OVC190 VCV pools, selected TCRs were encoded in replicate. 
To this end, the CDR3Jβ nucleotide sequences of individual TCRs were 
codon diversified without changing the encoded amino acid sequence.

Sequencing analysis of library assembly intermediates
The assembly accuracy and sequence fidelity of each synthetic VCV 
library were assessed by NGS. In brief, UMI-containing Illumina 
adapters were appended to VCV fragments by PCR, and libraries were 
sequenced using the 600-cycle MiSeq Reagent Kit v3 to retain TCRα/
TCRβ chain pairing information. Reads mapping to individual VCV 
sequences and having UMIs with ≤2 mismatched nucleotides were 
grouped to generate consensus sequences (referred to as molecules). 
Molecules with ≤2 mapped reads were excluded from analysis. Each 
molecule was next mapped to the TRAV_GL, ConnA, CDR3Jα, TRBV_GL, 
ConnB and CDR3Jβ segment sequences, allowing for insertions/dele-
tions and mismatches at this stage. The frequency of each molecule 
within a library was calculated as the ratio of molecules with the cor-
rect combination of segment sequences divided by the total molecule 
count. To determine the ‘α–β pairing accuracy’ for individual TCRs 
(that is, to evaluate the accuracy of Zip hybridization), the number 
of molecules with both its correct CDR3Jα and CDR3Jβ regions was 
divided by the number of molecules with its correct CDR3Jα region. 
Similarly, the ConnB-mediated assembly accuracy between TRBV_GL 
and CDR3Jβ (termed ‘TRBV acquisition accuracy’) for individual TCRs 
was calculated by dividing the number of molecules with both its cor-
rect TRBV_GL and CDR3Jβ regions by the number of molecules with its 
correct CDR3Jβ region. The same method was applied for the quanti-
fication of the TRAV_GL–CDR3Jα assembly accuracy (termed ‘TRAV 
acquisition accuracy’). Finally, insertions/deletions and nucleotide 
mismatches were counted for each molecule identified to be correctly 
assembled, and the ratio of the number of error-free sequences and the 

number of correctly assembled sequences for each TCR was used to 
evaluate the final percentage of molecules with the desired sequence 
(termed ‘perfect rate’) within individual libraries.

One-step sequencing analysis of full-length VCV pools
The one-step characterization of full-length VCV products was enabled 
by the in-house development of a custom NGS method on the Illumina 
MiSeq platform. In this method, which we termed ‘2-reads-on-1-strand 
MiSeq’ (Extended Data Fig. 4a), paired reads generate sequence infor-
mation that covers the TRAV_GL–CDR3αJα and TRBV_GL–CDR3βJβ 
regions within individual VCV molecules, which can then be mapped to 
reference sequences of library TCRs. To generate sequencing libraries, 
UMIs were incorporated into VCV fragment libraries by single-cycle 
extension using Q5 Hot Start High-Fidelity DNA Polymerase (New 
England Biolabs) and primer MEA-UMI(N12–15)-ACDrc, the latter 
being an equimolar mix of primers that differ only in the length of 
their UMI (ranging from 12 nt to 15 nt). Free primers were removed 
using Exonuclease I (New England Biolabs), and UMI-extended VCV 
fragment libraries were purified using AMPure XP beads (Beckman 
Coulter) and eluted in EDTA TE buffer. The Illumina Rd2 sequence 
was subsequently appended by 20 cycles of PCR using Q5 Hot Start 
High-Fidelity DNA Polymerase (New England Biolabs) and primers 
Rd2-CF and Tn5MEA_5end. After purification of Rd2-extended VCV 
fragment libraries using AMPure XP beads (Beckman Coulter), Illumina 
P5 and P7 sequences were adapted by 12 cycles of PCR using Q5 Hot 
Start High-Fidelity DNA Polymerase (New England Biolabs) and prim-
ers P5-Tn5MEA_5end and P7-index(N7)-Rd2, where the 7-nt stretch of N 
nucleotides indicates a unique sample index sequence used to enable 
the multiplexed preparation of sequencing libraries. Final sequencing 
libraries were purified using AMPure XP beads (Beckman Coulter), 
eluted in nuclease-free water, and amplicon quantities were meas-
ured by Qubit (Thermo Fisher Scientific). Sequencing libraries were 
sequenced on an Illumina MiSeq system (paired end 300 bp) using PhiX 
as spike-in control and using a customized MiSeq sequencing program 
that omits resynthesis of the bottom strand on the flow cell. Primers 
Tn5MEA (identical to the llumina Nextera Rd1 sequencing primer, for 
reading of TRAV–CDR3α–Jα) and Illumina_Rd1 (for PhiX reading) were 
used in cycle 1; primer Illumina_Rd2rc was used in cycle 2 (for sample 
index reading); and primers BCErc (for TRBV–CDR3β–Jβ reading) and 
Illumina_Rd1 (for PhiX reading) were used in cycle 3. For each TCR, we 
measured (1) the count of reads of which the CDR3Jβ region mapped to 
this TCR’s CDR3Jβ reference sequence and (2), among these reads, the 
count of reads of which TRAV_GL, TRBV_GL and CDR3Jα all mapped to 
this TCR’s reference sequence. We then divided the latter read count 
by the former to obtain the ‘overall assembly accuracy’ for each TCR. 
The mean and median total overall assembly accuracy was consistently 
between 85% and 95%.

