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Abstract 17 

The clinical success of T-cell receptor (TCR)-based immunotherapy depends on the efficacy and 18 

specificity of TCRs. Naturally occurring TCRs have limited anti-tumor potency due to their low 19 
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affinity for tumor antigens. Affinity enhancement is a promising strategy to generate highly potent 20 

TCRs. However, it is concerned that affinity-enhanced TCRs are prone to lose specificity. We 21 

isolated low affinity TCRs specific for NY-ESO-1157-165/HLA-A*02:01 from peripheral blood 22 

mononuclear cells of healthy donors. An affinity-enhanced TCR candidate with optimal affinity and 23 

specificity was generated using phage display and an extensive set of in vitro and in vivo assays. 24 

Alanine scanning mutagenesis showed that the TCR candidate retained specificity by making 25 

extensive contacts to the side chains of NY-ESO-1157-165 peptide.  Adoptive transfer of T cells 26 

engineered with this candidate (termed TAEST16001) significantly inhibited tumor growth in 27 

subcutaneous, metastatic, and patient-derived xenograft (PDX) mouse tumor models. This study 28 

demonstrates that sophisticated engineering and screening techniques can be utilized to generate a 29 

clinical candidate TCR with potent anti-tumor activity without losing specificity. TAEST16001 was 30 

approved by the Center for Drug Evaluation (CDE) as the first TCR-based immunotherapy clinical 31 

trial in China (ClinicalTrials.gov Identifier: NCT03159585).  32 
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1 Introduction 53 

By harnessing the immune system to fight cancer, immunotherapy has become the fourth pillar of 54 

cancer therapy, along with the conventional three pillars—surgery, radiation, and chemotherapy. As a 55 

prominent approach in immunotherapy, adoptive transfer of T cells genetically modified by T cell 56 

receptor (TCR) has demonstrated profound potential in clinical trials for both hematological 57 

malignancies and solid tumors.1–4 Nevertheless, the successful development of TCR-engineered T 58 

(TCR-T) cell therapy remains challenging owing to its efficacy and safety issues. 59 

TCRs isolated from the peripheral T-cell repertoire typically have low affinity for tumor/self-60 

antigens because highly self-reactive T cells are eliminated by the central tolerance mechanism. 61 

Those low affinity TCRs typically have low anti-tumor activities and are not suitable for clinical 62 

applications. Affinity enhancement through mutations in complementarity-determining regions 63 

(CDRs) can improve the functional activities of low avidity TCRs.5–7 Additionally, affinity-enhanced 64 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
4 

TCRs can overcome certain immune escape mechanisms, one of which is the downregulation of 65 

antigen presentation,8 rendering low avidity T cells incapable of recognizing tumor cells. Affinity-66 

enhanced TCRs show improved antigen sensitivity of T cells and hence may overcome this escape 67 

mechanism.9 Moreover, viral infections can escape immune responses by mutations in viral epitopes 68 

presented by human leukocyte antigen (HLA); high-affinity TCRs may circumvent this type of 69 

escape by effectively capturing those mutant epitopes.10 11 70 

Safety concerns have been raised because of several adverse events or even fatal cases reported in 71 

TCR-T clinical trials.12 On-target/off-tumor toxicity arises when the cognate antigen of the 72 

transduced TCR is not restricted to the tumor. Gp100 and Mart-1 are differentiation antigens 73 

expressed in melanocytes. TCR-T cells targeting these antigens can effectively kill melanoma cells, 74 

but also lead to the destruction of melanocytes in healthy tissues, such as the eyes and skin.13 14 TCR-75 

T cells may also cross-react with irrelevant self-antigens, typically containing epitopes similar in 76 

structure to the tumor epitope, and elicit unexpected off-target/off-tumor toxicity. This type of 77 

toxicity can be fatal to patients15 16 when irrelevant antigens are expressed in vital organs, such as 78 

Titin in heart tissues17 and Mage-A12 in the brain.16 Both on-target and off-target toxicities need to 79 

be carefully addressed during TCR-T development. Strategic in vitro screening techniques have also 80 

been proposed.18 19 Peptide libraries, such as alanine-scan, X-scan, and combinatorial peptide 81 

libraries, can be used to evaluate the propensity of the TCR to cross-react and even identify cross-82 

reactive epitopes.17 19 20 In addition, functional assays of TCR-T cells against a large panel of healthy 83 

tissues are indispensable for identifying potential on- or off-target toxicity. Careful preclinical 84 

screening is required to mitigate unexpected toxicities before clinical trials.  85 

The cancer testis (CT) antigen NY-ESO-1 has been recognized as an ideal immunotherapy target 86 

because it is highly immunogenic21 and is not expressed in normal tissues but is widely expressed in 87 

many tumor types, such as myxoid/round cell liposarcomas,22 synovial sarcoma,23 melanoma24 and, 88 
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to a lesser extent, non-small cell lung cancer (NSCLC).25 There are various ongoing or finished NY-89 

ESO-1 based cancer vaccine or adoptive cell transfer (ACT) clinical trials,4 among which adoptive 90 

transfer of NY-ESO-1 specific TCR-T cells showed the most promising results. The first clinical 91 

study conducted by the Rosenberg’s group achieved objective responses in four out of six synovial 92 

cell sarcoma patients and five out of eleven melanoma patients26 using the affinity-enhanced TCR 93 

