
Han et al. Journal of Translational Medicine           (2025) 23:78  
https://doi.org/10.1186/s12967-025-06094-1

RESEARCH

Identification of novel  KRASG12D neoantigen 
specific TCRs and a strategy to eliminate 
off-target recognition
Xiaojian Han1,2†, Xiaxia Han1,2†, Yanan Hao1,2, Bozhi Wang1,2, Luo Li1,2, Siyin Chen1,2, Lin Zou1,2, Jingjing Huang1,2, 
Tong Chen1,2, Wang Wang1,2, Shengchun Liu3, Aishun Jin1,2*   and Meiying Shen3* 

Abstract 

Background T cell receptor (TCR)–engineered T cells targeting neoantigens originated from mutations in KRAS gene 
have demonstrated promising outcomes in clinical trials against solid tumors. However, the challenge lies in devel-
oping tumor-specific TCRs that avoid cross-reactivity with self-antigens to minimize the possibility of severe clinical 
toxicities. Current research efforts have been put towards strategies to eliminate TCR off-target recognition.

Methods Naive T cell repertoire was used for screening  KRASG12D-reactive TCRs. Specific TCRs were subsequently 
identified and their functionality was assessed using TCR Jurkat cells and TCR T cells. Peptide specificity was evaluated 
using the X-scan assay. To enhance TCR specificity for  KRASG12D and reduce their reactivity to self-peptide  SMC1A29-38, 
mammalian TCR display libraries were employed for the design of modification in the complementarity-determining 
region (CDR).

Results HLA-A*11:01-restricted TCRs targeting the  KRASG12D epitope were isolated, and TCR1 was characterized 
with superior functional avidity and specificity. Alongside a robust recognition of endogenous  KRASG12D epitope, this 
TCR displayed cross-reactivity with the  SMC1A29-38 epitope. With an approach utilizing structural-guided mutations 
in the CDR-1A region of TCR1, we obtained an engineered TCR variant (TCR1a7). Functional characterization of TCR1a7 
showed that this TCR not only exhibited enhanced specificity towards  KRASG12D, but also demonstrated successful 
elimination of the off-target recognition of  SMC1A29-38.

Conclusions TCRs targeting the  KRASG12D peptide could be isolated from naive T cell repertoires. Integrating the TCR-
peptide-HLA complex structure with a mammalian TCR library system could serve as a functional strategy to reduce 
potential TCR cross-reactivity with self-antigens, such as  SMC1A29-38. Our findings evidenced an operable method 
to enhance TCR peptide specificity, while maintaining advanced functional avidity and potent anti-tumor activity.
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Background
Mutations in tumor driver genes can give rise to com-
mon neoantigens across various cancer types and patient 
cohorts. [1–4] These neoantigens, presented by HLA 
molecules on tumor cell surfaces, play a pivotal role 
in eliciting T cell-mediated anti-tumor responses. [5] 
Mutations in KRAS gene stands out as one of the most 
widespread driver mutations, occurring in 60–70% of 
pancreatic cancers and 20–30% of colorectal malignan-
cies. [6] KRAS mutations predominantly affect Glycine 
at the 12th amino acid position, presented as G12C, 
G12D, or G12V variants. [6] Adoptive transfer of T cell 
receptor (TCR) T cells has demonstrated the poten-
tial to provide durable clinical responses to previously 
incurable diseases. [7–9] Recent report of a clinical trial 
with adoptive transfer of TCR-engineered T cells target-
ing HLA-C*08:02-restricted  KRASG12D epitope demon-
strated significant regression of metastatic pancreatic 
cancer [10]. Ongoing efforts are focused on developing 
TCRs that target KRAS mutants restricted by diverse 
HLA molecules, to expand the applicability of TCR-
based therapies against mutant KRAS across a broader 
patient population [11–16].

One of the critical threats associated with the appli-
cation of TCR-T cell therapy were brought by tumor 
specific TCRs bearing cross-reactivity to self-antigens, 
especially for those presented in essential normal tis-
sues [17]. Clinical evidence of unexpected cross-reaction 
of MAGE-A3 TCR with self-antigen expressed by myo-
cardial cells rose warning to potential fatal outcomes 
in practice [18]. Proactively, rigorous testing has been 
applied in preclinical studies to comprehensively evaluate 
potential cross-reactivity of TCRs with therapeutic effi-
cacy, including deconstructing peptide specificity at the 
proteomics level and integrating diverse strategies to sys-
tematically evaluate the presence of off-target polyspeci-
ficity [19, 20].

TCR is composed of a heterodimer comprising highly 
variable α and β chains, which specifically recognize 
pathogen peptides presented by major histocompatibility 
complexes (MHCs) [17]. Structural studies of TCR-pep-
tide-MHC complexes have revealed that the TCR CDR-1 
and CDR-2 loops primarily interact with the top of MHC 
helices, whereas the CDR-3 loops predominantly engage 
with the peptide within the MHC groove [21, 22]. TCR 
cross-reactivity, or polyspecificity, arises from the confor-
mational adaptability of the TCR-peptide-HLA complex, 
particularly within the TCR CDR-3 loops [23, 24]. The 
cross-reactivity of TCRs physiologically empowers the 
immune system to recognize a vast array of potential anti-
gens. In the context of TCR-based therapies, accurately 
predicting and assessing this property is crucial to ensur-
ing TCR safety. Proactively, rigorous testing has been 

applied in preclinical studies to comprehensively evaluate 
potential cross-reactivity of TCRs with therapeutic effi-
cacy, including deconstructing peptide specificity at the 
proteomics level and integrating diverse strategies to sys-
tematically evaluate the presence of off-target polyspeci-
ficity [25, 26]. However, current “pass/fail” determination 
for further development of TCR candidates based on the 
presence of detectable cross-reactivity might consider-
ably reduce the number of applicable TCRs, even those 
with satisfying efficacy of tumor antigenic recognition. So 
far, there are very few of exploratory studies addressing 
whether TCR clones identified with off-target specificity 
can be modified and salvaged for further development 
towards therapeutic applications.

In this study, we identified an HLA-A11:01-restricted 
TCR (TCR1) targeting the  KRASG12D epitope, demon-
strating high functional avidity and effective cytotoxicity 
against HLA-A11:01+ cancer cells harboring KRASG12D 
mutation. We investigated potential off-target effects 
of TCR1 by X-scan assays in conjunction with human 
proteome scanning, and revealed a self-antigen derived 
from the SMC1A protein that could be recognized by 
TCR1. To eliminate this off-target reactivity, we utilized 
a systematic TCR engineering approach integrating 
structure-guided design, the mammalian TCR library 
display system, and multi-level functional screening. This 
methodology enabled the development of an engineered 
variant of TCR1 (TCR1a7) that effectively eliminated off-
target recognition and enhanced TCR peptide specificity. 
These findings evidenced for a comprehensive TCR engi-
neering strategy capable of improving peptide specific-
ity, with potential application in advancing TCR-based 
therapies.

Methods
Cell lines
Cell lines were maintained under specific culture condi-
tions. Jurkat (Clone E6-1, ATCC, TIB-152), K562 (ATCC, 
CCL-243), AsPC-1 (ATCC, CRL-1682), and SW480 
(ATCC, CCL-228) were cultured in RPMI media sup-
plemented with 10% fetal bovine serum (FBS, Gibco), 
2  mM L-glutamine (Gibco), and 1X penicillin/strepto-
mycin (Gibco). COS-7 (ATCC, CRL-1651) and Lenti-X 
293 T cells (Takara, 632180) were maintained in DMEM 
media enriched with 10% FBS (Gibco), 2  mM L-glu-
tamine (Gibco), 1X penicillin/streptomycin (Gibco), 
1 mM sodium pyruvate (Gibco), and 0.1 mM non-essen-
tial amino acids (Gibco). The AGS cell line (ATCC, CRL-
1739) was cultured in F-12 K media containing 10% FBS 
(Gibco), 2  mM L-glutamine (Gibco), and 1X penicillin/
streptomycin (Gibco). All cell lines were authenticated, 
obtained as specified, passaged twice, aliquoted, and 
cryopreserved for long-term storage. Each aliquot was 
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utilized for up to 15 passages. Cultures were incubated 
in a humidified environment at 37 °C with 5% CO_2 and 
routinely tested for mycoplasma contamination.

Generation of transgenic cell lines
CD8+ Jurkat cells: A Jurkat E6.1 human TCRα/β-negative 
cell line was generated using Cas9 protein and sgRNAs 
targeting TRAC (5’-AGA GTC TCT CAG CTG GTA CA-3’) 
and TRBC1/TRBC2 (5’-GGA GAA TGA CGA GTG GAC 
CC-3’) as reported. [35] TCR-negative Jurkat cells were 
then transduced with lentiviral particles encoding the 
human CD8α co-receptor to facilitate stable interac-
tion with peptide-HLA (pHLA) complex. HLA-A*11:01 
K562 cells: K562 cells were transduced with lentiviral 
particles expressing HLA-A*11:01. HLA-A*11:01+ tumor 
cells: AGS and AsPC-1 cells were transduced with len-
tiviral particles expressing HLA-A*11:01. SW480 cells 
were sequentially transduced with two distinct lentiviral 
particles expressing HLA-A*11:01 and the full-length 
 KRASG12D gene, respectively. HLA-A*11:01+ SMC1A+ 
COS-7 cells: COS-7 cells underwent sequential trans-
duction with two different lentiviral particles expressing 
HLA-A*11:01 and the full-length SMC1A gene.

Primary cells culture
T cells were cultured in RPMI 1640 complete medium, 
consisting of RPMI 1640 (Gibco) supplemented with 
10% fetal bovine serum (FBS), 1  mM sodium pyru-
vate, 1X penicillin/streptomycin (Gibco), 2  mM 
GlutaMAX(Gibco), 55  μM 2-mercaptoethanol (Sigma-
Aldrich), and 25  mM HEPES buffer(Gibco).Mono-
cyte-derived dendritic cells (moDCs) were maintained 
in RPMI 1640 complete medium supplemented with 
additional cytokines, including 800 U/mL Granulo-
cyte–Macrophage Colony-Stimulating Factor (GM-
CSF, PeproTech) and 800 U/mL Interleukin-4 (IL-4, 
PeproTech).

Peptides and plasmids
Peptides and peptide libraries were synthesized by Gen-
script, resuspended at 10  mg/mL in dimethyl sulfoxide 
(DMSO), and stored at − 80 °C, with sequences detailed 
in Supplementary Table  1. The TCR lentiviral vectors 
were constructed by fusing the TCR-alpha chain’s varia-
ble-joining (V-J) regions and the TCR-beta chain’s vari-
able-diversity-joining (V-D-J) regions to their respective 
mouse TCR constant regions, separated by a P2A linker 
to create a bicistronic construct. This construct, along-
side genes for CD8α, SMC1A and  KRASG12D, was cloned 
into the pWPXL lentiviral vector for lentiviral produc-
tion. The use of mouse TCR constant regions ensures 
correct TCR chain pairing and facilitates the identifica-
tion of transduced T cells via flow cytometry using an 

APC-anti-mouse TCR β chain Antibody (Biolegend, 
Catalogue#109212).

Lentiviral vector constructs and production
On the first day, Lenti-X 293 T cells were seeded at a den-
sity of 1E6 cells per well in a 6-well plate. After 24 h, the 
medium was reduced to 1 mL per well, and a DNA trans-
fection complex was added into each well. This complex 
consisted of 100 µL Xfect Transfection Buffer (Takara), 
2.6 µL Xfect Transfection Reagent (Takara), 2.5  µg of 
psPAX2, 1.25  µg of pMD2.G, and 5  µg of the pWPXL-
X lentiviral vector, which contains the genes of interest. 
During the addition of the transfection complex, gen-
tle agitation of the plate was performed to ensure even 
distribution. Four hours post-transfection, the medium 
was replaced with 2 mL of fresh culture medium to sup-
port cell growth. Forty-eight hours after transfection, the 
supernatant containing the viral particles was harvested 
for cell infection purposes. The psPAX2 (Addgene Plas-
mid #12260), pMD2.G (Addgene Plasmid #12259) plas-
mids and pWPXL (Addgene Plasmid #12257), were gifts 
from Didier Trono.

Generation of  KRASG12D reactive T cells
Experiments were performed as reported [36]. Periph-
eral blood mononuclear cells (PBMCs) were isolated 
from healthy donors through density-gradient centrifu-
gation using Lymphoprep™ (STEMCELL Technologies) 
and subsequently cryopreserved in liquid nitrogen until 
required. To generate autologous monocyte-derived 
dendritic cells (moDCs), monocytes were then enriched 
from these PBMCs using the EasySep™  CD14+ Cell 
Selection Kit (STEMCELL Technologies), according to 
the manufacturer’s instructions. These monocytes were 
cultured in dendritic cell (DC) specific media, with fresh 
complete media added every alternate day. By the sixth 
day, the moDCs were cryopreserved and stored in liquid 
nitrogen for future assays.

Naive  CD8+ T cells were isolated from PBMCs utilizing 
the Naive  CD8+ T Cell Isolation Kit (STEMCELL Tech-
nologies), following the manufacturer’s protocol. These 
cells were then co-cultured with moDCs that had been 
pulsed with  KRASG12D peptides at a final concentration 
of 10  μM and activated with lipopolysaccharide (LPS, 
10 ng/mL) and interferon-gamma (IFN-γ, 100 U/mL) for 
16 h to enhance antigen presentation. The co-culture, set 
up at a 2:1 ratio of naive  CD8+ T cells to moDCs, was 
conducted in 48-well plates with each well containing 
5E5 cells. The culture medium, supplemented with 30 ng/
mL IL-21, was refreshed every three days by the addi-
tion of IL-7 and IL-15 (5 ng/mL each) to support T cell 
growth and differentiation over a 10-day period. Then, 
the stimulated products underwent a second round of 
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stimulation to enhance the activation and expansion of 
 KRASG12D specific T cells. The final products were used 
to identify  KRASG12D specific T cells and TCR cloning.

Isolation and amplification of TCR gene from single T cell
Following the secondary stimulation, samples were 
stained with Dead Dye (APC-Cy7), BV510-anti-Human 
CD3 antibody, FITC-anti-human CD8a antibody, PE-
KRASG12D Tetramer and APC-KRASG12D Tetramer to 
identify antigen-specific T cells.  Tetramer+  CD8+ T cells 
were single-cell sorted by FACSAria into a 96-well PCR 
plate, which was subsequently stored at − 80 °C. Gating 
strategy was shown in Supplementary Fig. 1. Upon thaw-
ing the sorted single T cells on ice, the TCRα and TCRβ 
chain genes were amplified as previously described [37, 
38]. Each well received a 5 μl reaction mixture for reverse 
transcription and the first round of PCR (RT&1st PCR). 
This mixture consisted of PrimeScript II Reverse Tran-
scriptase, 2 × PrimeSTAR GC Buffer, RNase-free water, 
RNase inhibitor, PrimeSTAR HS DNA Polymerase, a 
dNTP mixture (all reagents sourced from Takara), and 
primers specific for TCRα and TCRβ chains, to achieve 
a reaction volume of 5 μl. The RT&1st PCR protocol was 
as follows: an initial reverse transcription at 45  °C for 
45 min, denaturation at 98  °C for 1 min, followed by 30 
cycles of 98  °C for 10  s, annealing at 52  °C for 5  s, and 
elongation at 72  °C for 1  min. Subsequently, the PCR 
products were diluted 50-fold with water. A 2 μl aliquot 
of the diluted PCR products served as the template in 
an 18  μl nested PCR mix. The nested PCR conditions 
included an initial denaturation at 98  °C for 1  min, 35 
cycles of 98  °C for 10  s, 52  °C for 5  s, and a final elon-
gation step at 72 °C for 30 s. The products of the nested 
PCR were then analyzed through Sanger sequencing. The 
TCR repertoire was analyzed with the IMGT/V-Quest 
tool (http:// www. imgt. org/).

Preliminary functional analysis of TCRs using TCR Jurkat 
cells
Generation of TCR-engineered Jurkat cells:  CD8+ Jur-
kat cells were counted and aliquoted at 2 × 10^5 cells 
per sample prior to centrifugation. Lentiviral particles 
expressing the TCR of interest were prepared in serial 
two-fold dilutions. These cells were then resuspended 
in the lentiviral solution and seeded into 24-well plates 
for transduction. The medium was completely replaced 
one day after transduction. Two days post-transduction, 
the expression of the mouse TCR on Jurkat cells was 
assessed using flow cytometry. Only those TCR Jurkat 
cells demonstrating a transduction efficiency between 
70 and 80% were selected for further functional analysis, 
ensuring uniformity and comparability across various 
TCR constructs. KRASG12D tetramer binding assay: TCR 

Jurkat cells were stained with APC-anti-mouse TCR β 
chain antibody and PE-KRASG12D Tetramer for 30  min 
at 4 °C, protected from light. Following incubation, cells 
underwent two PBS washes before being subjected to 
flow cytometric analysis to evaluate tetramer binding 
capabilities. Functional avidity assay: For the assessment 
of functional avidity, TCR Jurkat cells were co-cultured 
with HLA-A*11:01+ K562 cells pre-loaded with a range 
of  KRASG12D peptide concentrations. After incubating 
for 6  h, cells were stained with APC-anti-human CD69 
antibody for 10  min at 4  °C in the dark. Subsequent to 
two PBS washes, flow cytometry was performed to ana-
lyze the expression of the CD69. The half-maximal effec-
tive concentration  (EC50) values for each TCR were 
calculated by identifying the peptide concentration that 
induced 50% of the maximal activation response.

Expression of  KRASG12D specific TCRs in primary  CD8+ T 
cells
For the production of TCR T cells: Primary  CD8+ T cells 
were enriched using the EasySep™ Human  CD8+ T Cell 
Enrichment Kit. Then,  CD8+ T cells were activated for 
24  h using anti-CD3/CD28 T Cell TransAct (Miltenyi 
Biotec) for 24  h. Subsequently, these activated T cells 
were transduced with lentiviral vectors encoding the 
TCRs specific for  KRASG12D. The culture medium was 
refreshed 8  h post-transduction with a medium sup-
plemented with IL-7 and IL-15 at a concentration of 
10  ng/ml each. Cultures were maintained with regular 
medium changes every 3 days. After a cultivation period 
of 10  days, T cells were stained with APC-anti-mouse 
TCR β chain antibody. The EasySep™ APC Positive Selec-
tion Kit (STEMCELL Technologies) was used for the 
enrichment of mTCR-positive cells. To further expand 
the enriched TCR T cells, a secondary expansion phase 
was initiated. TCR T cells were stimulated with irradiated 
allogeneic feeder cells, OKT3, and IL-2. The entire pro-
cessing time was approximately 24 days. For the produc-
tion of hTCR-KO TCR T cells: 1E6 activated T cells were 
electroporated with CRISPR/Cas9 ribonucleoprotein 
(RNP) complexes utilizing the P3 Primary Cell 4D X kit 
(Lonza: PBP3-02250). 5 μL of RNP complexes were gently 
mixed with the T cells in 20 μL of electroporation buffer. 
Immediately after electroporation (Program ID: EH115), 
the T cells were placed into culture medium containing 
TCR lentivirus. The culture medium was refreshed after 
8  h. The cells underwent similar culture conditions as 
described above to support their expansion.

Flow cytometry and antibodies
A comprehensive list of antibodies was listed in Sup-
plementary Table  2. Tetramers were generated using 
the PE QuickSwitch Quant HLA-A*11:01 Tetramer Kit 

http://www.imgt.org/
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(MBL) and the APC QuickSwitch Quant HLA-A*11:01 
Tetramer Kit (MBL), according to the manufacturer’s 
protocols. SARS-CoV-2  NP361–369 tetramer was used as 
the negative control. hTCR-KO TCR T cells were stained 
with BV510-anti-human CD8a antibody, PE-anti-mouse 
TCR β chain antibody, APC-anti-human TCR antibody 
for 10 min at room temperature in the dark. After wash-
ing twice with PBS, flow cytometry was performed to 
analyze the expression of the human TCR. Samples were 
analyzed on a BD LSR Fortessa instrument (BD Bio-
sciences). Fluorescence-activated cell sorting (FACS) was 
conducted using a BD FACSAria III instrument (BD Bio-
sciences). FACSDiva and FlowJo version 10.8.1 (FlowJo, 
BD Biosciences) were utilized for data collection and 
analysis, respectively.

TCR functional avidity assay
TCR T cells were co-cultured with HLA-A*11:01+ K562 
cells loaded with  KRASG12D peptide at varied concentra-
tions for 24  h. Cells were stained with PE-anti-human 
CD137 antibody for 10 min at room temperature in the 
dark. After washing twice with PBS, flow cytometry was 
performed to analyze the expression of the CD137. EC50 
values were calculated as described above.

IFN‑γ ELISA assay
IFN-γ Cytokine quantification was conducted using the 
suggested antibody pairs, including IFN-γ capture anti-
body (Clone: MD-1, Biolegend) and IFN-γ detection anti-
body (Clone: 4S.B3, Biolegend). ELISA plates were coated 
overnight at 4 °C with 50 μl/well of the capture antibody 
at a concentration of 2  μg/ml. Following coating, plates 
were washed thrice with PBS containing 0.05% Tween-
20 (PBS-T) and blocked with 3% bovine serum albumin 
(BSA) in PBS for 1  h at room temperature to prevent 
nonspecific binding. Supernatants collected from co-
cultures of T cells and target cells were added to the pre-
pared plates at a volume of 50 μl per well and incubated 
for 2  h at room temperature to allow cytokine binding. 
After incubation, plates were washed three times with 
PBS-T to remove unbound substances. The detection 
antibody, diluted to 1 μg/ml, was then added at 50 μl/well 
and incubated for 1  h at room temperature. Following 
another series of five washes, streptavidin–alkaline phos-
phatase (Mabtech) diluted 1:1000 in PBS was added to 
each well and incubated for 1 h in the dark at room tem-
perature. Post incubation, plates were washed six times, 
and p-nitrophenyl phosphate (pNPP) substrate(Thermo) 
was added at 50  μl/well. The enzymatic reaction was 
allowed to develop for 30 min at 37 °C in the dark, after 
which the reaction was stopped by adding 50 μl of stop 
solution to each well. The plate was read at 405  nm 
(OD405) by the Varioskan LUX Multi-mode Microplate 

Reader (Thermo). The amount of IFN-γ in the samples 
was determined by comparing the optical densities of 
the samples to those of a standard curve prepared with 
known concentrations of recombinant human IFN-γ.

Cytotoxicity assay
The capacity of TCR T cells to lyse tumor cells was quan-
tified employing the OneLumi™ Firefly Luciferase Assay 
Kit (Beyotime), in accordance with the manufacturer’s 
protocol. Initially, target cells were seeded at a density of 
1E4 cells per well in a 96-well plate and incubated over-
night to achieve adherence. Subsequently, TCR T cells, at 
varying effector-to-target (E:T) ratios (10:1, 5:1, 1:1, 1:2, 
and 1:10), were introduced to the co-culture and incu-
bated for a period of 24 h. Following incubation, The cell 
culture plate was placed at room temperature for 10 min, 
followed by the addition of 100  μl of OneLumi™ detec-
tion reagent to each well. It was then incubated at room 
temperature for 5 min to allow the luminescent signal to 
stabilize. Luminescence, indicative of cell viability, was 
quantified as Relative Luminescence Units (RLUs) using 
the Varioskan LUX Multimode Microplate Reader. Cell 
viability and cytotoxicity were quantitatively assessed 
based on luminescence measurements. Luminescence 
readings from wells devoid of T cells served as the base-
line for 100% survival. The survival rate of tumor cells 
in the presence of TCR T cells was determined by com-
paring the luminescence of treated wells to that of the 
control wells. The cytotoxicity rate was determined as 1 
minus the survival rate. Each condition was replicated in 
triplicate.

Statistics and reproducibility
Appropriate statistical tests were used to analyze data, as 
described in each figure legend. Statistical analyses were 
performed with Prism 9.0 (GraphPad). Standard devia-
tion (SD) is depicted as error bars in graphical represen-
tations. Significance levels were annotated as follows: 
*p < 0.05, **p < 0.01, and ***p < 0.001 and NS indicates a 
non-significant difference. All data presented are rep-
resentative of two or more independent experiments, 
ensuring the reproducibility of findings. No data were 
excluded from any analysis.

Results
Identification and functional profiling 
of HLA‑A*11:01‑restricted TCRs against  KRASG12D epitope
To isolate TCRs specifically recognizing  KRASG12D 
epitope, naive T cells from HLA-A*11:01+ health donors 
were co-cultured with autologous monocyte-derived 
dendritic cells (mo-DCs), which were pre-loaded with 
 KRASG12D peptide. We identified T cells derived from 
two individual donors that could bind to the  KRASG12D 
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tetramer (Fig.  1a). The  KRASG12D specific T cells were 
sorted as single cells for the identification of TCR gene 
sequences. DNA sequencing data revealed that specific 
T cells from each sample contained one unique TCR 
clonotype, termed TCR1 and TCR2 (Supplementary 
Table  3). To conduct the preliminary functional evalua-
tion of the TCRs, the  CD8+ Jurkat cell model expressing 
recombinant TCR1/2 with mouse TCR constant region 
(mTCR) were established. Both TCRs were capable of 
binding to the  KRASG12D tetramer (Fig.  1b). After co-
culturing with HLA-A*11:01+ K562 cells that had been 
loaded with serially diluted  KRASG12D peptide, both TCR 
clones expressed the activation marker CD69, whereas 
no activation was detected in both TCR clones stimu-
lated by the wild-type KRAS peptide  (KRASWT) (Fig. 1c 
and d). The functional avidity of each TCR was meas-
ured to assess their relative antigenic sensitivity, and the 
 EC50 values of TCR1 and TCR2 were found to be 14.8 nM 
and 228.3  nM, respectively (Fig.  1c and d). This result 
suggested that TCR1 had advanced functional avidity 
relative to TCR2 in targeting HLA-A*11:01+ restricted 
 KRASG12D epitope.

To analyze the epitope-recognition specificity of these 
TCRs, a peptide library was designed (referred to as 
 KRASG12D-pep-Lib), and corresponding peptides were 
synthesized by systematically substituting each amino 
acid of the  KRASG12D peptide with the other 19 common 
amino acids (Supplementary Table  4). HLA-A*11:01+ 
K562 clones, each loaded with an individual peptide from 
the  KRASG12D-pep-Lib, were co-cultured with TCR Jur-
kat cells, and CD69 expression was measured as a quan-
titative indicator of the TCR recognition capability. The 
percentage of CD69 expression was converted into a 
residue scanning heatmap for visualized comparison. 
The recognition pattern of TCR for the 10mer  KRASG12D 
epitope was characterized. Mutations in the  KRASG12D 
peptide at positions 4 to 9 impaired TCR1 activation 
(Fig. 1e), while mutations at positions 5 to 9 had the det-
rimental effect on TCR2 activation (Fig. 1f ). These results 
indicated that TCR1 interacts with a broader region of 
the peptide compared to TCR2. These findings demon-
strated that TCR1 exhibited advanced functional impor-
tance as a TCR candidate and was thus chosen for further 

evaluation for potential antitumor immunotherapy of T 
cells targeting  KRASG12D.

To further characterize the functionality of TCR1, 
it was expressed in  CD8+ T cells derived from healthy 
donors. We found that 85% T cells could bind to 
 KRASG12D Tetramer (Fig.  1g). The functional avidity of 
TCR1 was confirmed by co-culturing TCR1 T cells with 
HLA-A*11:01+ K562 cells loaded with serially diluted 
 KRASG12D peptides, and the expression of the activation 
marker CD137 and IFN-γ production were measured 
after 24 h. The results showed that both the proportion 
of  CD137+ T cells and IFN-γ secretion increased in expo-
sure to the  KRASG12D peptide in a dose-dependent man-
ner (Fig.  1h and i). The functional avidity  (EC50 value) 
calculated by CD137 and IFN-γ measurements were 
1.4  nM and 2.9  nM, respectively, suggesting that TCR1 
possesses sharp  KRASG12D peptide sensitivity. Further-
more, we assessed the recognition and killing capability 
of TCR1 T cells against tumor cells carrying KRASG12D 
mutation.  CD8+ TCR1 T cells was co-cultured with 
HLA-A*11:01+ SW480 cells expressing  KRASG12D or 
 KRASWT. Compared to the  KRASWT control group, the 
 KRASG12D group demonstrated significantly higher lev-
els of cell death to TCR1 T cell-mediated killing at dif-
ferent E:T ratios (Fig.  1j). These results showed that 
TCR1 exhibited high functional avidity in  CD8+ T cells 
and mediated effective cytotoxicity against tumor cells 
expressing KRASG12D mutation.

Assessment of the cross‑reactivity potential for TCR1
To assess potential off-target recognition of TCR1, we 
employed X-scan analysis to profile TCR peptide speci-
ficity. Initially, TCR1 T cells were co-cultured with HLA-
A*11:01+ K562 cells loaded with the  KRASG12D-pep-Lib, 
followed by IFN-γ release measurement after 24  h. 
Specificity profiling showed that most  KRASG12D pep-
tide mutations at positions 4, 5, 6 and 9 were detrimen-
tal for TCR1 activation (Fig. 2a). Based on these results, 
we revealed the TCR1 recognition motif (Supplementary 
Table 5), with 20% reactivity to the  KRASG12D peptide as 
cutoff. Scanning this motif against the Human reference 
proteome (Proteome ID: UP000005640) by ScanProsite 
identified a total of 48 TCR1 cross-recognized candidate 

(See figure on next page.)
Fig. 1 Discovery and functional characterization of HLA-A*11:01-restricted  KRASG12D specific TCR clones. a  KRASG12D-specific T cells were assessed 
using  KRASG12D tetramer, showing  live+  CD3+  CD8+ T cells. b TCR Jurkat cells were evaluated for TCR expression and  KRASG12D tetramer binding. c, 
d TCR Jurkat cells were co-cultured with HLA-A11:01+ K562 cells loaded with  KRASG12D peptide and functional avidity (EC50) determined by CD69 
expression. Wild-type KRAS peptide served as negative control. Peptide specificity of TCR1 e and TCR2 f was assessed by X-scan assay. Normalized 
data are displayed as heatmaps. g TCR1 expression on  CD8+ T cells was measured; TCR1 T cells were co-cultured with HLA-A11:01+ K562 cells 
and analyzed for CD137 (h) and IFN-γ release (i). j TCR1 T cells were co-cultured with HLA-A*11:01+ SW480 cells expressing  KRASWT or  KRASG12D 
and the cytotoxicity were assessed after 24 h. Data are presented as mean ± SD and all panels represent data from two independent experiments. 
HD healthy donor. N.T. non-transduced
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peptides (Supplementary Table  6). We designed a total 
of 5 minigene-clusters (MC-1 to MC-5), encoding up to 
ten of the above homologous peptides each (Supplemen-
tary Fig.  2a). In accordance, 5 groups of HLA-A*11:01+ 
K562 cells expressing one MC per group (Supplementary 
Fig. 2b) were co-cultured with TCR1 T cells. Flow cyto-
metric analysis of  CD137+ cell proportions showed that 
only MC-1 expressing K562 cells moderately induced 
TCR1 T cell activation (Fig.  2b). Subsequently, the ten 
short peptides encoded in MC-1 were synthesized 
and individually loaded to HLA-A*11:01+ K562 cells. 

Co-culture examination with TCR1 T cells showed that 
a homologous peptide derived from protein SMC1A 
induced robust elevation of  CD137+ T cell proportions 
(Fig.  2c and d). This peptide corresponds to the N-ter-
minal 29th to 38th amino acids of the protein SMC1A 
(namely  SMC1A29–38), which was conserved across dif-
ferent mammalian species (Supplementary Fig.  2c). 
Then, the full-length cDNA of SMC1A was transduced 
into HLA-A*11:01+ COS-7 cells. Co-culture experiment 
with TCR1 T cells showed that HLA-A*11:01+SMC1A+ 
COS-7 cells significantly increased the proportion of 
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Fig. 2 Peptide specificity profiling of TCR1 T cells for identifying potential off-target peptides. a TCR1 peptide specificity was assessed by X-scan 
assay and shown as a heatmap. b TCR T cells were co-cultured with HLA-A11:01+ K562 cells with Minigene-cluster constructs; CD137 expression 
was analyzed after 24 h. E7 TCR and P64 TCR served as negative and positive controls, respectively. c Peptides from Minigene-cluster 1 were loaded 
onto HLA-A11:01+ K562 cells and co-cultured with TCR1 T cells; CD137 expression was measured. d TCR1 T cells were co-cultured with HLA-A11:01+ 
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 CD137+ T cells, comparing to the vector transduced 
control group (Fig.  2e). This result confirmed that the 
 SMC1A29–38 epitope could be endogenously processed 
and presented on the cellular membrane by HLA-
A*11:01. Collectively, these results showed that TCR1 
was a functional TCR that could recognize the  KRASG12D 
epitope, however, it exhibited cross-reactivity to a self-
antigen  SMC1A29–38 epitope.

To examine whether  SMC1A29–38 was a shared off-
target self-antigen for different HLA-A11:01-restricted 
 KRASG12D specific TCR clones, two previously reported 
 KRASG12D-specific TCRs, including JDI [14] and 
TIL4373 [13], were expressed in the  CD8+ Jurkat cell 
(Supplementary Table  3). The TCR clones were co-cul-
tured with HLA-A11:01+ K562 cells loaded with serially 
diluted  KRASG12D peptide, and the functional avidity 
of TCR1, JDI, and TIL4373 was shown to be 14.8  nM, 
115 nM and 5 nM, respectively (Supplementary Fig. 3a). 
In the parallel off-target examination, TCR clones were 
co-cultured with HLA-A*11:01+ K562 cells loaded with 
serially diluted  SMC1A29–38 peptide. The results showed 
that CD69 expression in TIL4373 T cells was induced by 
 SMC1A29–38 at a concentration of 1 μM, while JDI TCR 
remained in an inactive state even at the concentration of 
10 μM (Supplementary Fig. 3b). These results suggested 
that both TCR1 and TIL4373 exhibit off-target recogni-
tion of the  SMC1A29–38 peptide.

Comparison of peptide specificity of the three  KRASG12D 
epitope specific TCR clones
To compare the characteristic of TCR recognition, pep-
tide specificity profiling of TCR clones were  conducted. 
A comparison analysis of X-scan result between TCR1 
Jurkat cells and TCR T cells showed the good consist-
ency  (R2 = 0.8893, Supplementary Fig. 3c), suggesting for 
the feasibility of using TCR Jurkat cells for all following 
X-scan analysis. Then, we performed X-scan analysis on 
the 3 clone  KRASG12D-specific TCR Jurkat cells using 
the  KRASG12D-pep-Lib (Supplementary Fig.  3d–f). The 
result showed that  KRASG12D peptide mutations at posi-
tions 4 to 8 were detrimental for TIL4373 TCR activa-
tion, and had the distinctly different peptide recognition 
pattern with TCR1 (Supplementary Fig. 3f ). Interestingly, 
specificity profiling showed that most  KRASG12D pep-
tide mutations at positions 4 to 9 were detrimental for 
JDI TCR activation, which was the similar recognition 
pattern with TCR1 (Supplementary Fig. 3d and 3e). Fur-
thermore, JDI TCR showed a lower percentage of T cell 
activation to the majority of  KRASG12D-pep-Lib members 
(Supplementary Fig.  3  g). These findings indicated that 
JDI with TCR1 had similar peptide specificity, despite its 
inability to recognize the  SMC1A29–38 peptide.

Further, the amino acid sequences of TCR1 and JDI 
TCR showed high sequence conservation in multiple 
CDR regions, including CDR-1A, CDR-2A and CDR-
3B (Supplementary Fig.  4a). Structural analysis of the 
reported JDI TCR-KRASG12D peptide-HLA complex 
(pMut-HLA) showed that the CDR-1A, CDR-3A and 
CDR-3B of JDI TCR all formed hydrogen bonds with the 
pMut-HLA, with CDR-3B predominantly engaging in 
peptide interaction and CDR-1A and CDR-3A primar-
ily interacting with HLA (Supplementary Fig. 4b and 4c). 
Based on these data, we hypothesized that the identical 
CDR-3B region in TCR1 might exhibit similar interac-
tions with the  KRASG12D peptide, thus leading to similar 
 KRASG12D-pep-Lib reactivity between the two TCRs. To 
confirm this hypothesis, we conducted point mutation 
analysis on the shared CDR-1A T30 amino acid residue 
of TCR1, which formed hydrogen bonds with HLA in JDI 
TCR (Supplementary Fig. 4d and supplementary Table 7). 
The T30Q mutation decreased the pMut-HLA binding 
positivity rate from 91 to 60%, and reduced the functional 
avidity of TCR1 for  KRASG12D from 15 to 53  nM (Sup-
plementary Fig. 4e). These results revealed the similarity 
in the recognition pattern of TCR to pMut-HLA between 
TCR1 and JDI TCR, suggesting that the known JDI TCR 
pMut-HLA complex structural information could serve 
as good reference for the modification design to alternate 
TCR1 peptide specificity.

The design of a structure‑guided TCR library 
and the functional screening of TCRs absent of  SMC1A29–38 
recognition
To eliminate the recognition of the  SMC1A29–38 peptide, 
the primary approach focused on altering amino acid res-
idues in the CDR-3B region of TCR1. Structural informa-
tion suggested that the TCR CDR-3B was in proximity to 
the amino acids at positions 7 to 9 of the  KRASG12D pep-
tide (Fig. 3a). We found that  KRASG12D and  SMC1A29–38 
differed at the 8th amino acid residue, which was Valine 
(V) and Serine (S), respectively (Fig.  3a). Due to the 
structural correspondence between the amino acid 
Q112.1 of TCR CDR-3B and the 8th position of the 
 KRASG12D peptides, a single-point saturation mutation 
profiling was performed on this residue. Flow cytometric 
assessment of HLA binding affinity with  KRASG12D and 
 SMC1A29–38 tetramers was conducted on the 19 TCR 
mutant clones. As shown in Fig.  3b, the mutant TCR 
clones were categorized into three groups, relative to 
the wild-type TCR1: Group-01 (Q to A or E) displayed 
a decrease in the MFI value of the  SMC1A29–38 tetramer 
binding by half, while the MFI value for  KRASG12D 
tetramer binding remained unchanged; Group-02 (Q 
to C, K, L or M) showed no alteration in the off-target 
MFI value, but the MFI value for target tetramer binding 
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decreased by half; and Group-03 (Q to each of the other 
13 amino acids) decreased the off-target recognition MFI 
value by half, while the  KRASG12D tetramer binding MFI 
value dropped two-fold. These results indicated that the 
mutant TCR clones in Group-01 exhibited reduced bind-
ing affinity to  SMC1A29–38 without affecting their rec-
ognition of  KRASG12D. Two TCR clones from Group-01 
were subsequently selected for a functional avidity assay 
against the  SMC1A29–38 and  KRASG12D peptides. The 
functional avidity of TCR1,  TCR1Q112.1A, and  TCR1Q112.1E 
were 17  nM, 17  nM, and 62  nM to  KRASG12D, respec-
tively (Fig.  3c), and the minimum  SMC1A29–38 peptide 

concentrations for TCR activation were 10 nM, 100 nM, 
and 1  μM, respectively (Fig.  3d). This data showed that 
the Q112.1A mutation maintained the functional avid-
ity for  KRASG12D and eliminated the recognition ability 
of  SMC1A29–38 at the concentration of 10  nM. Mean-
while, the Q112.1E mutation resulted in the complete 
removal of off-target recognition at the maximum physi-
ological concentration (100 nM), but also showed slightly 
reduced functional avidity for  KRASG12D. These results 
indicated that the Q112.1 mutation alone could not fully 
eliminate  SMC1A29–38 recognition without compro-
mising  KRASG12D recognition. Nonetheless, these data 
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supported the advanced modifications of TCR1’s residues 
to enhance its peptide specificity.

We broadened the modified residues range to construct 
two TCR libraries involving the TCR-pHLA interact-
ing region. TCR1 Lib1 consisted of a saturation muta-
tion library formed by the four consecutive sites in close 
contact (5 Å) with the  KRASG12D peptide (CDR-3B: G111 
to N113) (Supplementary Fig. 5a), and TCR1 Lib2 com-
prised a saturation mutation library formed by the three 
consecutive sites closest to the HLA interaction (CDR-
1A: D29 to T36) (Supplementary Fig. 5b). After express-
ing the TCR libraries in  CD8+ Jurkat cells, four rounds 
of flow cytometric sorting were conducted to enrich 
TCR clones that could bind to the  KRASG12D tetramer 
and exhibited activation upon exposure to the  KRASG12D 
peptide (Supplementary Fig.  5c). After 4 rounds of 
enrichment, TCR libraries were stained with  SMC1A29–38 
tetramer and  KRASG12D tetramer, and TCR clones dem-
onstrated sole binding to the  KRASG12D tetramer were 
collected (Supplementary Fig.  5c). Through cloning the 
single-cell TCR genes, a total of 24 TCR clones were 
obtained (Supplementary Table  8). Sequence profiling 
revealed that TCR Lib1 had more notable enrichment 
trend comparing to Lib2, with a particular increase in 
the frequency of histidine at N112 in the CDR-3B (Sup-
plementary Fig. 5d and e). This highlighted the possibility 
that the N112H substitution might be a determinant of 
TCR functional avidity. Those results suggested that the 
directed modification of TCR-pHLA interacting region 
can generate the novel  KRASG12D peptide specific TCR 
clones.

Functional assessment and specificity profiling 
of candidate TCR clones
So far, we have successfully established 24 novel TCR 
clones from the two TCR1 libraries, and their character-
istics and functionality were subjected to a four-step eval-
uation. Firstly, the functional avidity of all TCR clones to 
 KRASG12D peptide was analyzed, and majority of these 
TCR clones exhibited the lower in  EC50 value, suggest-
ing for broadly enhanced functional avidity (Fig.  4a). 
Two TCR clones, TCR1a2 and TCR1a5 showed over ten-
fold increase in  EC50, thus were eliminated from future 

analysis. Secondly, the binding capability of the 22 TCR 
clones was examined with the  SMC1A29–38 tetramer. The 
analysis revealed that 6 TCR clones from TCR1 Lib1 and 
all clones from Lib2 display dismissible level of tetramer 
binding (Fig. 4b). Thirdly, a functional confirmation was 
performed to study TCR activation in response to off-
target stimulation, and the result showed that 12 TCR 
clones remained inactivated when stimulated by 100 nM 
 SMC1A29–38 peptide (Fig.  4c). Lastly, these artificially 
engineered TCR clones were examined for any peptide-
independent HLA-reactivity. All remaining clones were 
subjected to co-culture with K562, HLA-A*11:01+ K562, 
or HLA-A*11:01+ K562 loaded with the  KRASG12D pep-
tide. Three TCR clones showed substantial increase in 
 CD69+ proportions when stimulated by HLA-A*11:01+ 
K562 alone, thus were eliminated from further testing 
(Fig. 4d). Through this four-step functional assessment, a 
total of 9 TCR clones (37.5%) were found with sufficient 
 KRASG12D recognition sensitivity and minimal reactivity 
to  SMC1A29–38 peptide.

The peptide specificity profiles of these 9 TCR clones 
were determined by X-scan analysis. Given that the first 
three amino acids at the N-terminus of  KRASG12D pep-
tide could not be distinguished by TCR1 (Fig.  2a), we 
selected a sub-library of  KRASG12D peptide mutants 
consisting of alteration from the 4th to the 10th amino 
acids only (VVVGACGVGK). Peptide specificity profil-
ing showed that 7 TCR clones exhibited elevated  CD69+ 
proportions with mutations of the 8th amino acid, com-
paring to the wild-type TCR1 (Fig. 4e and Supplementary 
Table 9). Importantly, two clones, TCR1a1 and TCR1a7, 
demonstrated comparable recognition specificity to that 
of TCR1, with enhanced discrimination capability of the 
7th amino acid of  KRASG12D peptide (Supplementary 
Fig. 6). These results showed that two TCR clones were 
successfully obtained through optimized structural engi-
neering, which exhibited improved peptide specificity 
and minimum recognition of the  SMC1A29–38 peptide.

Functional characterization and safety assessment 
of engineered  KRASG12D‑specific TCRs
To systematically characterize the functionality of 
selected TCR clones, we engineered  CD8+ T cells 

Fig. 4 Functional evaluation and peptide specificity profiling of TCR clones derived from TCR1 libraries. a Functional avidity (EC50) of 24 TCR 
clones was assessed by co-culturing with HLA-A11:01+ K562 cells loaded with  KRASG12D peptide, measuring CD69 expression after 6 h. Dashed line 
represents TCR1 EC50. b TCR clones were stained with SMC1A29-38 and  KRASG12D tetramers. c TCR clones were co-cultured with HLA-A11:01+ K562 
cells loaded with 0.1 µM and 1 µM  SMC1A29–38 peptides, and CD69 expression was analyzed. HLA-A11:01+ K562 cells loaded with DMSO as negative 
control. d TCR activation was assessed with K562 cells under three conditions: unmodified, HLA-A11:01+ without peptide, and HLA-A11:01+ 
with  KRASG12D peptide. e Peptide specificity of TCR clones was profiled using X-scan assay and results are shown as heatmaps. Data are presented 
as mean ± SD and all panels represent data from two independent experiments. AA amino acid

(See figure on next page.)
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obtained from healthy donors with stable expression 
of TCR1a1, TCR1a7 or TCR1 after endogenous TCR 
knockout (referred to as hTCR-KO TCR T cells). The 
efficiency of TCR expression was confirmed (Supple-
mentary Fig. 7a and 7b). The functional avidity analyses 
showed that the  EC50 of TCR1a7 was 2.6  nM as deter-
mined by the proportion of  CD137+ T cells, and 1.0 nM 
as indicated by the level of IFN-γ release (Fig. 5a and b). 
These levels were comparable to those of TCR1 (Fig. 5a 
and b). TCR1a1 demonstrated reduced functional avid-
ity, with  EC50 of 12.8 nM and 10.0 nM as determined by 
 CD137+ proportions and IFN-γ secretion, respectively 
(Fig. 5a and b). Given the apparent functional advance of 
TCR1a7, we further tested its recognition of  SMC1A29–38 
peptide. A concentration-dependent increase of  CD137+ 
TCR1 T cell proportion was observed in response to the 
 SMC1A29–38 peptide (Fig.  5c). In contrast, no activa-
tion signals were detected in TCR1a7 T cells in response 
to this peptide at the physiological concentrations 
(≤ 100 nM), which was similar to the results observed in 
the HPV16 E7 specific TCR (E7 TCR) as negative con-
trol group (Fig. 5c). These results were further confirmed 
using HLA-A*11:01+  SMC1A+ COS-7 cells expression 
full length of SMC1A cDNA. We found that the pro-
portion of  CD137+ TCR1a7 was at a level comparable 
to that of E7 TCR control, whereas TCR1 demonstrated 
significantly higher level of  CD137+ proportions (Sup-
plementary Fig. 7c). Furthermore, we assessed the cyto-
toxic capabilities of TCRs against tumors harboring the 
 KRASG12D mutation. Co-culture experiments were con-
ducted with tumor cells of various cancer types, includ-
ing colorectal cancer (SW480 cells), pancreatic cancer 
(AsPC-1 cells) and gastric cancer (AGS cells). TCR1a7 
and TCR1 both exhibited enhanced cytotoxicity with 
increased effector-to-target (E:T) ratios, whereas mini-
mum cytotoxicity was detected in the negative control 
group (E7 TCR) (Fig.  5d–f). These results evidenced 
that TCR1a7 exhibit efficient functional avidity and 
potent anti-tumor activity, with successful removal of 
 SMC1A29–38 recognition.

Furthermore, potential new off-target recognition of 
TCR1a7 was evaluated. The hTCR-KO TCR1a7 T cells 

were co-cultured with a panel of HLA-A*11:01+ can-
cer cell lines that did not harbor KRASG12D mutation. 
TCR1a7 T cells activation was not detected in presence 
of cancer cells either naturally expressing or genetically 
engineered to express HLA-A*11:01, contrary to the 
robust T cell activation when target cells were loaded 
with the relevant peptide (Fig.  5g). Moreover, X-scan 
analysis was conducted on hTCR-KO TCR1a7 and 
TCR1 T cells. Peptide specificity comparison between 
TCR1a7 and TCR1 revealed that the most outstand-
ing change was the enhanced discrimination abil-
ity of TCR1a7 to recognize the 7th amino acid of the 
 KRASG12D peptide (Supplementary Fig. 7d), which was 
consistent with earlier results obtained from TCR1a7 
Jurkat cells (Supplementary Fig.  6). Compared with 
TCR1a7 T cells expressing endogenous hTCR, hTCR-
KO TCR1a7 T cells exhibited marked improvement of 
peptide specificity on the 2nd, 4th, 5th and 9th amino 
acids of the  KRASG12D peptide (Fig. 5h and i). In addi-
tion, potential cross-reactivity peptides were predicted 
using the TCR recognition motif (Supplementary 
Table  5, Supplementary Table  10 and supplemental 
Table  11), and the result showed that the removal of 
hTCR reduced the number of predicted cross-rec-
ognition by 2.8-fold (493 versus 174, Supplementary 
Fig.  7e). These results indicated that the knockout of 
endogenous hTCR improved the peptide specificity 
of TCR1a7. Accordingly, the 174 potential homolo-
gous peptides for hTCR-KO TCR1a7 were constructed 
into 18 minigene-cluster constructs (Supplementary 
Table 11), and tested by TCR cross-reactivity examina-
tion. The results showed that none of the 18 constructs 
stimulated an activation of hTCR-KO TCR1a7 T cells, 
suggesting that the engineered TCR1a7 did not intro-
duce new off-targets (Fig.  5j). Taken together, these 
data demonstrated successful TCR modification via 
structure-guided engineering could remove TCR cross-
reactivity and enhance the peptide specificity. With this 
approach, we successfully obtained a TCR (TCR1a7) 
that demonstrated advanced functional avidity to HLA-
A*11:01+-restricted  KRASG12D peptide with potent 
anti-tumor activity.

(See figure on next page.)
Fig. 5 Functional characterization and specificity profiling of engineered TCR1a7 T cells. hTCR-KO TCRs T cells were co-cultured with HLA-A11:01+ 
K562 cells loaded with  KRASG12D peptide. After 24 h, CD137 expression a and IFN-γ release b were analyzed. c hTCR-KO TCR T cells were co-cultured 
with HLA-A11:01+ K562 cells loaded with SMC1A29-38 peptide and CD137 expression was measured. E7 TCR-T cells served as N.C. d–f TCR1a7 T 
cells were co-cultured with HLA-A11:01+ AGS, AsPC-1, or  KRASG12D SW480 cells, and cytotoxicity was assessed. g CD137 expression on TCR1a7 T cells 
co-cultured with HLA-A11:01+ cancer cell lines was analyzed. h, i Peptide specificity profiling of TCR1a7 was performed by X-scan assay. j TCR1a7 
T cells were co-cultured with HLA-A*11:01+ K562 cells expressing Minigene-cluster constructs, and CD137 expression was analyzed. E7 TCR-T cells 
served as N.C. and P64 TCR-T cells as P.C.  HLA+ K562 cells without constructs were N.T., and those with antigen peptide were P.C. Data are presented 
as mean ± SD and all panels represent data from two independent experiments. N.T. non-transduced, N.C. negative control, P.C. positive control
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Discussion
In the present study, two HLA-A11:01-restricted 
 KRASG12D-specific TCR clones were originally obtained 
from the human naive T cell repertoire, from which 
TCR1 exhibited advantageous functional avidity and 
peptide specificity. TCR1 specifically responded to tumor 
cells expressing KRASG12D mutation, suggesting for the 
recognition capability of TCR1 to endogenously pro-
cessed  KRASG12D epitope. However, we found that TCR1 
also recognized a self-antigen  SMC1A29–38. Rather than 
disqualifying it as a typical course of action, we pro-
ceeded to test whether this off-target recognition could 
be eliminated through TCR engineering. We took an 
initial step of determining whether  SMC1A29–38 was a 
shared target for other reported HLA-A11:01-restricted 
 KRASG12D-specific TCRs, and found that TIL4373, but 
not JDI TCR, also recognized the  SMC1A29–38 peptide. 
Further analysis clarified that TIL4373 could only distin-
guish the central region of the  KRASG12D peptide, and its 
recognition of  SMC1A29–38 was a possible consequence 
of its comparatively broader peptide specificity than the 
other  KRASG12D-specific TCRs. These resluts supported 
that  SMC1A29–38 was likely a private off-target antigen 
for TCR1.

Public TCRs are known as TCRs with identical CDR-
3B sequences from multiple individuals targeting the 
same antigen epitope, which were mainly reported in 
viral infections and autoimmune diseases but were less 
common in tumor antigens. [20, 27, 28] TCR1 and JDI 
TCR shared identical CDR-3B sequence, the X-scan 
analysis revealed an evident similarity in peptide speci-
ficity between them. Therefore, our results might provide 
evidence for the existence of public TCRs specific to the 
 KRASG12D epitope.

To eliminate the off-target recognition of the 
 SMC1A29–38 peptide, a display library with specific 
screening pressures was applied for the modification 
design of TCR1. Unlike phage or yeast display librar-
ies, which display limited TCR TRAV/TRBV allele and 
inconsistency between TCR binding affinity and TCR 
functional avidity, mammalian display systems using 
TCR-Jurkat cells have proper post-translational modi-
fications and measurable activation markers [29, 30]. 
Therefore, we chose the TCR-Jurkat system to display 
TCR1 and facilitate the efficient capture of TCR clones 
with functional activity [30]. To properly fit the capacity 
of this mammalian display library, we utilized available 
TCR-pHLA structure data to guide TCR library design, 
focusing on the residues involved in the TCR-pHLA 
interaction. After five rounds of TCR functional screen-
ing, we obtained 24 TCR clones, 15 out of which exhib-
ited higher functional avidity than the wild-type TCR1. 
This indicated that our screening strategy is applicable 

for improving TCR functional avidity. To be noted, 
among the 12 TCR clones that successfully eliminated 
the off-target recognition of  SMC1A29–38, only 2 clones 
were derived from modification of the TCR-peptide 
interaction region, while the other 10 clones were from 
modification of the TCR-HLA interaction region. It was 
speculated that the high spatial similarity at the C-termi-
nal of the two peptides rendered it difficult to distinguish 
between  KRASG12D and  SMC1A29–38 through engineer-
ing modifications in the TCR-peptide interaction region. 
Our findings shed light on a comprehensive view of TCR 
library design for TCR peptide specificity to sight both 
the TCR-peptide and TCR-HLA interaction regions.

Our peptide specificity profiling of 7 TCR clones 
derived from the TCR-HLA interaction region indicated 
that TCR modifications at the HLA interaction region 
only modulated the TCR’s recognition capability for spe-
cific sites, while generated minimal impact on overall 
peptide recognition specificity. Since these modifications 
do not drastically affect the peptide specificity of TCR1, 
the engineered TCRs ware likely to preserve the parental 
TCR’s potential safety properties acquired during thymic 
development. However, it is important to note that TCR 
modification at the HLA interaction region can produce 
peptide-independent HLA-reactive TCR clones, which 
are ought to be removed by the corresponding functional 
evaluation. Our TCR engineering strategy successfully 
generated TCR1a7 from TCR1, which was shown with 
efficient functional avidity and potent anti-tumor activity 
with enhanced peptide specificity in further functional 
assessment using TCR T cells. These findings evidenced 
for a practical value of TCR1a7, although further anti-
tumor activity assessments are necessary prior to advanc-
ing TCR1a7 to clinical research, with proper testing in 
tumor models and safety evaluations utilizing human-
derived organoids and HLA-transgene mice.

The potential effect of endogenous TCR has long been 
debated for disturbing engineered TCR peptide specific-
ity [31]. To minimize potential influence of endogenous 
TCR, We utilized TCR T cells with endogenous TCRs 
knocked out, while employing mouse TCR constant 
regions to replace those of human TCRs [31, 32]. Conse-
quently, a distinguishable decrease in the response inten-
sity of TCR1a7 to  KRASG12D-pep-Lib at certain sites was 
captured, which corresponded with altered TCR recogni-
tion motifs and a reduced number of predicted potential 
off-targets. These findings underscored that endogenous 
TCRs did project certain level of impact on the peptide 
specificity of foreign engineered TCRs, and the cur-
rent strategy of TCR modification did not completely 
eliminate these spontaneous interference that would 
be undoubtedly presented in actual TCR T engineering 
procedure. Another concern risen on top of this is the 
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current increasing focus on enhancing T cell function-
ality or attenuating T cell exhaustion by targeting genes 
related to TCR signaling pathways [32–34]. These inter-
ventions could potentially alter the activation threshold 
of TCR signaling, thereby changing TCR recognition 
motifs and leading to unexpected off-target effects.

Conclusions
In summary, we identified a TCR specific for the 
 KRASG12D peptide and TCR1 transduced T cells dis-
played cross-reactivity to a self-antigen  SMC1A29–38. 
Through combining TCR-pHLA structure with the mam-
malian TCR library display system, we obtained a clone 
TCR1a7 with enhanced peptide specificity and elimi-
nated off-target recognition. Our study provides an effec-
tive approach to improve TCR functional avidity and 
peptide specificity, which is critical for the development 
of TCR-based therapeutics.
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