TCR library cloning
VCV fragment libraries were amplified by 15 cycles of PCR using Phusion 
High-Fidelity DNA Polymerase (New England Biolabs) and universal 
primers CF and GQ2rc. PCR products were purified using the Monarch 
PCR & DNA Cleanup Kit (New England Biolabs), digested using BtgZI 
(New England Biolabs) and purified again using the Monarch PCR & 
DNA Cleanup Kit. In parallel, a pMX retroviral vector that also encoded 
murine TRAC and the puromycin N-acetyltransferase resistance gene 
was digested using BbsI (New England Biolabs) and run on a 1% aga-
rose gel. Digested pMX vector DNA was extracted from gel using the 
Monarch DNA Gel Extraction Kit, and VCV libraries were subsequently 
ligated into the digested pMX vector, such that the inserted VCV frag-
ment was in frame with the TRAC-PuroR cassette. Subcloned TCR 
libraries were amplified using Endura electrocompetent cells (Lucigen), 
and library DNA was isolated using the PureLink HiPure Maxiprep Kit 
(Invitrogen). A library coverage of at least 100× was maintained during 
all cloning steps.
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Expression of TCR libraries in reporter T cells
For expression in Jurkat T cells, TCR libraries were retrovirally trans-
duced into a TCRα−/TCRβ− Jurkat T cell line previously modified to 
express either CD8αβ or CD4, respectively6. In brief, retroviral super-
natant was produced by transfection of FLY-RD18 packaging cells 
with pMX-TCR library DNA using X-tremeGENE 9 transfection reagent 
(Roche). After 48 h, supernatants were collected and used to infect CD8+ 
or CD4+ TCRα−/TCRβ− Jurkat cells by spinoculation in 24-well plates 
precoated with RetroNectin (Takara). Jurkat cells were transduced at 
infection rates of less than 20% to ensure single retroviral integration 
in the majority of cells. Transduction efficiency was measured after 
72–96 h by flow cytometry. TCR-expressing cells were subsequently 
sorted using a FACSAria Fusion cell sorter (BD Biosciences) to greater 
than 80% purity and cultured in RPMI 1640 medium supplemented with 
10% FBS (Sigma-Aldrich) until use in TCR discovery screens.

For expression in primary T cells, TCR libraries were cloned into 
an AAV6 plasmid to be packaged into AAV viral particles (PackGene). 
Healthy donor T cells, previously isolated and cryopreserved from leu-
kopaks using CD3 isolation kits (STEMCELL Technologies), were thawed 
and activated with CD3/CD28 beads (Thermo Fisher Scientific) in 
ImmunoCult Human T Cell Expansion media (STEMCELL Technologies) 
and 200 U ml−1 IL-2 (PeproTech). Two days after bead activation, T cells 
were electroporated (program EO-115) with Cas9 ribonucleoprotein 
(RNP) using P3 buffer and a Nucleofector 4D Electroporation System 
(Lonza). RNPs consisted of SpyFi Cas9 nuclease (Aldevron) duplexed 
with HPLC-purified single guide RNAs (Integrated DNA Technologies) 
targeting the human TRAC and TRBC1/2 loci. After electroporation, 
TCR knockout T cells were treated with TCR library AAV (5 × 104 genome 
copies per cell) and cultured for two additional days, after which beads 
were removed and cells were kept in culture for 6–10 d until use in TCR 
discovery screens or cryopreservation.

Generation of immortalized B cell lines
Immortalized patient B cell lines were generated as previously 
described40. In brief, patient PBMCs were isolated from peripheral 
blood by Ficoll-Paque density gradient separation and stained with 
IR-Dye and anti-CD3, anti-CD14, anti-CD16 and anti-CD19 antibodies. 
Single live B cells (CD3−CD14−CD16−CD19+) were sorted using a FAC-
SAria Fusion cell sorter (BD Biosciences) and stimulated by incuba-
tion with irradiated (55 Gy) CD40L+ mouse L cells in IMDM medium 
(Gibco) supplemented with 10% heat-inactivated FBS (Sigma-Aldrich), 
penicillin-streptomycin and 50 ng ml−1 IL-21 (BioLegend). After 36 h, 
stimulated B cells were retrovirally transduced with Bcl-6 and Bcl-xL. 
Bcl-6/xL-immortalized B cells were cultured in IMDM medium sup-
plemented with 10% heat-inactivated FBS, penicillin–streptomycin 
and 25 ng ml−1 IL-21 and were restimulated every 10 d by addition of 
irradiated CD40L+ L cells. Medium and IL-21 were refreshed every 3–4 d.

Exome and RNA sequencing
Genomic DNA and RNA were isolated from formalin-fixed 
paraffin-embedded tumor material using the AllPrep DNA/RNA Kit 
(Qiagen). Genomic DNA of patient PBMCs was isolated using the DNeasy 
Blood & Tissue Kit (Qiagen). Whole-exome and RNA sequencing was 
subsequently performed as described previously6,25. Patient-specific 
non-synonymous mutations were identified by mapping DNA reads 
to genome build GRCh38 (release 88) using BWA (version 0.7.10), 
followed by variant calling and annotation using MuTect2 (version 
3.7.0) and SnpSift (version 4.3p) and validation of expression from 
RNA sequencing data.

TMG design and transduction
TMG constructs encoding NKIRTIL063 tumor mutations were previ-
ously designed and generated25. In brief, 200 tumor mutations (of a 
total of 685 expressed non-synonymous mutations) were selected 
based on mutation clonality and gene expression level. Individual 

NKIRTIL063 TMG constructs encoded 10 mutation-encoding mini-
genes in which the mutant codon was flanked on either side by 
45 nt of wild-type gene sequence. Sequences were codon opti-
mized, synthesized (Twist Bioscience) and subcloned into a pMSCV 
vector directly downstream of the signal sequence of CD74. The 
pMSCV-CD74 vector also encodes mCherry and the puromycin 
N-acetyltransferase resistance gene to allow evaluation of transduc-
tion efficiencies and selection, respectively. For patient OVC190, 
eight TMG constructs encoding all 61 expressed non-synonymous 
tumor variants were designed, synthesized and subcloned into the 
pMSCV-CD74-Puro-mCherry vector. NKIRTIL063 and OVC190 TMG 
constructs were retrovirally transduced into patient-matched immor-
talized B cells as described above.

TCR discovery screens
In brief, TCR discovery screens were performed by incubating TCR 
library-expressing T cells with target epitope-expressing APCs (allo-
genic tumor cell lines, antigen-modified B cells or patient tumor cells), 
followed by isolation of activated T cells using FACS or MACS and 
deep sequencing to identify responding TCRs. For screens using Jur-
kat T cells, TCR library-expressing Jurkat cells were incubated with 
immortalized B cells in RPMI 1640 medium (Life Technologies) sup-
plemented with 10% FBS (Sigma-Aldrich) and penicillin–streptomy-
cin (Roche) for 8 h at a density of 600,000 total cells per cm2. When 
peptide-pulsed B cells were used in screens, immortalized B cells were 
harvested and resuspended in 1 μg ml−1 peptide for 1 h at 37 °C. After 
peptide pulsing, B cells were washed twice with RPMI 1640 medium 
and incubated in duplicate with TCR library-expressing Jurkat cells 
at an effector-to-target ratio of 1:1. Screens using TMG-expressing B 
cells were performed by pooling equal cell numbers of four TMG B 
cell lines per screening condition, followed by incubation in tripli-
cate with TCR library-expressing Jurkat cells at an effector-to-target 
ratio of 1:4. TCR library coverage of at least 500× was maintained in 
all experiments. After co-culture, cells were harvested, washed and 
stained with Live/Dead Fixable Near-IR Dead Cell Stain (Thermo Fisher 
Scientific) and antibodies against mTCRβ and CD69. Activated Jurkat 
cells (defined as the top 10% CD69+ fraction of single live mTCRβ+ 
cells) were isolated by flow cytometry using a FACSAria Fusion cell 
sorter (BD Biosciences), washed and lysed in DirectPCR Lysis Rea-
gent (Viagen) containing 500 µg ml−1 proteinase K by incubation at 
55 °C for 60 min, 85 °C for 30 min and 94 °C for 5 min. Transgenic 
TCRβ chains were PCR amplified using NEBNext High-Fidelity 2× 
PCR Master Mix (New England Biolabs) using a P7-containing for-
ward primer annealing to the retroviral backbone sequence directly 
5′ of the TCRβ chain (5′-CAAGCAGAAGACGGCATACGAGATGGGGT 
GGACCATCCTCTAGACTGC-3′) and barcoded reverse primers anneal-
ing to the TRBC domain directly 3′ of the CDR3β, containing P5 and 
Illumina read 1 sequences (5′- AATGATACGGCGACCACCGAGAT 
CTACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNNNNG 
GGACACTTTTGGAGGTGTGACGTTCC-3′). The N nucleotides enable 
demultiplexing of samples during sequencing analysis. To prepare 
sequencing library pools, PCR products were pooled equimolarly and 
by correcting for the number of sorted cells per screening condition. 
Pooled PCR products of the expected amplicon size were purified from 
agarose gel using the Monarch DNA Gel Extraction Kit (New England 
Biolabs) and sequenced on an Illumina NextSeq 550 sequencing system 
(single read 150 bp).

To analyze the influence of the abundance of individual TCRs 
within libraries on screening sensitivity, NKIRTIL063 library-expressing 
CD8+ Jurkat cells were diluted three-fold, 10-fold or 30-fold with 
mock-transduced Jurkat cells, followed by use in screens against 
MART126–35 peptide-pulsed HLA-A*02:01-positive immortalized B cells. 
To simulate a screening setting in which antigen-specific TCRs are 
represented at reduced frequencies, identical numbers of total Jurkat 
cells were used across screening conditions.
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For screens using primary donor T cells, TCR library-engineered 
T cells were incubated overnight in duplicate with allogenic tumor lines 
(Malme3M, RPMI7951, SiHa, K562 or HMCB (American Type Culture 
Collection)) or patient tumor cells at an effector-to-target ratio of 1:1. 
After co-culture, cells were harvested, washed and stained with an 
APC-conjugated anti-CD137 antibody. Activated CD137+ T cells were 
subsequently isolated by flow cytometry using an MA900 cell sorter 
(Sony). Alternatively, CD137+ cells were isolated by MACS using anti-APC 
magnetic beads (Miltenyi Biotec) following the manufacturer’s instruc-
tions. Transgenic TCRs were subsequently PCR amplified from isolated 
cells and submitted to deep sequencing.

Screen sequencing analysis
Quality of sequencing reads was determined by FastQC (version 0.11.9), 
and reads were de-multiplexed using je-demultiplex (version 1.2), 
allowing one mismatch in the sample barcode and up to five bases of 
lower quality toward the end of reads. The barcode sequences were 
trimmed, and reads were further filtered using fastp (version 0.32.2), 
allowing only reads with less than 10% of bases with quality lower than 
Q28 and fewer than five N bases. Filter-passing reads were then aligned 
to sequences of library TCRs with no mismatches allowed and counted 
using the MAGeCK count algorithm (version 0.5.8). To identify reac-
tive TCRs, per-sample count tables were normalized and compared 
using DESeq2 (version 1.34.0) and dplyr (version 1.0.9) in R (version 
4.1.1), and hit TCRs were determined using the DESeq2 Wald test and 
an adjusted P < 0.05, unless stated otherwise. For the NKIRTIL063 
TCR library screen against TMG-expressing B cell pools, TCRs were 
defined as reactive to an individual TMG B cell pool only when they 
reached statistical significance in comparison to all other four TMG 
pools. Sequencing data were deposited in the National Center for 
Biotechnology Informationʼs Sequence Read Archive under accession 
codes PRJNA1068078 (ref. 41), PRJNA1068299 (ref. 42), PRJNA1068301  
(ref. 43) and PRJNA1068303 (ref. 44) and are publicly available.

Expression of individual TCRs
For validation of TCRs identified in pooled screens, individual TCRs were 
expressed in Jurkat or healthy donor T cells using retroviral transduc-
tion or electroporation of in vitro transcribed mRNA. Individual TCRs 
were first amplified from VCV pools by 26 cycles of PCR using Phusion 
High-Fidelity DNA Polymerase and a universal forward primer in com-
bination with a reverse primer targeting the TCR’s unique Zip barcode 
sequence. For retroviral transduction, amplified individual TCRs were 
subcloned into the pMX-TRAC-PuroR retroviral vector and subsequently 
transduced into Jurkat cells or healthy donor T cells as described above. 
When TCRs were transduced into primary T cells, healthy donor PBMCs 
(Sanquin Blood Bank) were separated into CD8+ cells (when transducing 
MHC class I–restricted TCRs) and CD8− cells (when transducing MHC 
class II–restricted TCRs) using the CD8+ T Cell Isolation Kit (Miltenyi Bio-
tec) and stimulated with anti-CD3/anti-CD28 Dynabeads (Life Technolo-
gies) in RPMI 1640 medium supplemented with 10% human AB serum 
(Life Technologies), penicillin–streptomycin (Roche) and 150 U ml−1 IL-2 
(Proleukin, Novartis). Jurkat cells or pre-stimulated CD8−/CD8+ PBMCs 
were infected with retroviral supernatants by spinoculation (2,000g 
for 90 min) in RetroNectin-coated 24-well plates. Transduction effi-
ciency was measured 72–96 h later by staining transduced cells with an 
anti-mouse TRBC antibody and analysis by flow cytometry. Transduced 
cells were selected with 2.5 µg ml−1 puromycin for 48 h and received fresh 
IL-2 (when using primary T cells) and medium every 3–4 d.

For electroporation of TCR mRNA, amplified individual TCRs 
were subcloned by Golden Gate assembly into an RNA expression 
vector containing the TRAC domain. mRNA was then generated using 
a HiScribe T7 High Yield RNA Synthesis Kit (New England Biolabs). TCR 
knockout T cells, generated as described above, were subsequently 
electroporated with 1 μg of TCR mRNA using P3 buffer and a Nucleo-
fector 4D Electroporation System (Lonza). After electroporation, cells 

were cultured overnight in ImmunoCult Human T Cell Expansion media 
(STEMCELL Technologies) supplemented with 200 U ml−1 IL-2 (Pepro-
Tech). TCR expression was measured by flow cytometry the next day, 
and cells were used in functional assays.

T cell activation assays
Reactivity of single TCR-engineered T cells was analyzed by flow cytom-
etry or IFNγ ELISpot. For flow cytometry, TCR-engineered T cells were 
cultured with target cells overnight at an effector-to-target ratio of 1:1 
in U-bottom 96-well plates. Incubation of T cells alone, or in the pres-
ence of phorbol 12-myristate 13-acetate (50 ng ml−1; Sigma-Aldrich) and 
ionomycin (1 µg ml−1; Sigma-Aldrich), served as negative and positive 
controls, respectively. Cells were stained with IR-Dye and antibodies 
against anti-mouse TRBC antibody, CD3, CD4, CD8 and CD137 (when 
using primary T cells) or CD69 (when using Jurkat cells) and analyzed 
by flow cytometry. When applicable, z-scores of the percentage of 
activated cells were calculated across conditions per individual TCR, 
and conditions were defined as reactive when z-scores exceeded the 
indicated thresholds. For IFNγ ELISpot, TCRs were defined as reactive 
when (1) TCR-engineered T cells produced at least 20 spots and (2) 
target cells elicited at least four-fold more IFNγ spots than the respec-
tive negative control condition.

The cytotoxic capacity of TCR-transduced T cells was assessed by 
culturing T cells and target cells for 48 h in flat-bottom 96-well plates 
at the indicated effector-to-target cell ratios. Target cells cultured in 
the absence of T cells served as negative control. After co-incubation, 
cells were harvested and subsequently stained with DAPI and anti-CD3 
antibody and analyzed by flow cytometry. Data from functional T cell 
assays were analyzed using GraphPad Prism version 9 software.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
DNA sequencing data of TCR discovery screens have been deposited in 
the National Center for Biotechnology Informationʼs Sequence Read 
Archive under accession codes PRJNA1068078 (ref. 41), PRJNA1068299 
(ref. 42), PRJNA1068301 (ref. 43) and PRJNA1068303 (ref. 44).
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Extended Data Fig. 1 | Pooled TCR library subcloning and accuracy.  
(a, b) Schemes to produce ssDNA CDR3Jα pools (a) and ssDNA CDR3Jβ pools 
(b). Squares indicate 5′ phosphothioate modification. See Supplementary 
Table 29 for primer sequences. (c) Complete VCV pools can be PCR-amplified 
prior to subcloning using the common forward (CF) and reverse (CR) primers. 
Individual TCRs may be selectively amplified from VCV pools using the common 
forward primers (CF) and reverse primers targeting their respective Zip barcode 
sequences. (d) For the proof-of-concept TCR library (553 TCRs), the frequencies 
of individual CDR3Jα and CDR3Jβ sequences within the commercially 

synthesized CDR3Jα and CDR3Jβ ssDNA oligo pools and the assembled CDR3Jα-
CDR3Jβ product were assessed by deep sequencing. The expected frequency 
of each CDR3Jα-CDR3Jβ pair was derived by multiplication of the observed 
frequencies of its respective CDR3Jα and CDR3Jβ sequences in the original, 
unassembled oligo pools. (e) Relation between Zip and CDR3Jα/CDR3Jβ oligo 
characteristics and the frequencies of resulting CDR3Jα-CDR3Jβ pairs after 
hybridization. (f) Relation between Zip and CDR3Jα/CDR3Jβ oligo characteristics 
and the accuracy of CDR3Jα-CDR3Jβ pairing (‘α-β pairing accuracy’).

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02210-6

Extended Data Fig. 2 | ConnA and ConnB orthogonality for murine TRAV and 
TRBV genes and acquisition accuracies. (a) Computer-predicted orthogonality 
of natural (left) and codon-diversified (right) FR3 connector sequences (ConnA) 
for murine TRAV. (b) Computer-predicted orthogonality of natural (left) and 

codon-diversified (right) FR3 connector sequences (ConnB) for murine TRBV.  
(c, d) Acquisition accuracies for TRAV (c) and TRBV (d) genes used in the proof-of-
concept TCR library. The average acquisition accuracy for each TRAV/TRBV gene 
is shown above the bars.
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Extended Data Fig. 3 | Gating strategies. (a) Gating strategy for the isolation 
of CD4+ and/or CD8+ T cells from patient tumor material, for the purpose of 
identifying patient-derived TCRs by single-cell TCR sequencing (relating to the 
patient TCR libraries used in Figs. 2 to 4). (b) Gating strategy for the isolation 
of activated reporter T cells in TCR library screens (relating to Figs. 2b–d, 3a,d 

and 4a, and Extended Data Figs. 7a–c, and 9b,d. (c) Gating strategy for T cell 
activation assays (relating to Figs. 3c,e,f and 4b,c, and Extended Data Figs. 7d–f 
and 9a. CD137 served as activation marker when using primary T cells, and CD69 
served as activation marker when using Jurkat cells. (d) Gating strategy for T cell 
cytotoxicity assays (relating to Figs. 3g and 4d).

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-024-02210-6

Extended Data Fig. 4 | Quality control of the NKIRTIL063 TCR library.  
(a) Schematic overview of the custom ‘2-reads-on-1-strand’ sequencing method. 
(b) Overall assembly accuracies and frequencies of TCRs in the fully assembled 
NKIRTIL063 VCV library (n = 935 TCRs). Dots represent individual TCRs. Box plots 
depict the median, the interquartile range and whiskers extending to minimal 
and maximal values. (c) Pie chart depicting the overall fraction of NKIRTIL063 
VCV molecules with and without sequence errors (taking both assembly accuracy 

and sequence mutations into account). (d) The fraction of NKIRTIL063 library 
TCRs successfully expressed at the cell surface of library-transduced cells was 
determined by isolation of mouse TCRβ+ Jurkat cells by flow cytometry, followed 
by deep sequencing. NKIRTIL063 library-expressing Jurkat cells that were not 
subjected to cell sorting were used as reference. Internal control TCRs DMF4 and 
DMF5 are highlighted for reference.
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Extended Data Fig. 5 | Quality control of the OVC190 TCR libraries. (a) Overall 
assembly accuracies and frequencies of TCRs in the fully assembled OVC190 
CD4+ TIL-derived VCV libraries (combined n = 1,341 TCRs). Selected TCRs were 
encoded in replicate, resulting in a total of 2,899 unique sequences that were 
assembled in two separate reactions (SP1 and SP2). Dots represent individual 
TCRs. Box plots depict the median, the interquartile range and whiskers 

extending to minimal and maximal values. (b) Overall assembly accuracies and 
frequencies of TCRs in the fully assembled OVC190 CD8+ TIL-derived VCV library 
(n = 274 TCRs). (c) Pie chart depicting the overall fraction of OVC190 CD4+ and 
CD8+ TIL-derived VCV molecules with and without sequence errors (taking both 
assembly accuracy and sequence mutations into account).
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Extended Data Fig. 6 | Quality control of the CV19 TCR library. (a) Overall 
assembly accuracies and frequencies of TCRs in the fully assembled CV19 TIL-
derived VCV libraries (combined n = 1,501 TCRs). Sequences were assembled in 
two separate reactions (SP1 and SP2). Dots represent individual TCRs. Box plots 

depict the median, the interquartile range and whiskers extending to minimal 
and maximal values. (b) Pie chart depicting the overall fraction of CV19 VCV 
molecules with and without sequence errors (taking both assembly accuracy and 
sequence mutations into account).
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Extended Data Fig. 7 | Functional screening of intratumoral TCR repertoire of 
patient CV19. (a) The SiHa cervical cancer cell line was engineered to express the 
entire MHC class I haplotype of patient CV19 (A*24:02, A*33:03, B*38:15, B*55:02, 
C*03:02 and C*12:03). The CV19 TCR library (n = 1,501 TCRs) was subsequently 
expressed in donor T cells and screened against either the unmodified or MHC-
modified SiHa line. Fold change represents the relative abundance of TCRs after 
incubating T cells with unmodified or MHC-modified SiHa cells. TCRs selected 
for validation are highlighted in red. (b, c) To assess TIL reactivity against HPV-
derived antigens, the patient TCR library was screened against K562 cells that 
were modified to express the patient’s MHC class I alleles as well as the full ORF 
of either HPV E6 (b) or E7 (c) oncoproteins. Data are depicted as in (a). Two of 
four selected TCRs (2495 and 362) responded to E7-expressing K562 cells, while 
no TCRs responded against E6-expressing cells. (d) The reactivity of selected 

TCRs was validated by amplifying TCRs from the CV19 VCV pool, followed by 
expression in donor T cells and co-incubation with the indicated cell lines. T cell 
activation was assessed by measuring CD137 expression using flow cytometry. 
(e, f) MHC restriction of selected TCRs was assessed by expressing individual 
patient MHC alleles in SiHa cells and incubating resulting cells with donor T cells 
engineered to express selected TCRs. T cell activation was assessed by measuring 
CD137 surface expression. (g) SiHa-reactive TCRs 1007 and 3645, but not E7-
specific TCRs 362 and 2495, recognize autologous patient tumor cells. TCR-
modified donor T cells were incubated with unmodified, HLA-B*55:02-modified 
or HLA-B*38:15-modified SiHa cells, or autologous dissociated tumor tissue at 
the indicated effector to target ratios. Activation of TCR-engineered T cells in 
measured by IFNγ ELISpot.
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Extended Data Fig. 8 | Sensitive TCR discovery across variable TCR 
frequencies and sequence fidelities. (a) Projection of all NKIRTIL063 screen 
hit TCRs with confirmed (blue, n = 44) and unconfirmed (red, n = 36) reactivity 
(as reported in Fig. 3) onto the quality control data of the NKIRTIL063 TCR 
library (see Extended Data Fig. 4). (b, c) Comparison between the frequencies 

(b) and assembly accuracies (c) of the overall NKIRTIL063 TCR library, TCRs with 
confirmed reactivity and TCRs with unconfirmed reactivity. Box plots depict the 
median, the interquartile range and whiskers extending to minimal and maximal 
values. P values were determined using the Kruskal-Wallis test.
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Extended Data Fig. 9 | Neoantigen specificities of OVC190 TCRs. (a) TCR-
modified CD4+ Jurkat cells were incubated with patient B cells expressing either 
the mutant or wildtype sequence of the individual minigenes of TMG 5. T cell 
activation was determined by measuring CD69 expression on T cells by flow 
cytometry. (b) CD8+ Jurkat cells were transduced with the CD8+ TIL-derived TCR 
library of patient OVC190 (n = 274 unique TCRs). Patient immortalized B cells 
were transduced with TMGs encoding all expressed non-synonymous mutations 
(n = 61) of the patient’s tumor, combined in pools and used to screen the OVC190 
TCR library. Dots represent individual TCRs. Fold change represents the relative 

abundance of TCRs in cultures with the indicated TMG pools. (c) Flow cytometry 
analysis of MHC class I (top panels) and MHC class II (bottom panels) expression 
on CD45+ and CD45- cells within the OVC190 tumor. Fluorescence minus one 
(FMO) stains with antibody panels that lacked either the panMHC-I or panMHC-II 
antibody served as negative control. (d) CD8+ Jurkat cells expressing the OVC190 
CD8+ TIL-derived TCR library were screened against single cell suspension of 
OVC190 tumor. Screening the TCR library against tumor cells in the presence of 
MHC class I blocking antibody (clone W6-32) served as negative control. Data are 
depicted as in (b).
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Extended Data Fig. 10 | Patient HC25 tumor-specific TCR identification.  
(a) Patient HC25 PD-1+ TIL were sorted by flow cytometry, and subjected to paired 
single cell RNA and TCR sequencing. NeoTCR4 and NeoTCR8 transcriptional 
signatures were derived for CD4+ and CD8+ clonotypes, respectively, and 
clonotypes with the 382 highest scores were gene-synthesized. Individual TCRs 
were expressed in donor T cells and reactivity to autologous dissociated tumor 
tissue was assessed by IFNγ ELISpot. Wells with responding TCRs are marked by 

red asterisks. Red boxes indicate HC25 TCR-independent experimental controls. 
(b) Selective reactivity of hit TCRs to patient tumor cells, but not non-malignant 
cells, was validated by incubating TCR-engineered donor T cells with either 
medium, patient HC25 activated T blasts, or patient HC25 dissociated tumor 
tissue. T cell activation was assessed by measuring CD137 expression using flow 
cytometry. Asterisks indicate TCRs with selective tumor-reactivity.
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