1G4-α95:LY. A follow-up trial with additional patients was conducted, and the overall response rates 94 

combining both cohorts were 61% for patients with synovial cell sarcoma and 55% for patients with 95 

melanoma.3 Another phase I/II trial conducted by June et al. using the NY-ESOc259 TCR (which is 96 

identical to 1G4-α95:LY in sequence) reported an 80% response rate and 19.1-month progression-97 

free survival for patients with multiple myeloma.2 These clinical trials are of great significance. First, 98 

they demonstrated substantial clinical benefits for solid tumors in non-melanoma patients. Second, 99 

the NY-ESO-1 specific TCRs used in both groups were affinity enhanced from the original wild 1G4 100 

TCR,21 27 rather than the wild-type TCRs used in previous ACT trials. Finally, no toxicity was 101 

observed, even for enhanced affinities. In contrast, in melanoma trials, higher affinity TCRs targeting 102 

melanoma antigens Mart-1 or gp100 led to on-target/off-tumor toxicity,13 which was not observed in 103 

a related trial with a lower affinity TCR,28 suggesting that NY-ESO-1 has a better safety profile than 104 

melanoma antigens.  105 

Although affinity-enhancement of TCRs can significantly improve their anti-tumor avidity, 106 

substantial challenges regarding specificity must be addressed. Here, we describe the development of 107 

TAEST16001, a clinically proven affinity-enhanced NY-ESO-1-specific TCR-T therapy.  We 108 

demonstrate that affinity-enhancement does not alter TCR specificity. Together with other IND-109 

enabling studies, these results led to the first approved TCR-T clinical trial by the Center for Drug 110 

Evaluation (CDE) in China (ClinicalTrials.gov Identifier: NCT03159585).  111 

2 Methods  112 
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2.1 Cells  113 

Peripheral blood mononuclear cells (PBMCs) were prepared from buffy coats of healthy blood 114 

donors (Guangzhou Blood Center, Guangzhou, China) using Lymphoprep™ (STEMCELL 115 

Technologies) density gradient centrifugation according to the manufacturer’s instructions. CD8+ and 116 

CD3+ T cells were isolated from PBMCs using the EasySep™ Human CD8+ T Cell Isolation Kit and 117 

EasySep™ Human T Cell Isolation Kit (both from STEMCELL Technologies), respectively. T cells 118 

specific for NY-ESO-1157-165 were isolated from HLA-A*02:01+ PBMCs using tetramer-guided 119 

sorting on a BD AriaIII cell sorter, cloned, and expanded as previously described.29 T2, A375, IM9, 120 

MDA-MB-231, NCI-H1299, and K562 cells were obtained from the American Type Culture 121 

Collection (ATCC), and cultured in RPMI 1640 (Gibco, T2, IM9, NCI-H1299), DMEM (Gibco, 122 

A375), L15 (Gibco, MDA-MB-231) or IMDM (Gibco, K562) medium supplemented with 10% heat-123 

inactivated fetal bovine serum (Gibco). NY-ESO-1 or HLA overexpressing cell lines were 124 

established using lentiviral transduction. The lung cancer cell line A549 expressing luciferase was 125 

purchased from Shanghai Model Organisms Center, Inc. and overexpressed with HLA-A*02:01 and 126 

NY-ESO-1, generating A549Luciferase/A0201/NY-ESO-1. The NSCLC PDX model LU0367 was established 127 

by Crown Bioscience Inc. and confirmed as HLA-A*02:01+ and NY-ESO-1+ using RNAseq and 128 

immunohistochemistry staining. Lymphoblastoid cell lines (LCLs) were established from the PBMCs 129 

of different healthy donors via Epstein-Barr virus (EBV) transformation. All normal primary cells 130 

were obtained from ScienCell Research Laboratories and were cultured according to the instructions. 131 

2.2 Peptides, peptide-major histocompatibility complex (pMHC), and tetramer production 132 

All peptides were synthesized at >95% purity by GenScript (Jiangsu, China), and verified using mass 133 

spectroscopy. As previously described, biotinylated pMHCs and tetramers were produced in-house.11 134 

2.3 TCR gene cloning 135 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
7 

Total RNA was extracted from the T cells using the RNeasy Mini RNA Isolation Kit (Qiagen). TCR 136 

α- and β-chain genes were reverse transcribed and amplified from the RNA using the SMARTer 137 

RACE Kit (Clontech Laboratories, Inc). The amplified TCR genes were sub-cloned into the pEF-138 

1α/pENTR vector (Addgene) and sequenced.  139 

2.4 mRNA preparation and electroporation 140 

The constant regions of the human TCR genes were replaced with murine constant genes by 141 

overlapping PCRs as previously described,14 and the human/murine hybrid TCR genes were sub-142 

cloned into the pGEM-4Z vector (Promega Corporation) for mRNA expression. mRNAs encoding 143 

TCR genes were transcribed in vitro using the mMESSAGE mMACHINE® T7 Ultra Kit (Life) 144 

using the Avr� (NEB) linearized plasmid DNA as templates. The transcribed mRNAs were purified 145 

with the RNeasy Mini Kit (Qiagen) and stored in -80 °C freezer.  146 

For activation, T cells were mixed with Dynabeads Human T-Activator CD3/CD28 (Gibco) at a 147 

2:1 ratio in a 24 well plate in RPMI 1640 medium (Gibco) supplemented with 10% heat-inactivated 148 

fetal bovine serum (Gibco) and 100 IU/mL IL-2 (Beijing Four Rings Biopharmaceuticals Co., Ltd.) 149 

and cultured for 3 days in a 37 °C/5% CO2 incubator. In vitro transcribed mRNAs encoding the TCR 150 

α- and β-chains were mixed at a 1:1 ratio and electroporated in activated T cells on a Lonza 4D- 151 

Nucleofector device using the P3 Primary Cell 4D-Nucleofector™ X Kit (Lonza) according to the 152 

recommendations of the manufacturer. After electroporation, the cells were transferred to a fresh 153 

medium and cultured in a 37 °C incubator.  154 

2.5 TCR affinity engineering and affinity measurement 155 

Phage display screening was employed to engineer TCR molecules, as previously described.27 156 

Briefly, phage display libraries were constructed in the CDR3 regions of the α- and β-chains of the 157 

TCR by random mutagenesis at a span of four–five amino acids. High-affinity TCR variants were 158 

selected by panning CDR3 phage libraries on immobilized pMHC (NY-ESO-1157-165/HLA-A*02:01). 159 
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After three rounds of panning, phage clones were picked and tested for their binding to pMHC by 160 

inhibitive phage ELISA,27 and positive clones were sequenced. Disulfide bond-linked soluble TCRs 161 

were produced as previously described.11 The binding between the soluble TCR and pMHC was 162 

determined using surface plasmon resonance (SPR) on a Biacore T200 (GE Healthcare) as previously 163 

described.11  164 

2.6 Lentiviral transduction 165 

The α- and β-chains of codon-optimized TCR genes were linked with a P2A self-cleavage peptide 166 

sequence, synthesized (Genscript) and sub-cloned into a self-inactivating lentiviral vector under the 167 

EF1-a promoter. Lentiviral particles encoding TCRs were produced in-house using the 3rd generation 168 

lentivirus packaging system. Peripheral blood leukocytes (PBLs) were transduced with lentiviral 169 

particles at a multiplicity of infection (MOI) of 5 for in vitro assays and an MOI of 1 for in vivo 170 

experiments. 171 

2.7 Flow cytometry analysis 172 

Anti-CD3 (clone OKT3), anti-CD8 (clone RPA-T8), anti-TCR Vβ8 (clone JR2), and anti-mTRBC 173 

(clone H57-597) antibodies were purchased from Biolegend (San Diego, CA). Cells were analyzed 174 

on a Guava easyCyte 12HT cytometer (Millipore).  175 

2.8 Cellular assays 176 

Enzyme-linked immunospot (ELISpot) assays were conducted using the Human IFN-γ ELISpot Set 177 

(BD Biosciences) according to the manufacturer’s instructions. A mixture of 2000 effector cells 178 

(TCR-T cells), 20000 target cells (T2 or other cell lines), and peptides (only for T2 cells) were co-179 

cultured overnight at 37 °C and 5% CO2 in an ELISpot plate coated with a capture antibody. The 180 

spots were counted using an AID ELISPOT READER SYSTEM (Autoimmun Diagnostika GmbH). 181 
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Cytotoxicity was determined by the lactate dehydrogenase (LDH) release-based assay using the 182 

CytoTox 96® non-radioactive cytotoxicity assay kit (Promega Corporation) as previously described.11 183 

Live-cell imaging assays were performed using the IncuCyte platform (Essen BioScience). Briefly, 184 

tumor cells were plated at 10,000 cells per well in a 96-well plate (Corning) and incubated overnight 185 

at 37 °C and 5% CO2 in R10 without phenol red (Gibco). The following day, cells were washed twice 186 

and cultured in R10 (without phenol red) in the presence of T cells at a 1:1 effector:target cell ratio in 187 

the presence of the caspase-3/7 Green Detection Reagent (Invitrogen). Images were taken every 2 h 188 

at 10× magnification. The number of apoptotic cells per mm2 was quantified using the IncuCyte 189 

ZOOM software. 190 

2.9 Xenograft models 191 

NOD/SCID/IL2gR-/- (NSG) mice aged 6–8 weeks were purchased from Biocytogen (Beijing, China) 192 

and maintained under sterile environmental conditions in a 12 h light/dark cycle. The Institutional 193 

Animal Care Committee approved all experimental procedures.  194 

For the subcutaneous tumor model, NSG mice were injected subcutaneously into a single flank 195 

with 1 × 107 NCI-H1299-A2 cell line or 3 × 3 × 3 mm3 patient-derived xenograft (PDX) fragments. 196 

Tumor sizes were measured twice per week with calipers in two perpendicular dimensions, and 197 

tumor volumes were calculated using the following formula: volume (mm3) = (length × width2)/2. 198 

When the tumor volume reached a size of 80–100 mm3, TAEST16001 or control cells were 199 

administered via tail vein injection. At the same time, 50000 IU IL-2 was administered 200 

intraperitoneally every 24 h for 5 days. 201 

For the lung metastatic model, 3 × 106 A549Luciferase/A0201/NY-ESO-1 were injected intravenously into 202 

NSG mice. Mice were monitored weekly for tumor growth by bioluminescence imaging of 203 

anesthetized mice using a Bruker In-Vivo Xtreme system. For imaging, 10 mg/kg D-luciferin re-204 
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suspended in sterile PBS at a 15 mg/mL concentration was administered intraperitoneally. Mice were 205 

imaged 5 min after luciferin injection, and serial images were collected under X-ray or fluorescent 206 

light. Data were analyzed using the Bruker molecular imaging software using images taken with 207 

identical settings for mice in each group at each time point. Imaging data were converted to net 208 

photons/mm2 for the quantitative analysis. 209 

3 RESULTS 210 

3.1 Isolation and characterization of NY-ESO-1157-165/HLA-A*02:01 specific TCRs from 211 
PBMCs of healthy donors 212 

NY-ESO-1157-165/HLA-A*02:01-specific T cell clones were isolated from PBMCs of HLA-A*02:01 213 

(HLA-A2) positive healthy donors. TCR genes were amplified from the clones using 5’ rapid 214 

amplification of cDNA ends (5’ RACE). Three unique TCRs (SL1, SL2 and SL3，table 1) were 215 

selected for the subsequent affinity engineering. Soluble TCRs were generated through in vitro 216 

refolding, and their binding kinetics to soluble NY-ESO-1157-165/HLA-A2 complex was determined 217 

using surface plasmon resonance (SPR). The binding affinities of the TCRs (43–250 μM, table 1) are 218 

in the physiological affinity range of wild-type TCRs specific for tumor-associated self-antigens.30 219 

To verify the function of the three TCRs, mRNA encoding the murinized TCR genes (i.e. the 220 

substitution of the murine constant domains for the human ones)27 were electroporated into CD8+ T 221 

cells activated by anti-CD3/CD28 beads. The surface expression levels of the three TCRs were 222 

comparable, as evidenced by similar staining (>90%) using anti-murine TCR β-chain antibody 223 

(figure 1A-C right panels). However, the tetramer binding levels were highly variable: SL1, SL2 or 224 

SL3-transduced T cells showed weak, intermedia or high tetramer staining (figure 1A-C left panels), 225 

respectively, consistent with the relative affinities of the three TCRs (SL1 KD = 250 μM, SL2 KD = 55 226 

μM and SL3 KD = 43 μM, table 1). The functional activities of the three TCRs were also consistent 227 

with their binding affinities. T cells expressing SL3 (the highest affinity of the three TCR) showed 228 
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the most potent functional activity to T2 cells pulsed with NY-ESO-1157-165 peptide in a 229 

concentration-dependent manner, as determined using the IFN-γ ELISpot assay (figure 1F). The 230 

functional activity was much weaker for the lower affinity TCR SL2 (KD = 55 μM, figure 1E) and 231 

almost undetectable for SL1 (KD = 250 μM, figure 1D).  232 

3.2 Affinity enhancement by phage display 233 

We selected SL2 and SL3 for affinity enhancement and excluded SL1 from further development 234 

because of its low affinity (KD = 250 μM) and poor functional activity (figure 1D). TCRs were 235 

displayed on the phage surface by fusing them to the gene III product of M13 phage,27 and mutant 236 

libraries were generated by introducing mutations in the complementarity-determining region 3 237 

(CDR3) regions of both the α- and β-chains. Several rounds of phage screening using immobilized 238 

NY-ESO-1157-165/HLA-A2 yielded many unique mutants. In total, 12 SL2 mutants (5 α-chain and 7 239 

β-chain) and 13 SL3 mutants (6 α-chain and 7 β-chain) were produced as soluble TCRs, and their 240 

binding kinetics to NY-ESO-1157-165/HLA-A2 were measured using SPR. We obtained mutants with 241 

a wide range of affinity enhancement for both TCRs (table 2). The affinities of the SL2 mutants 242 

ranged from ~8.8 μM to ~0.5 μM (6-fold to 105-fold increase compared to the wild-type TCR, KD = 243 

55 μM). For SL3, the affinity range of the mutants is between ~1.7 μM and ~0.1 μM (25 to 383-fold 244 

increase compared to the wild-type TCR, KD = 43 μM).  245 

3.3 Functional screening of affinity-enhanced TCR mutants  246 

To screen the functional avidity of the SL2 and SL3 mutants, peripheral blood leukocytes (PBLs) 247 

electroporated with mRNA encoding the murinized TCR genes were co-cultured with T2 cells pulsed 248 

with a titration of NY-ESO-1157-165. 1G4-α95:LY was used as a reference TCR and green fluorescent 249 

protein (GFP) as a negative control in the screening experiments. The functional activities of the 250 

mutants were evaluated using IFN-γ ELISpot assays and compared with the reference TCR. Our goal 251 

was to identify TCR mutants demonstrating equal or higher functional potency than the reference 252 
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TCR without losing specificity. The SL2 α-chain mutants showed enhanced functional potency 253 

compared to the wild-type SL2 (SL2-A0B0), and still retained specificity, but none were as potent as 254 

the reference TCR (online supplemental figure 1A). The mutations on the SL2 β-chain led to inferior 255 

specificity, as shown by excessive release of IFN-γ after pulsing with a non-specific peptide or no 256 

peptide (online supplemental figure 1B). Therefore, none of the SL2 mutants we screened satisfied 257 

our goal. We continued to assess the SL3 mutants and identified two mutants (SL3-A10B0 and SL3-258 

A0B9) with potency comparable to that of the reference TCR, and without apparent non-specific 259 

activations (online supplemental figure 2A and 2B). Other SL3 mutants showed either lower potency 260 

(such as SL3-A14B0) or non-specificity (such as SL3-A16B0). However, on close examination of 261 

SL3-A0B9, we found a slightly higher than background activation when no peptide was pulsed 262 

(online supplemental figure 2B SL3-A0B9 unloaded), suggesting potential non-specificity. To 263 

investigate this observation further, we tested the activation SL3-A0B9 or SL3-A10B0-transduced T 264 

cells against tumor cell lines using IFN-γ or Granzyme B ELISpot assays, and found higher than 265 

background activation for SL3-A0B9, but not for SL3-A10B0 (online supplemental figure 2C). 266 

Therefore, SL3-A0B9 was excluded from further development due to its non-specificity.  267 

We further evaluated SL3-A10B0-transduced T cells against a panel of antigen-expressing tumor 268 

cell lines that naturally process and present antigenic peptides. The expression levels of NY-ESO-1 269 

and NY-ESO-2 (which also contains the SLLMWITQC epitope) in tumor cell lines were assessed 270 

using the NanoString nCounter system (online supplemental table 1). We identified tumor cell lines 271 

expressing either NY-ESO-1 (A375, NCI-H1299), or NY-ESO-2 (K562, NCI-H522), or both (IM9, 272 

U266B1). IFN-γ (figure 2A) or Granzyme B (figure 2B) secretion was detected upon co-culture of 273 

SL3-A10B0-transduced T cells with HLA-A2 and NY-ESO-1/2 double-positive tumor cell lines 274 

(either wild-type or HLA-A2/antigen overexpressed), but not with HLA-A2 or NY-ESO-1/2 negative 275 

cell lines (figure 2A). The amount of IFN-γ or Granzyme B secretion by SL3-A10B0-transduced T 276 
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cells was significantly higher than that by SL3-A0B0 (wild-type SL3)-transduced T cells, and 277 

comparable to that by 1G4-α95:LY-transduced T cells, suggesting that SL3-A10B0 is an affinity-278 

enhanced TCR with superior functional avidity.  279 

Next, we studied the dynamic killing of tumor cell lines using the Incucyte Live Cell Imaging 280 

System, enabling visualization of caspase 3/7-dependent apoptosis in real-time (figure 2C and online 281 

supplemental figure 3). The killing of A375 cells (HLA-A2+, NY-ESO-1+) was observed at 282 

approximately 15 h. SL3-A10B0- and 1G4-α95:LY-transduced T cells showed a significantly higher 283 

rate of killing than SL3-A0B0-transduced. No non-specific killing of antigen-negative cells (NCI-284 

H1650, HLA-A2+/NY-ESO-1-) was observed in the course of the measurements (figure 2C and 285 

online supplemental figure 3 right panel). Collectively, SL3-A10B0 was verified as a high avidity 286 

TCR and was selected as our lead candidate for further investigation. The affinity of SL3-A10B0 was 287 

determined to be ~1.5 μM (online supplemental figure 4), a ~28-fold increase compared to that of the 288 

wild-type (~43 μM).  289 

3.4 Assessment of in vitro efficacy of TAEST16001 290 

Codon-optimized SL3-A10B0 gene was cloned into a lentiviral vector. SL3-A10B0-tranduced T cells 291 

were produced using the 3rd generation lentivirus-based gene transfer system. T cells transduced with 292 

the SL3-A10B0 lentiviral vector were designated TAEST16001, where TAEST stands for TCR 293 

affinity-enhanced specific T cells. TAEST16001 showed high levels of TCR expression (>85%), as 294 

determined by tetramer and anti-human Vβ8 (specific for the variable region of SL3-A10B0 β-chain) 295 

staining (figure 3A). TAEST16001 mediated specific IFN-γ release when co-cultured with HLA-A2 296 

and NY-ESO-1/2 double positive cell lines, but not with HLA-A2 or NY-ESO-1/2 negative cell lines 297 

(figure 3B). TAEST16001 also induced specific killing of A375 (HLA-A2+ and NY-ESO-1+), but not 298 

NCI-H1650 (HLA-A2+ and NY-ESO-1-) (figure 3C). Taken together, these data indicate superior in 299 

vitro anti-tumor potency of TAEST16001.  300 
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3.5 Assessment of the in vitro safety profile of TAEST16001 301 

To mitigate this risk of potential cross-reactivity of TAEST16001, we applied several in vitro 302 

strategies. First, the binding of SL3-A10B0 soluble protein to a panel of irrelevant peptide-HLA-A2 303 

complexes (online supplemental table 2) was determined using SPR measurements. No detectable 304 

non-specific binding was observed for any of the complexes, suggesting that affinity enhancement 305 

did not change binding specificity.  306 

Next, we investigated the binding patterns of SL3-A10B0 and 1G4-α95:LY using the alanine-307 

scanning mutagenesis strategy (each of the amino acids of NY-ESO-1157-165, except for the anchor 308 

residue at position 2, was sequentially replaced by alanine)17 32. To determine the effect of alanine 309 

substitutions on functional activities of TCRs, IFN-γ release of SL3-A10B0- or 1G4-α95:LY-310 

transduced T cells upon co-culture with T2 cells pulsed with wild-type and mutant peptides was 311 

assessed using ELISpot assays (figure 4A). To determine the effect of mutation on binding kinetics, 312 

the binding of soluble SL3-A10B0 and 1G4-α95:LY to alanine-substituted peptide-HLA complexes 313 

was analyzed using SPR (online supplemental table 3). The changes in binding affinities to mutant 314 

peptide-HLA relative to wild-type peptide-HLA were calculated (figure 4A bottom table). For 1G4-315 

α95:LY, alanine mutations at positions 1, 3, 7 and 9 had a minor effect on both binding affinities 316 

(<14-fold) and functional activities; mutations at positions 4, 6 and 8 led to a modest decrease in 317 

affinities (~50 to ~120-fold) and functional activities; mutation at position 5 abrogated TCR binding 318 

and functional activity. These results are in agreement with the crystal structure of wild-type 1G4 319 

TCR in complex with NY-ESO-1157-165/HLA-A233 and alanine-scanning mutagenesis studies of wild-320 

type 1G4 TCR.34 For SL3-A10B0, mutations at 1, 8 and 9 had a minor effect on both binding 321 

affinities (<1.2-fold) and functional activities; mutation at position 4 led to a modest decrease in 322 

affinity (~120-fold) and functional activities; mutations at positions 3, 5, 6 and 7 significantly 323 

reduced affinities (>289-fold) and abrogated functional activities. In summary, we found that one 324 
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residue (position 5) was critical and three were less critical (positions 4, 6 and 8) for 1G4-α95:LY 325 

binding to NY-ESO-1157-165/HLA-A2, whereas four residues (positions 3, 5, 6 and 7) were critical 326 

and one (position 4) was less critical for SL3-A10B0 binding to NY-ESO-1157-165/HLA-A2. Our 327 

results indicate that SL3-A10B0 has a higher level of specificity than 1G4-α95:LY and thus is less 328 

likely to cross-react.   329 

To further investigate whether TAEST16001 has potential off-target/off-tumor reactivity, we 330 

performed extensive in vitro analysis on several panels of normal cells: PBMCs from six donors (five 331 

of which were HLA-A2+, Fig 4B), LCLs derived from eight donors (Fig 4C), and a set of fifteen 332 

normal tissue-derived primary cells (nine of which were HLA-A2+, Fig 4D). Using IFN-γ ELISpot 333 

assays as a readout for T cell activation, no activity was observed against any of these cells, 334 

suggesting that off-target toxicity is not a concern for TAEST16001.  335 

3.6 Assessment of anti-tumor efficacy of TAEST16001 in xenograft models 336 

To determine in vivo anti-tumor efficacy of TAEST16001, we employed a series of human tumor 337 

xenograft models. Figure 5A illustrates the overall process of the experiments. In the first model, 338 

NOD/SCID/IL2gR-/- (NSG) mice were subcutaneously engrafted with human NSCL cell line NCI-339 

H1299 overexpressing HLA-A2 (NCI-H1299-A2) and treated with different doses of TAEST16001. 340 

Tumor growth was significantly inhibited by treatment with all doses of TAEST16001 (figure 5B). 341 

Tumor growth was nearly completely inhibited at higher dosages (1× 107 and 2 × 107 cells per 342 

mouse, figure 5B). In a control experiment, TAEST16001 failed to inhibit growth of HLA-A2 343 

negative NCI-H1299 wild-type tumors (online supplemental figure 5), suggesting that tumor 344 

inhibition was antigen-specific. Similar tumor regression by TAEST16001 treatment was also 345 

observed in fibrosarcoma (online supplemental figure 6A) and melanoma (online supplemental figure 346 

6B) models. Moreover, immunohistochemical studies revealed the extensive presence of CD8+ cells 347 
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in the tumor microenvironment in mice in the TAEST16001 group but not in the control TCR-T 348 

group (figure 5C).  349 

To determine whether TAEST16001 can inhibit metastasis, lung metastasis model was established 350 

by tail vein injection of A549 cells (overexpressing luciferase, HLA-A2, and NY-ESO-1), and the 351 

mice were treated with 1 × 107 TAEST16001 cells. No tumor growth was observed in any of the six 352 

TAEST16001-treated mice, whereas all mice treated with PBS or control TCR-T developed lung 353 

metastasis (figure 5D).  354 

Furthermore, we analyzed the anti-tumor efficacy of TAEST16001 in a patient-derived xenograft 355 

(PDX) model. PDX models preserve the heterogeneity and microenvironment of human tumors and 356 

thus are more clinically relevant than the tumor cell line models studied above. NSG mice engrafted 357 

with NSCLC PDX tumors (HLA-A2+ and NY-ESO-1+) were treated with different doses of 358 

TAEST16001. Significant inhibition of PDX tumor growth was observed, especially at high doses of 359 

2 × 107 cells per mouse (figure 5E). Flow cytometry analysis revealed that significantly more T cells 360 

infiltrated the tumor in the TAEST16001 treated group than in the control TCR-T group. In contrast, 361 

no significant difference in the lymph nodes was observed in the mice of the two groups (figure 5F). 362 

Our data suggested that TAEST16001 could effectively infiltrate the tumor microenvironment and 363 

inhibit PDX tumor growth. 364 

4 DISCUSSION 365 

The recent approval of KIMMTRAK® (tebentafusp), a novel TCR/anti-CD3 bispecific fusion protein 366 

targeting gp100, for the treatment of metastatic uveal melanoma35 is a historic breakthrough. It paved 367 

the way for the development of effective TCR-based immunotherapies for solid tumors. However, 368 

the advancement of TCR-T therapy is hindered by the lack of a development platform to bring safe 369 

and effective TCR-T products to clinical trials. Traditional drug discovery processes are no longer 370 
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suitable for TCR-based therapies. In this study, we detailed a development platform combining T cell 371 

cloning, TCR engineering, efficacy testing and safety screening techniques. This robust platform 372 

allowed the successful development of TAEST16001, which is under clinical investigation in a phase 373 

I trial (NCT03159585). 374 

The first step towards developing TCR-engineered T cell therapies is to obtain TAA-specific 375 

TCRs. To date, most therapeutic TCRs targeting TAAs used in ACT clinical trials have been derived 376 

from tumor-infiltrating T cells (TILs) of resected tumors21 36 or peripheral blood of vaccinated 377 

patients.17 Although patient-derived TCRs are effective, they are limited by the availability of proper 378 

tumor patients. A more convenient approach is to isolate TCRs from the peripheral blood of 379 

immunized transgenic mice.36 37 However, safety concerns of the murine TCRs, including potential 380 

immune response to the xenogeneic proteins in patients38 and cross-reactivity due to the lack of 381 

thymic selection in humans, should not be overlooked. Here, we decided to acquire TCRs specific for 382 

TAAs directly from the PBMCs of HLA-matched healthy donors. Contrary to popular belief that T 383 

cells reactive with self-proteins are eliminated by the clonal deletion in healthy humans, it has been 384 

demonstrated that thymic selection does not eliminate as much as prune self-specific T cells.39 385 

Therefore, PBMCs of healthy donors are convenient and reliable sources of TAA-specific TCRs.  386 

TCRs engage with pMHC ligands through three CDRs: germ line-encoded CDR1 and CDR2 and 387 

somatically rearranged CDR3. Structural studies have revealed that, in general, CDR1 and CDR2 388 

make primary contact with the MHC surface, whereas CDR3 interacts with the peptide epitope.40 389 

Mutations can generate high-affinity TCRs in all three CDRs,27 41 42 and the combination of mutations 390 

of different CDR3 can generate TCRs with picomolar affinity.27 Although CDR1 and CDR2 are 391 

situated close to the MHC, mutations in CDR1 and CDR2 can generate high-affinity TCRs without 392 

sacrificing specificity. The gain in affinity has been attributed mainly to the improved shape 393 

complementarity of the CDRs, rather than direct contact with pMHC.42 However, because of the 394 
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binding geometry between TCR and pMHC, mutations in CDR1 and CDR2 increase the likelihood 395 

of TCR engaging with the helical regions of MHC and thus reduce peptide specificity; mutations on 396 

CDR3, on the other hand, may promote interactions with the peptide and consequently increase 397 

peptide specificity. Because TCRs with optimal functional avidity only require moderate affinities, 398 

and in most cases, mutations on one CDR will suffice. Therefore, we focused only on CDR3, which 399 

is the safest from a structural point of view.  400 

Generally, TCRs with affinities in the range of 1-10 μM show optimal functional avidities.9 14 17 401 

SL-A10B0 has an affinity of ~1.5 μM, which is within this range. However, other SL3 or SL2 402 

mutants with similar affinities showed non-optimal avidity or even cross reactivity, indicating that 403 

factors other than binding affinity can also contribute to TCR function. First, accumulating evidence 404 

suggests involvement of structural mechanisms. The type of bond between TCR and pMHC interface 405 

determines the functional outcomes:43 44 catch bonds (i.e., dissociation lifetime extends under force) 406 

favor T cell activation, while slip bonds (i.e., dissociation lifetime decreases with increasing force) 407 

cause non-responsiveness. Docking geometry between TCR and pMHC also plays a critical role in 408 

determining TCR functional outcomes. Deviation from the stereotypical docking geometry tends to 409 

limit TCR signaling.45 46 Second, SPR assay determines the binding between proteins in three-410 

dimensional (3D) solution (3D binding), while in reality both TCR and pMHC are anchored on two-411 

dimensional (2D) cell membranes (2D binding). 2D binding kinetics are dramatically different from 412 

3D binding kinetics, and also better correlate with TCR functions.47 48 Thus, the complexity of 413 

TCR/pMHC interaction makes it difficult to predict TCR function. Screening a large panel of TCR 414 

mutants is a preferred strategy for selection of a lead candidate with optimal potency and specificity. 415 

In order to cope with the vast amount of peptide epitopes using a limited TCR repertoire in the 416 

immune system, each TCR must cross-react with multiple peptides.49 Cross-reactivity is not a matter 417 

of concern to TCR-T therapies unless TCRs unexpectedly recognize antigens expressing in normal 418 
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tissues, leading to toxicity in clinical trials.15 16 TCR-pMHC binding modes determine TCR cross-419 

reactivity: TCRs making more contacts with peptide side chains exhibit a lesser degree of cross-420 

reactivity.50 In this study, we investigated the binding modes of SL3-A10B0 and 1G4-α95:LY using 421 

alanine-scanning mutagenesis and found that 1G4-α95:LY binding to NY-ESO-1157-165 was 422 

dominated by one residue (position 5), whereas four residues (positions 3, 5, 6 and 7) were critical 423 

for SL3-A10B0 binding. Therefore, we anticipate that SL3-A10B0 will have a better safety profile in 424 

clinical trials. 425 

In conclusion, TAEST16001 has demonstrated superior efficacy against NY-ESO-1/HLA-A2 426 

tumors and an excellent safety profile in our extensive in vitro and in vivo experiments. The 427 

development strategy presented here can be applied to any affinity-enhanced TCR-T cells and greatly 428 

expands the opportunities for TCR-T therapies.  429 

5 Tables 430 

5.1 Table 1 Three NY-ESO-1157-165/HLA-A2-specific TCRs isolated from health donors. The 431 

binding affinity of each TCR to its cognate ligand was determined by SPR analysis. 432 

 433 

TCR TRAV TRBV Affinity (μM) 

SL1 TRAV5 TRBV24 250  

SL2 TRAV35 TRBV7-8 55 

SL3 TRAV17 TRBV12-4 43 

 434 

5.2 Table 2 Binding properties of SL2 and SL3 TCR affinity-enhanced mutants generated using 435 

phage display. A0B0, AXB0 and A0BX represent wild-type (wt), α-chain mutant and β-chain 436 
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mutant, respectively. The affinity and kinetic rate constants of each mutant were determined by 437 

SPR. The fold increase in affinity over the wt TCR was calculated using equation: KD (wt)/KD.  438 

 439 

TCR Mutant ka (1/Ms) kd (1/s) KD (M) KD (wt) / KD 

SL2 

A0B0 2.25E+04 1.24E+00 5.50E-05 1  

A1B0 5.74E+04 3.59E-02 6.25E-07 88  

A2B0 6.19E+04 3.25E-02 5.24E-07 105  

A3B0 6.79E+04 1.28E-01 1.88E-06 29  

A5B0 5.63E+04 1.43E-01 2.53E-06 22  

A6B0 6.68E+04 1.35E-01 2.02E-06 27  

A0B2 9.42E+04 1.49E-01 1.58E-06 35  

A0B3 8.64E+04 1.63E-01 1.89E-06 29  

A0B4 1.04E+05 9.14E-01 8.82E-06 6  

A0B5 9.16E+04 2.85E-01 3.11E-06 18  

A0B7 1.37E+05 2.76E-01 2.02E-06 27  

A0B8 1.35E+05 2.00E-01 1.48E-06 37  

A0B11 1.01E+05 2.38E-01 2.36E-06 23 

SL3 

A0B0 1.04E+04 4.46E-01 4.29E-05 1  

A10B0 8.46E+04 1.30E-01 1.53E-06 28  

A11B0 1.10E+05 1.58E-01 1.44E-06 30  

A13B0 6.90E+04 7.72E-03 1.12E-07 383  

A14B0 5.05E+04 1.80E-02 3.57E-07 120  
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A16B0 5.60E+04 1.73E-02 3.10E-07 138  

A17B0 8.90E+04 1.02E-02 1.15E-07 373  

A0B7 3.65E+04 6.27E-02 1.72E-06 25  

A0B8 6.70E+04 6.87E-02 1.02E-06 42  

A0B9 4.48E+04 4.67E-02 1.04E-06 41  

A0B10 3.89E+04 6.22E-02 1.60E-06 27  

A0B11 5.42E+04 1.63E-02 3.01E-07 143  

A0B12 1.02E+05 1.36E-02 1.33E-07 323  

A0B13 7.18E+04 1.38E-02 1.92E-07 223  

 440 

Reference 441 

1. Blumenschein GR, Devarakonda S, Johnson M, Victor M, Justin G, Martin JE, et al. Phase I 442 

clinical trial evaluating the safety and efficacy of ADP-A2M10 SPEAR T cells in patients with 443 

MAGE-A10+ advanced non-small cell lung cancer. J Immunother Cancer (2022) 444 

10(1):e003581. doi:10.1136/jitc-2021-003581 445 

2. Rapoport AP, Stadtmauer EA, Binder-Scholl GK, Goloubeva O, Vogl DT, Lacey SF, et al. NY-446 

ESO-1-specific TCR-engineered T cells mediate sustained antigen-specific antitumor effects in 447 

myeloma. Nat Med (2015) 21(8):914-921. doi:10.1038/nm.3910 448 

3. Robbins PF, Kassim SH, Tran TLN, Crystal JS, Morgan RA, Feldman SA, et al. A Pilot Trial 449 

Using Lymphocytes Genetically Engineered with an NY-ESO-1–Reactive T-cell Receptor: 450 

Long-term Follow-up and Correlates with Response. