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Abstract 

Characterization of T-cell receptors (TCRs) repertoire was revolutionized by next-generation sequencing technologies; however, 
standardization using biological controls to facilitate precision of current alignment and assembly tools remains a challenge. 
Additionally, availability of TCR libraries for off-the-shelf cloning and engineering TCR-specific T cells is a valuable resource for TCR- 
based immunotherapies. We established nine human TCR α and β clones that were evaluated using the 50-rapid amplification of 
cDNA ends-like RNA-based TCR sequencing on the Illumina platform. TCR sequences were extracted and aligned using MiXCR, 
TRUST4, and CATT to validate their sensitivity and specificity and to validate library preparation methods. The correlation between 
actual and expected TCR ratios within libraries confirmed accuracy of the approach. Our findings established the development of bio
logical standards and library of TCR clones to be leveraged in TCR sequencing and engineering. The remaining human TCR clones’ 
libraries for a more diverse biological control will be generated.

Keywords: T-cell receptor (TCR); next-generation sequencing (NGS); biological standard and resources; computational tools; cloning, 
TCR engineering 

Highlights
Here, we report a biological library of TCR clones that allows 
more accurate evaluation, optimization, and increased accuracy 
of current technical and computational methodologies. Our TCR 
library preparation method utilizes innovative features, such as 
plasmid controls to ensure consistency across experiments, is 
composed of  specific TRAV and TRBV gene segments relevant to 
various cancer types to enhance its applicability, and generates 
paired-end reads crucial for obtaining full-length TCR sequences, 
ensuring accurate and comprehensive analysis.

Introduction
The interaction of the T-cell receptor (TCR) with antigen-major 
histocompatibility complex (MHC) molecules is essential for 
T-cell-mediated antigen recognition [1]. The human genome enc
odes two distinct heterodimers: TCRα/TCRβ (95–99.5%) and 
TCRγ/TCRδ (0.5–5%) [2–4]. The third complementarity- 
determining region (CDR3) resulting from the recombination of 
variable (V), joining (J), and constant (C) segments and an 

additional diversity (D) segment for TCRβ and TCRγ leads up to 

1020 unique TCR sequences enabling the recognition of a wide 

range of tumor neoantigens [5–10]. Naïve T-cell activation, trig

gered by specific antigen-MHC binding, prompts clonal expan

sion while preserving TCR sequences for an effective immune 

response, including anti-tumor activity. After pathogen clear

ance, most expanded T cells undergo apoptosis, with some ma

turing into long-term memory T cells, ensuring swift responses 

upon antigen re-exposure [11–13]. The TCR repertoire mirrors an 

individual’s antigen encounters, shaping their immune history.
Studies from the last few decades led to the discovery of a 

range of antigens that are recognized by patients’ tumor-reactive 

T cells [14, 15]. Determination of antigen specificity can be 

deducted from TCR sequence using advanced computational 

tools to predict peptide bound to MHC (pMHC) specificity [16–20]. 

Identification of tumor-specific T cells with their specificity to

ward neoantigens resulted in the design of a new generation of 

cell therapies for several malignancies [21, 22].
Next-generation sequencing (NGS) technology is commonly 

employed to analyze the TCR repertoire with standard workflow 
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starting with DNA or RNA as an input following library prepara
tion methods that include multiplex polymerase chain reaction 
(PCR), target enrichment, and 50-rapid amplification of cDNA 
ends (RACE)-switch-oligonucleotide nested PCR with each 
method bringing own set of systematic biases [23, 24]. Several 
computational methods have been developed for the analysis of 
the TCR sequences [25–30]. While benchmarking studies have 
been conducted, the majority of these studies were based on sim
ulations with in silico generated datasets, or synthetic sequences, 
or samples with controlled clonality by mixing cell lines with T 
cells without introducing the ground truth based on biological 
controls [31–34]. Because the immune repertoires are associated 
with significant intra- and inter-individual differences, biological 
controls are needed to provide sensitivity, accuracy, and reliable 
quantification levels required for disease-related associations 
[23, 24, 31]. The accuracy of current computational methods 
remains unknown due to the lack of a control framework for di
rect comparison.

The availability of TCR libraries for off-the-shelf cloning and 
the engineering of TCR-specific T cells represent a critical resource 
for the advancement of TCR-based immunotherapies. These li
braries offer a diverse range of pre-characterized TCRs that can be 
rapidly cloned and transduced into T cells, facilitating the develop
ment of personalized treatments with the potential to target a 
wide array of antigens specific to different types of tumors.

Here we describe a method for generating human TCRα (TRA) 
and TCRβ (TRB) libraries developed based on TCR clones obtained 
from healthy donors. This library will serve as a positive control 
with known composition to quantitatively and qualitatively ana
lyze TCR sequencing as well as off-the-shelf clones for future de
velopment of TCR-specific T cells.

Materials and methods
Workflow for the generation of human 
TCRs library
Here we report the workflow for the generation of a human TCR 
library to serve as a biological standard for TCR-targeted se
quencing analyses to assess the composition and quantities of 
the TCR repertoire. Peripheral blood mononuclear cells (PBMCs) 
were isolated from healthy volunteers, followed by RNA extrac
tion and cDNA synthesis for further PCR amplification. Second, 
primers were designed, targeting nine TRA V regions, and nine 
TRB V regions, along with the TRA and TRB constant regions for 
amplification and cloning into pCR2.1 TOPO vector. Third, the 
human TCR plasmids were segmented into three strategies to de
velop the most optimal method for generating control libraries of 
known composition both quantitatively and qualitatively, while 
maintaining the simplicity in the preparation. Strategy A in
volved conducting PCR individually on each plasmid to add the 
T7 promoter sequence at the 50-end followed by pooling the PCR 
products together. Strategy B involved pooling all plasmids first 
and then subjecting the pool to PCR amplification to add the T7 
promoter sequence at 50-end. The next step of these two strate
gies included transcription using T7 RNA polymerase to tran
scribe DNA into RNA and polyadenylation to add a poly-A tail at 
the 30-end for further library preparation. Strategy C involved 
conducting PCR individually on each plasmid to add the T7 pro
moter sequence at the 50-end, followed by transcription using T7 
RNA polymerase to transcribe DNA into RNA and polyadenyla
tion to add a poly-A tail at the 30-end on each TCR sequence sepa
rately, and then pooling resulting RNAs together. After the 
addition of the T7 sequence to TCR sequences, a few PCR 

products at random were sent for additional Sanger sequencing 
to ensure no PCR errors were introduced at this step. Lastly, 
library preparation for NGS was performed using SMARTer 
Human TCR a/b Profiling Kit (#635016, Takara, CA, USA), includ
ing first-strand cDNA synthesis, PCR1, PCR2, purification, and 
qPCR followed by sequencing utilizing MiSeq System (Fig. 1).

Each strategy included the preparation of four libraries with 
different ratios of the TCR sequences. The first strategy encom
passes libraries A1–A4, the second strategy comprises libraries 
B1–B4, and the third strategy includes libraries C1–C4. The ratio 
of plasmids differs within each library as indicated in Table 1.

Library preparation strategies rationale
The rationale behind the three different library preparation strat
egies is to identify the optimal method for generating the control 
libraries. Strategy A assesses the feasibility of performing tran
scription on pooled PCR products, focusing on potential biases in 
transcription toward certain clones while excluding biases from 
PCR that add T7 promoter sequences. Strategy B involves using 
the plasmid pool, introducing possible biases from both PCR and 
transcription. Strategy C is designed to avoid all these possible 
biases in Strategy A and Strategy B by performing each step sepa
rately. The primary consideration in preparing libraries with dif
ferent ratios between TCR clones was to evaluate whether the 
resulting ratios from the sequencing reads obtained would reflect 
the input ratios, aiming to investigate whether any clonotype 
would be disproportionately amplified based on their input dur
ing library preparation steps. Similarly, different ratios between 
TCR clones would exist within an actual sample obtained from a 
healthy donor or a patient; therefore, it is crucial to investigate 
the accuracy of quantification of clonotypes at both low and 
high abundance.

PBMCs isolation
PBMCs from �10 ml of whole blood samples of healthy donors that 
volunteered to participate in the study according to IRB protocol 
HS-16-00274 at the University of Southern California School of 
Pharmacy were isolated by density gradient centrifugation using 
Ficoll-Paque (#17144003, Cytiva Life Sciences, MA, USA) [35]. All 
subjects were informed of the present research project and signed 
written informed consent.

RNA extraction and cDNA synthesis
Total RNA was isolated from the patient’s PBMCs using the 
RNeasy Mini Kit (#74104, Qiagen, Germany) according to the 
manufacturer’s protocol. RNA sample quality was assessed by 
Thermo Scientific NanoDrop OneC. SuperScriptTM IV First-Strand 
Synthesis cDNA was performed according to the manufacturer’s 
protocol (#18091050, ThermoFisher, MA, USA).

Primers and PCR
Sequences of human TCR genes were acquired from the 
International Immunogenetics (IMGT) Information System [6]. A 
set of forward primers for the TRA and TRB V-region with the 
L-part of the TCR gene (L0-TRAV and L0-TRBV) was designed 
(Fig. 2). Reverse primer for TRAC was designed on chromosome 
14 of GRCh38.p14 (22550645–22550661). Reverse primer for TRBC 
was designed to be located on chromosome 7 of GRCh38.p14 of 
human genome assembly (142793120–142793138). In addition, 
two leading nucleotides (-CT- or -AT-) and restriction enzymes- 
EcoRI (-GAATTC-) or BamHI (-GGATCC-) were added to each 
primer. To prepare TCR sequences for transcription, PCR using 
plasmid as a template to add the T7 promoter sequence at the 
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50-end was performed. The full list of primers used is available in 

Supplementary Table S1. Amplification was performed in a 25 µl 

reaction volume consisting of 12.5 µl Taq 2X Master Mix (#M0270L, 

New England BioLabs Inc., MA, USA), 1.25 µl of 10 µM forward 

primer, 1.25 µl of 10 µM reverse primer, 1 µl template, and 9 µl 

nuclease-free water. The PCR reactions consisted of an initial dena

turation at 95�C for 2 min, followed by 35 cycles of denaturation at 

95�C for 30 s, annealing at 62�C for 30 s, and extension at 68�C for 

1 min. A final extension step was performed at 68�C for 10 min.

TOPO cloning
TOPO vector obtained from TOPOTM TA CloningTM Kit for 

Sequencing (ThermoFisher Scientific Inc., MA, USA) was utilized 

for cloning reactions following the manufacturer’s protocol for 
TOP10 Escherichia coli cells. A quantity of 20 ng of PCR product 
was used and a 30-min incubation period was implemented to 
enhance colony yield. Successful cloning was confirmed by col
ony PCR with M13 Forward Primer (50-GTAAAACGACGGCCAG-30) 
and M13 Reverse Primer (50-CAGGAAACAGCTATGAC-30) and pos
itive clones were expanded, plasmids were isolated by 
ZymoPURE Plasmid Miniprep Kit according to manufacturer’s 
protocol (#D4209, Zymo Research, CA, USA) and confirmed by 
Sanger sequencing (Azenta Life Science, MA, USA). The V, D, J, 
and CDR3 regions were aligned through the National Center for 
Biotechnology Information IGBLAST [36].

DNA transcription
Transcription was performed by HiScribe® T7 Quick High Yield 
RNA Synthesis Kit (#E2050S, NEB, MA, USA) following the manu
facturer’s protocol including DNase treatment. Resulting RNA 
was purified by LiCl precipitation method and 1 µg of the result
ing RNA was subjected to polyadenylation by E. coli Poly(A) 
Polymerase (#M0276L, NEB, MA, USA) with additional purification 
step by LiCl precipitation.

Library preparation
Twelve libraries were prepared starting from a total of 200 ng pol
yadenylated RNA following SMARTer human TCR a/b profiling 
kit (#635016, Takara, CA, USA) according to the manufacturer’s 
instructions. Library preparation included reverse transcription 
followed by two PCR steps, in the first PCR, TCR sequences are 
amplified from the first-strand cDNA and the second PCR ampli
fies those sequences covering the full-length TCR variable and 
joining regions with part of constant region while integrating se
quencing adapters through the semi-nested approach. Unique 
dual index primers (one forward, one reverse) are incorporated 
into the process resulting in pair-end reads. Because of the length 
of TCR sequences (�700 bp), this approach allows for obtaining 
full TCR sequence that covers the CDR3 region without the need 
for specific J primers. Each library’s quality and expected size of 

Figure 1 Overview of human TCR library generation.

Table 1. Plasmid ratios within libraries.

Plasmids Ratio of TRA:TRB plasmids in each library

TRA TRB Library 1 Library 2 Library 3 Library 4

L-TRAV5 L-TRBV29-1 1:1 16:16 1:1 1:2
L-TRAV10 L-TRBV28 1:1 16:16 2:2 1:2
L-TRAV12-2 L-TRBV27 1:1 8:8 2:2 1:2
L-TRAV13-1 L-TRBV20-1 1:1 8:8 4:4 1:2
L-TRAV17 L-TRBV12-4 1:1 4:4 4:4 1:2
L-TRAV20 L-TRBV7-2 1:1 4:4 8:8 1:2
L-TRAV21 L-TRBV5-1 1:1 2:2 8:8 1:2
L-TRAV26-1 L-TRBV4-1 1:1 2:2 16:16 1:2
L-TRAV29/DV5 L-TRBV2 1:1 1:1 16:16 1:2

Figure 2 Primers design. Forward primers were designed from V regions 
of TCR and reverse primers were designed from C regions of TCR. (A) 
TRA and (B) TRB.
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approximately 700 bp were assessed by Agilent high sensitivity 
DNA ScreenTape (#5067-5584, Agilent Technologies, CA, USA). 
Purified library concentration was estimated by Qubit dsDNA HS 
assay kit (#QS32854, Thermofisher Scientific, MA, USA) and fur
ther determined by qPCR using NEBNext library quant kit for 
Illumina (#E7630L, NEB, MA, USA). The library was pooled based 
on the qPCR results, and then approximately 2 nM library was de
natured and diluted to 10 pM according to Illumina instructions 
and then loaded onto the MiSeq sequencing system as part of a 
bigger run utilizing 2 × 300 bp paired-end reads (#MS-102-3003, 
Illumina, CA, USA).

TCR sequencing data analysis
FASTQ files obtained from the sequencing were deposited in the 
SRA database under the accession number PRJNA1102507. 
Extraction and alignment of the TCR repertoire from raw .fastq 
files of TCR-seq data were performed from paired-end reads us
ing MiXCR tool version 4.1.2 according to the default build-in pre
sets for SMARTer human TCR a/b profiling kit with -cdr3 preset 
to assemble CDR3 region (#635016, Takara, CA, USA) [29]. The fol
lowing code is utilized to perform the analysis: mixcr analyze 
Takara-human-tcr-V1-cdr3/input_R1.fastq.gz/input_R2.fastq.gz/result. 
MiXCR is publicly available on its developer’s GitHub repository 
at https://github.com/milaboratory/mixcr.

To validate the results from MiXCR, we performed an 
additional analysis of the raw .fastq files using the TRUST4 
tool processing the data with “trust-smartseq.pl” wrapper [30]. The 
following code was used to perform the analysis: perl trust-smartseq. 
pl -1 read1_list.txt -2 read2_list.txt -t 8 -f hg38_bctcr.fa—ref human_ 
IMGTþC.fa -o TRUST. TRUST4 is publicly available on its developer 
GitHub repository at https://github.com/liulab-dfci/TRUST4.

We also incorporated analysis performed by CATT [37] using the 
default settings following the command catt —f1 inputFile1 —f2 
inputFile2 -o outputName. CATT is publicly available on its developer 
GitHub repository at https://github.com/GuoBioinfoLab/CATT.

Annotated output of CDR3 clonotypes with their correspond
ing V(D)J regions, clonotype count, and frequency was used for 
downstream analysis. The percentage of correctly assembled 
CDR3s was calculated under the criteria of CDR3 amino acid se
quence with correctly assigned V(D)J genes matching the results 
of the Sanger sequencing from the input clonotypes.

VDJtools 1.2.1 [38] was used to visualize the clonality within 
each library in the form of a three-layer donut utilizing the 
PlotQuantileStats functionality of the software. TCR power [34] was 
used to estimate the detection limit of generated libraries through 
TCR detection power which is a function of true (expected) TCR fre
quency, TCR sample count, sequencing depth, and cut-off applied 
to the number of reads considered. We used 10−2 as the target 
T-cell frequency with read threshold of three reads.

Statistical analysis
Data from each computational tool for correlative analysis were 
prepared by calculating fraction of each clone across all four li
braries for each strategy, separately for TRA and TRB. Calculated 
fractions were subjected to -log(Y) transformation. Pearson cor
relation was calculated for four libraries of strategy B and sepa
rately for four libraries of strategy C for TRA and TRB on 
transformed data to determine the relationship between 
expected (based on the input clonotypes) and actual (as deter
mined by computational tool count analysis) ratios of TRA and 
TRB clones in all libraries prepared in strategy B and strategy C 
with P<0.05 considered significant. Receiver operating charac
teristic (ROC) curves were generated using Prism 10 version 

10.1.1 using counts of clonotypes according to whether they were 

correctly assembled (correct CDR3 amino acid sequence, V gene, 

and J gene) which were considered true positive; and incorrectly 

assembled by the computational tool were considered false 

positive. Sensitivity is defined as a measure of the proportion of 

true-positive clones that are correctly identified by the tool, while 

specificity is a measure of the negatively identified clones by the 

computational tool. ROC curve is plotted with sensitivity on the 

y-axis, while 1-specificity (the false-positive rate) is plotted on 

the x-axis. Quantile statistics for the three-layer donut plot were 

performed using PlotQuantileStats module of VDJ tools based on 

the analysis output from MiXCR. TCRpower tool was used to cal

culate the minimum number of sampled TCR and sequencing 

reads required for a 95% probability of detecting a target TCR 

with clonal frequency 10−2.

TCR cloning
Previously described paired TRA and TRB construct of 

CAVVGGSQGNLIF and CASSLSPGGGYGYFT were designed to 

serve as a positive control for the transduction experiments 

[39], while a construct consisting of CAVRDNYGQNFVF and 

CASSPRGNTGELFF was designed based on our in-house TCR se

quencing data. Briefly, inserts containing entire TRA and TRB 

fragments containing variable, joining, diversity (for TRB), and 

mouse counterparts of constant regions were codon-optimized, 

synthesized, and cloned (Azenta Life Science, MA, USA) into 

pMIG-II vector (#52107, Addgene, MA, USA).

Cell culture
Experiments used Jurkat and Phoenix-Ampho cells. Phoenix 

Ampho cells were cultured in 75 cm2 tissue culture flasks with 

Dulbecco’s Modified Eagle Medium (DMEM) culture medium 

(#11965118, Thermofisher, MA, USA) supplemented with 10% 

fetal bovine serum (FBS, #10437028, Thermofisher, MA, USA). 

Jurkat cells were cultured in 75 cm2 suspension culture flasks 

with RPMI1640 medium (#11875119, Thermofisher, MA, USA). 

Cells were incubated at 37�C in humidified air with 5% CO2.

Retroviral transduction of TCR clones into 
Jurkat cells
Empty pMIG-II vector and TCR-containing plasmids were trans

fected into Phoenix-Ampho cells using jetPRIME transfection re

agent (#101000015, Polyplus) to produce retrovirus. Virus- 

containing supernatant was collected at 48- and 72-h post- 

transfection, then centrifuged at 500 g for 10 min at 32�C to re

move any remaining cell debris, and then sterile-filtered. Fresh 

retroviral supernatant was placed in 24-well plates pre-coated 

with retronectin as per manufacturer instruction (#T100A, 

Takara, CA, USA) and placed into a centrifuge pre-warmed to 

32�C for 2 h at 2000 g. Supernatant was discarded and 500,000 

Jurkat cells in RPMI1640 supplemented with 10% FBS were added 

to respective wells containing retronectin-bound virus and cen

trifuged for 5 min at 500 g. Second infection was performed the 

following day with fresh viral supernatant. Cells were then ex

panded, and the transduction efficiency was determined 7 days 

post first infection by staining the cells with anti-mouse TCR-β 
chain antibody (PE, #12-5961-82, Thermofisher Scientific, MA, 

USA). Samples were analyzed immediately after staining on 

Fortessa X20 Cell Analyzer (BD Biosciences, NJ, USA) and proc

essed using FlowJo software (BD Biosciences, NJ, USA).
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Results
Generation of plasmid libraries of TRAV and 
TRBV segments
PCR products were generated using primers corresponding to 
nine TRAV and TRBV genes [40, 41] using cDNA generated from 
the RNA of a healthy donor. Five of each of the TRAV and TRBV 
were selected based on their prevalence in the top 10 most com
mon segments reported in our previous study [41] as well as 
other reported studies [40], while others were chosen randomly. 
Resulting PCR products were subsequently cloned into pCR2.1 
Topo vector following standardized workflows. Positive clones 
were identified by lacZ gene disruption, which prevented β-galac
tosidase activity, keeping colonies white, while clones with func
tional enzymes turned blue from X-gal metabolism. Positive 
clones selected based on blue–white colony screening were fur
ther confirmed by colony PCR (Fig. 3A and B).

Selected positive clones were expanded in ampicillin- 
containing medium and plasmids were isolated and purified 
from the cell pellets by performing miniprep. The concentration 
of each plasmid was quantified by Nanodrop, and each isolated 
plasmid was verified for the presence of the desired band corre
sponding to the inserted gene size by PCR followed by gel electro
phoresis. Results indicated that the amplified region was 
approximately 1 kb in size, revealing the successful amplification 
of the insert gene and confirming the presence of the target in
sert in all plasmids (Fig. 3C and D). The isolated plasmids were 
sent for Sanger sequencing to confirm specificity of primer to the 
specific V and C genes and allowed for further identify J region 
and CDR3 sequence of resulting TCR sequence. Plasmid sequen
ces were aligned to the reference V, D, and J genes from IMGT to 
determine the exact genes in each of the plasmids. The Sanger 
sequencing results are presented in Table 2, column 1 indicates 
variable region according to the IMGT classification where for
ward primer was designed to generate an insert that was cloned 
into a vector.

To mimic standard 50-RACE-like workflow following SMARTer 
TCR a/b profiling kit protocol (Takara) for TCR repertoire library 
preparation, we synthesized RNA of selected TCR receptors.

Similar-sized bands were observed after the addition of T7 pro
moter sequences to each V gene by PCR across all individual TCR 
clones (Fig. 3E and F), while multiple bands with similar sized and 
varying intensities can be observed for plasmids pooled in one tube 
at ratios listed in Table 1 indicating possible PCR bias between 
sequences (Fig. 3G). PCR products were purified and transcribed us
ing the same amount of DNA as an input. Transcription efficien
cies done on the pools of PCR products in ratios specified in Table 1 
have ranged from 1478.9 ng/µl to 8574.7 for strategy A and from 
1973.1 ng/µl to 15027.2 ng/µl for strategy B. Transcription efficien
cies for individual TCRs in strategy C ranged from 5846.8 ng/µl for 
TRAV26-1 to 12180.9 ng/µl for TRAV21 (TRA), and from 7084 nl/µl 
for TRBV12–4 to 10073.5 ng/µl for TRBV7-2 (TRB), suggesting some 
variability in transcription efficiencies between TCRs. RNAs gener
ated by transcription from strategy A and strategy B were diluted 
to 1000 ng/µl and 5 µg of each RNA pool were polyadenylated, while 
individual TCR’s RNA from strategy C were polyadenylated sepa
rately resulting in products ranging from 129.7 ng/µl for TRAV5 to 
233 for TRAV12-2 (TRA), and 193.4 ng/µl for TRBV7-2 to 252.1 for 
TRBV27 (TRB). Resulting polyadenylated RNAs were pooled to
gether in ratios indicated in Table 1. Twelve libraries were prepared 
with an average size �765 bp (Fig. 4A and B). Small differences in 
sizes between libraries might be related to a technical issue in mi
gration of control markers. No significant impurities were observed 
in any of the library preparations (Fig. 4A and B). Quantification by 
qPCR showed ranging concentrations of prepared libraries (Fig. 4C) 
with strategy C having the lowest concentrations of 71.59 nM on 
average and strategy B having the highest concentrations of 
131.73 nM on average. The samples were further pooled together in 
amount of 2 nmol of each library and further pooled with other 
unrelated samples for sequencing to contribute to 2.85% of the fi
nal pool, which was denatured and diluted to 10 pM before being 
sequenced on the Miseq system.

MiXCR and TRUST4 correctly assemble 
input clonotypes
Raw FASTQ files were processed by MiXCR, TRUST4, and CATT to 
extract TCR clones following default settings specific to SMARTer 

Figure 3 Successfully cloned TCR receptors were amplified with the addition of T7 sequence at 50-end. PCR products with full-length TCR sequences 
were cloned into TOPO vectors, and positive clones were selected based on blue–white colony screening. (A) Representative pictures of blue and white 
colony growth on agar plates. (B) Representative 1% agarose gel of colony PCR screening for positive colonies with product � 1.2 kb showing correct 
sized clones. (C) TRA and (D) TRB isolated plasmid PCR product. (E) TRA and (F) TRB PCR products with added T7 sequence at 50–end and (G) PCR 
products of a pool of plasmids to add T7 sequence for Library B1 − 4.

Development and Characterization of TCR’s library | 5  



T
ab

le
 2

. U
n

iq
u

e 
se

t 
of

 V
(D

) J
 g

en
es

 a
n

d
 C

D
R

3s
 id

en
ti

fi
ed

 b
y 

Sa
n

ge
r 

se
q

u
en

ci
n

g 
co

rr
es

p
on

d
in

g 
to

 t
h

e 
d

if
fe

re
n

t 
T

C
R

 c
lo

n
es

 t
h

at
 w

er
e 

ge
n

er
at

ed
.

Pl
as

m
id

s
V

 r
eg

io
n

J r
eg

io
n

C
 r

eg
io

n
C

D
R

3 
S

eq
u

en
ce

s
C

D
R

3a
a

L-
T

R
A

V
5

T
R

A
V

5�
01

T
R

A
J 3

7�
02

T
R

A
C

G
C

A
G

A
G

A
G

T
A

A
G

A
G

C
A

A
C

A
C

A
G

G
C

A
A

A
C

T
A

A
T

C
A

ES
K

SN
T

G
K

LI
L-

T
R

A
V

10
T

R
A

V
10
�
01

T
R

A
J 1

8�
01

T
R

A
C

G
T

G
G

T
G

A
G

C
G

A
C

A
G

A
G

G
C

T
C

A
A

C
C

C
T

G
G

G
G

A
G

G
C

T
A

T
A

C
V

V
SD

R
G

ST
LG

R
LY

L-
T

R
A

V
12

-2
T

R
A

V
12

-2
�
01

T
R

A
J 4

2�
01

T
R

A
C

G
C

C
G

T
G

A
A

C
A

A
G

G
C

G
G

G
C

A
T

G
G

G
A

G
G

A
A

G
C

C
A

A
G

G
A

A
A

T
C

T
C

A
T

C
A

V
N

K
A

G
M

G
G

SQ
G

N
LI

L-
T

R
A

V
13

-1
T

R
A

V
13

-1
�
02

T
R

A
J 5

3�
01

T
R

A
C

G
C

A
G

C
A

A
A

A
A

A
T

G
G

A
G

G
T

A
G

C
A

A
C

T
A

T
A

A
A

C
T

G
A

C
A

A
A

K
N

G
G

SN
Y

K
LT

L-
T

R
A

V
17

T
R

A
V

17
�
01

T
R

A
J 5

0�
01

T
R

A
C

G
C

T
A

C
G

G
A

C
G

T
A

A
C

C
T

C
C

T
A

C
G

A
C

A
A

G
G

T
G

A
T

A
A

T
D

V
T

SY
D

K
V

I
L-

T
R

A
V

20
T

R
A

V
20
�
02

T
R

A
J 4

2�
01

T
R

A
C

G
C

C
G

T
G

C
A

G
G

G
A

G
G

A
A

G
C

C
A

A
G

G
A

A
A

T
C

T
C

A
T

C
A

V
Q

G
G

SQ
G

N
LI

L-
T

R
A

V
21

T
R

A
V

21
�
01

T
R

A
J 8
�
01

T
R

A
C

G
C

T
C

C
C

T
A

T
A

C
T

G
G

A
G

G
C

T
T

C
A

A
A

A
C

T
A

T
C

LC
PW

G
Q

A
FR

N
L

L-
T

R
A

V
26

-1
T

R
A

V
26

-1
�
01

T
R

A
J 2

9�
01

T
R

A
C

A
T

C
C

C
A

C
A

C
G

A
T

T
C

A
G

G
A

A
A

C
A

C
A

C
C

T
C

T
T

G
T

C
IP

H
D

SG
N

T
PL

V
L-

T
R

A
V

29
/D

V
5

T
R

A
V

29
/D

V
5�

04
T

R
A

J 2
6�

01
T

R
A

C
G

C
A

G
C

A
A

G
C

G
C

G
C

G
T

A
A

C
T

A
T

G
G

T
C

A
G

A
A

T
T

T
T

G
T

C
A

A
SA

R
N

Y
G

Q
N

FV

Pl
as

m
id

s
V

 r
eg

io
n

D
 R

eg
io

n
J r

eg
io

n
C

 r
eg

io
n

C
D

R
3 

S
eq

u
en

ce
s

C
D

R
3a

a

L-
T

R
B

V
2

T
R

B
V

2�
01

T
R

B
D

01
�
01

T
R

B
J 1

-2
�
01

T
R

B
C

1
T

G
T

G
C

C
A

G
C

A
G

C
T

C
T

G
C

T
C

G
G

G
A

C
A

G
G

G
G

C
C

C
T

G
G

C
T

A
C

A
C

C
T

T
C

A
SS

SA
R

D
R

G
PG

Y
T

L-
T

R
B

V
4-

1
T

R
B

V
4-

1�
01

T
R

B
J 1

-1
�
01

T
R

B
C

1
T

G
C

G
C

C
A

G
C

A
A

C
G

A
C

G
G

G
A

A
C

A
C

T
G

A
A

G
C

T
T

T
C

T
T

T
A

SN
D

G
N

T
EA

F
L-

T
R

B
V

5-
1

T
R

B
V

5-
1�

01
T

R
B

D
2�

01
T

R
B

J 2
-7
�
01

T
R

B
C

1
T

G
C

G
T

C
A

G
C

A
G

C
T

T
G

G
C

T
A

G
C

G
T

G
A

C
C

T
A

C
G

A
G

C
A

G
T

A
C

T
T

C
V

SS
LA

SV
T

Y
EQ

Y
L-

T
R

B
V

7-
2

T
R

B
V

7-
2�

02
T

R
B

D
2�

02
T

R
B

J 2
-7
�
01

T
R

B
C

1
T

G
T

G
C

C
A

G
C

A
G

C
T

T
A

A
C

T
A

G
C

G
G

G
A

A
G

G
T

T
A

G
G

A
G

C
T

C
C

T
A

C
G

A
G

C
A

G
T

A
C

T
T

C
A

SS
LT

SG
K

V
R

SS
Y

EQ
Y

L-
T

R
B

V
12

-4
T

R
B

V
12

-4
�
01

T
R

B
D

1�
01

T
R

B
J 1

-1
�
01

T
R

B
C

1
T

G
T

G
C

C
A

G
C

A
G

C
C

T
T

G
G

A
C

A
G

T
T

A
A

T
G

A
A

C
A

C
T

G
A

A
G

C
T

T
T

C
T

T
T

A
SS

LG
Q

LM
N

T
EA

F
L-

T
R

B
V

20
-1

T
R

B
V

20
-1
�
01

T
R

B
J 2

-1
�
01

T
R

B
C

1
T

G
C

A
G

T
G

C
T

A
G

A
G

G
G

T
T

G
C

T
C

A
A

T
G

A
G

C
A

G
T

T
C

T
T

C
SA

R
G

LL
N

EQ
F

L-
T

R
B

V
27

T
R

B
V

27
�
01

T
R

B
D

2�
02

T
R

B
J 2

-5
�
01

T
R

B
C

1
T

G
T

G
C

C
A

G
C

A
G

T
T

T
G

T
A

G
C

G
G

G
A

G
G

G
C

A
A

G
A

G
A

C
C

C
A

G
T

A
C

T
T

C
A

SS
L�

R
_G

Q
ET

Q
Y

L-
T

R
B

V
28

T
R

B
V

28
�
01

T
R

B
D

1�
01

T
R

B
J 1

-5
�
01

T
R

B
C

1
T

G
T

G
C

C
A

G
C

A
G

T
C

C
A

C
G

G
G

A
C

A
G

A
C

G
C

C
G

T
C

C
A

A
A

G
C

A
T

T
T

T
A

SS
PR

D
R

R
R

PK
H

L-
T

R
B

V
29

-1
T

R
B

V
29

-1
�
01

T
R

B
D

2�
01

T
R

B
J 2

-1
�
01

T
R

B
C

1
T

G
C

A
G

C
G

T
T

G
A

A
C

C
T

A
G

C
G

A
C

T
C

C
T

A
C

A
A

T
G

A
G

C
A

G
T

T
C

T
T

C
SV

EP
SD

SY
N

EQ
F

6 | Wei et al.  



Human TCR a/b Profiling Kit library preparation as described in 
Materials and Methods section. The MiSeq sequencing resulted 
in 290208 of passed filter reads, which contributed to 1.12% of 
the entire sequencing run.

Clonotypes were considered correct when CDR3 amino acid 
sequence and assigned V–J genes from MiXCR, TRUST4, or CATT 
were identical to those from Sanger sequencing of input clono
types. We performed qualitative analysis on all libraries utilizing 
MiXCR, TRUST4, and CATT and found that libraries A1–A4 were 
missing TRAV12-2 and one TRBV12-4 in the output of all three 
computational tools; therefore, we have excluded it from further 
quantitative analyses. Libraries B1–4 and C1–4 had successfully 
resulted in the identification of all input clonotypes using either 
MiXCR or TRUST4. While CATT was not able to identify correctly 
TRAV21 or TRBV27 in any of the libraries, in library L4B none of 
TRA or TRB were correctly identified, similarly in L1C and L4C 
none of TRB clones were identified correctly. Library L2C only 
identified two reads of TRAV10 among TRA. Under the selected 
criteria (matching CDR3aa, V gene and J gene), MiXCR and 
TRUST4 were able to identify more correct sequences than CATT 
(Supplementary Tables S2–S4).

Expected number of total TCR reads is presented in 
Supplementary Fig. S1. The number of aligned reads by the com
putational tools is lower than reads obtained on the Illumina 
platform; however, MiXCR and TRUST4 correctly aligned a simi
lar number of reads across the libraries, while CATT exhibited a 
much lower number of correctly aligned reads for most of the 
prepared libraries. We calculated the percentages of correct se
quencing reads within each library by dividing the total number 
of reads from correctly assembled clonotypes by the total num
ber of reads from given library. MiXCR analysis resulted in 98.5% 
correct sequences on average for TRA in libraries B1–4 and C1–4 
(range: 96.1–99.6%), TRUST4 had 97.9% correct sequences on av
erage for TRA in libraries B1–4 and C1–4 (range: 95.9–99.2%). 
CATT analysis had 73.0% correct sequences on average for TRA 
in libraries B1–4 and C1–C4 (range: 0–98%).

For TRB, MiXCR analysis correctly identified 98.3% of sequen
ces in libraries B1–4 and C1–4 (range: 97.3–99.3%), while TRUST4 
had 97.4% correct sequences on average for TRB in libraries B1–4 
and C1–4 (range: 96.3–98.6%). The number of reads 

corresponding to TRBV28 and TRBV4-1 clones was consistently 
and significantly lower than expected based on the input mate
rial across all libraries generated for both MiXCR and TRUST4. 
CATT analysis resulted in 45.0% correct sequences on average 
for TRB in libraries B1–4 and C1–4 (range: 0–92.9%).

While the number of correctly assigned sequences is much 
lower for CATT, this is mainly because consistently TRAV21 and 
TRBV27 clones were missing in all libraries; and for some librar
ies, CATT was not able to simultaneously assign correct V and 
J segments.

Individual transcription of each TCR clone results 
in more accurate quantitative sequencing result
Experimental ratios between all true-positive TCR clones were 
calculated by dividing the number of reads of each of the clones 
by the number of a reference clone. For TRA, we normalized the 
ratios of each TRA clone to TRAV10 as a reference, while for TRB, 
we used TRBV29-1. The TRAV10 and TRBV29-1 were chosen as a 
reference giving consistent results across all libraries generated. 
For libraries B4 and C4, we further normalized the data by calcu
lating ratio of TRB to TRA. To compare the expected ratios that 
were based on the input material for each library preparation 
strategy to the actual ratios based on the experimental read 
number values, we combined all four libraries from each strategy 
separately for TRA and TRB and calculated the fraction of the to
tal for each clone and transformed the data by −log(Y) and per
formed Pearson correlation. Pearson correlation for TRA obtained 
by strategy B shows positive correlation between the expected 
and actual ratios for all computational tools (MiXCR: R2 ¼ 0.79, 
P< 0.001; TRUST4: R2 ¼ 0.76, P< 0.001; CATT: R2 ¼ 0.83, P< 0.001,  
Fig. 5A), while low positive correlation for TRB is found for MiXCR 
and TRUST4, but not significant for CATT (MiXCR: R2 ¼ 0.17, 
P¼ 0.012; TRUST4: R2 ¼ 0.22, P¼ 0.004; CATT: R2 ¼ 0.23, P¼ 0.063,  
Fig. 5B). Pearson correlation for TRA obtained by strategy C shows 
strong positive correlation between the expected and actual ra
tios for all computational tools (MiXCR: R2 ¼ 0.88, P< 0.001; 
TRUST4: R2 ¼ 0.90, P<0.001; CATT: R2 ¼ 0.83, P<0.001, Fig. 5C). 
Lower pearson correlation is found for TRB (MiXCR: R2 ¼ 0.31, 
P< 0.001; TRUST4: R2 ¼ 0.38, P< 0.001; CATT: R2 ¼ 0.33, P¼ 0.021,  
Fig. 5D). Pearson correlation for strategy C shows stronger 

Figure 4 Quantification and assessment of generated libraries. (A) Gel electrophoresis image with an electronic ladder (EL) with a band indicating 
successful library generation of a size slightly higher than 700 bp. (B) Library A1–C4 size distribution with bottom and top marker from Tapestation. 
(C) qPCR quantification of each generated library.
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correlations between the actual and expected ratios indicating 
that strategy C is more suitable for preparation of con
trol libraries.

Further CDR3 ratios from MiXCR are displayed in Fig. 6 by 
plotting quantile statistics that resemble clonality of the reper
toire from each of the libraries for TRA and TRB (Fig. 6). The plots 
show input clonotypes in a high-order layer (clonotypes repre
sented by three or more reads). The size of the segment per clo
notype corresponds to the frequency of given clone in a library 
showing varying ratios between different TRA and TRB clones in 
each set as per the study design.

Control libraries are characterized by high 
detection sensitivity
To determine the detection limit of TCRs for our libraries, we es
timated the minimal TCR frequency that can be detected with 
95% probability of data from libraries B1–4 and C1–4 combined, 
when aligned using MiXCR (Fig. 7A and B), TRUST4 (Fig. 7C and 
D), or CATT (Fig. 7E and F). We utilized the TCR power tool [34] 
that follows the negative binominal model component 2 sepa
rately for TRA and TRB. Figure 7 depicts the 95% interval of the 
calibrated TCR read count models as compared with the experi
mental read counts for each clone (Fig. 7A–F). Furthermore, we 
utilized the functionality of the Power Calculator to estimate the 
minimum number of sampled TCR and sequencing reads that 
are needed for 95% probability of detecting a target TCR with 
clonal frequency 10−2 in a sample. The detection read cutoff was 
set to three reads. TRA has better detection efficiency than TRB, 
requiring a smaller number of reads and the same number of 
sampled TCR to achieve 95% detection power (Fig. 7G–L).

We plot the ROC curves for TCR in all libraries including each 
correct clonotype read number from each library and each incor
rectly built clonotype read number according to the Sanger 

sequencing (Fig. 7M–R). The sensitivity of detected clonotypes 
seems to be very high in the given library set for both TRA and 
TRB for MiXCR and TRUST4 and lower for CATT (MiXCR: TRA: 
AUC¼0.99, TRB: AUC¼ 0.99, Fig. 7M and N; TRUST4: TRA: 
AUC¼0.93, TRB: 0.80, Figure 7O and P; CATT: TRA: AUC¼ 0.68, 
TRB: AUC¼ 0.51, Fig. 7Q and R).

Control libraries can be used for TCR-T cells’ 
engineering
TCR sequences that were cloned into pCR2.1 Topo vector can fur
ther be utilized as templates to produce paired TRA and TRB 
inserts to use for bioengineered T-cell production and testing. A 
schematic of the TCR clone design in mammalian retroviral vec
tor to transduce human T cells is described in Fig. 8A. To confirm 
the validity of such construct, we designed a construct based on 
TCR previously published in the literature and another construct 
based on our in-house TCR sequencing data. Retroviral particles 
containing each of the TCR clones were used to transduce Jurkat 
cells. Transduction efficiency was measured by staining the cells 
with anti-mouse TCR beta constant region antibody to confirm 
the presence of expressed TCR receptor. Successful transduction 
can be observed by FITC-positive cells indicating the presence of 
GFP, while TCR expression is noted by the shift in PE-positive 
cells (Fig. 8B).

Discussion
NGS has revolutionized the characterization of TCR repertoire, 
facilitating the discovery of antigen-specific TCR through group
ing TCRs with similar CDR3 peptide sequences and analyzing 
these clusters further grouped into networks [42, 43]. 
Determination of antigen specificity can be deducted from the 
TCR sequence using advanced computational tools, which 

Figure 5 Actual versus expected TCR ratios. Plots represent measured fraction of each clone in the libraries versus expected fraction (ground truth) of 
each clone based on its input for library preparation for Strategy B TRA (A), Strategy B TRB (B), strategy C TRA (C), Strategy C TRB (D). Solid lines on the 
graphs represent linear regression.
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Figure 6 Repertoire clonality plots. The VDJ tools PlotQuantileStats following default parameters was applied on converted MiXCR output to generate 
three-layer donut charts. The first layer indicates frequency as singleton (1), doubleton (2), or high-order (3þ) clonotypes. The second layer is divided 
into quantiles displaying abundance of the top 20% (Q1), next 20% (Q2) up to Q5 clonotypes for high-order set of clonotypes. The last layer shows 
individual abundances of the top 10 clonotypes.
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predict pMHC antigen specificity of individual TCRs, mostly 

achieved through machine learning approaches [16–20, 44]. 

Accurate and qualitative sequencing methods are crucial for cor

rectly determining antigen specificity [45].
Limitations of current library preparation techniques involve 

amplification bias affecting the final counts of TCR clones and 

PCR errors that could lead to incorrect assignment of specific 

TCR genes [46]. Benchmarking study involving polyclonal CD4 T 

cells from healthy donors established that multiplex methods 

show lower reproducibility than RACE-based methods for library 

preparations. RACE methods had lower efficiency in detecting 

TRA diversity in comparison to TRB diversity [24]. While those 

Figure 7 Negative binomial modeling of TCR read counts and detection limit and power estimation. TCR read versus frequency. The dots represent 
measured counts, while the solid line and shaded areas are the respective mean and 95% prediction intervals of the model for MiXCR (A and B), 
TRUST4 (C and D), and CATT (E and F). Probability of detecting a TCR with frequency 10−2 and read count threshold 3, as a function of the number of 
sampled TCR and sequencing reads for MiXCR (G and H), TRUST4 (I and J), and CATT (K and L). 95% detection probability is marked by the area shaded 
by diagonal lines. ROC curve for MiXCR (M and N), TRUST4 (O and P), and CATT (Q and R).

Figure 8 Murinized TCR can be detected by flow cytometry. Schematic of the TCR clone design in mammalian retroviral vector to transduce human T 
cells (A) Histograms represent expression of GFP and mouse TCR beta constant region (B).
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are reported using commonly used computational tools, none of 
them were optimized and standardized against a biological con
trol with known composition, which would warrant further stud
ies to identify and eliminate potential errors [47, 48].

In this study, three distinct library preparation strategies were 
implemented to generate controls and to identify sources of var
iations in the TCR-sequencing results. While the three strategies 
led to RNA preparations resembling patient samples, they dif
fered in the approach. Strategy A and strategy B can introduce 
biases from the transcription step that was done on a pool of 
clones. While strategy A included PCR that adds the T7 sequence 
separately to each sequence with subsequent pooling and tran
scription in bulk. Out of 12 prepared libraries, A2-3, B2-3, C2-3 
are more likely to resemble real library preparation from a pa
tient sample considering the rather variable ratio of different 
TCR receptors. Strategy C would be considered the most relevant 
as a biological control of known composition since it avoids tran
scription bias in the preparation of input RNAs allowing for vari
ability/bias introduction only in the library preparation steps 
that are included in processing patient samples. Strategy B could 
additionally introduce bias in the transcription step affecting the 
quantitative TCR analyses as shown in the lack of significant cor
relation between actual and expected ratios for TRB. Slight dis
crepancies exist in the TCR repertoire analysis when comparing 
TRUST and MiXCR while significantly different result is obtained 
by CATT to the input clonotypes of strategy B and strategy C 
mainly in the number of reads per clonotype in each of the librar
ies as well as specific ratios between certain TCR clones. In sev
eral libraries, CATT exhibited difficulties in assigning either the 
correct V or J gene. TRAV or TRBV genes may exhibit differences 
in their transcriptional efficiencies leading to their different lev
els in the final pool. TRBV4-1 and TRBV28 are the two clones that 
consistently exhibit disparities within the strategies implemented 
in the study. Additionally, while 50-RACE technology requires less 
PCR cycles compared to the multiplex PCR approach, this method
ology still can introduce biases from PCR, template switching step 
in reverse transcription, or sequencing itself. Several approaches 
have been implemented in TCR-sequencing studies to reduce these 
errors such as optimization of primer concentration or addition of 
UMIs. While UMIs can resolve PCR and sequencing errors by group
ing reads tagged by the same UMIs generating a consensus, it is un
able to account for reverse transcription-generated errors. 
Additionally, a study has shown that non-UMI methods can detect 
clonotypes at a 10-fold lower frequency than UMI methods [24]. 
Optimization of computational tools based on biological control 
would allow to further address the biases and detection issues from 
different preparation strategies.

Importantly, the generated libraries serve as a repository of 
TCRs that have been pre-identified and characterized, enabling 
researchers to quickly select and clone these receptors for the 
purpose of engineering T cells with specific TCRs. By utilizing 
such libraries, researchers can bypass the time-consuming pro
cess of TCR discovery and validation, accelerating the pace at 
which new therapies can be moved into clinical testing. 
Moreover, the pre-engineered TCRs can be optimized for higher 
affinity and specificity to enhance their therapeutic efficacy. 
Moreover, the presence of such libraries allows for high- 
throughput screening of TCRs against a broad range of antigens, 
enhancing the chances of finding a match for unique or less com
mon antigens presented by tumor cells. This is especially useful 
for rare cancers or for patients with an uncommon human leuko
cyte antigen (HLA) type, who may otherwise have limited treat
ment options. The TCR library generated will serve as a valuable 

tool for synthetic biology applications, enabling the design and 
testing of novel T-cell-based constructs against different anti
gens in different diseases, such as cancer, autoimmune diseases, 
and viral infections. Researchers can utilize the library to engi
neer T cells with enhanced functionalities, such as improved tar
geting, persistence, and resistance to immunosuppressive 
environments. A trivalent TCR vaccine based on a library of TCR 
peptides from V genes has been shown to have promising effects 
in treating multiple sclerosis and other autoimmune diseases 
[49–51]. Another group has developed a library of virus-specific 
TCRs composed of five different TCRs restricted to four HLA- 
class I molecules commonly found in the general population. 
This approach increased expression of TCR and cytokine produc
tion, serving as a foundation for effective treatments for viral 
infections [52]. Additionally, TCR clones could be found useful in 
diagnostics to characterize autoreactive T cells [53].

Limitations of study
While the present study acknowledges the limitation of con
structing only nine TRA and nine of TRB plasmids, which 
restricts the comprehensive coverage of TRA and TRB variants 
particularly involving more rare V genes, we presented a feasible 
method for biological control preparation that could lead to com
prehensive evaluation and benchmarking of computational tools, 
specifically focusing on sequencing errors and alignment accu
racy. Additionally, a standardized approach involving a biological 
control would promote consistency and reproducibility in TCR 
analysis, enhancing the reliability of results across different 
studies and laboratories.
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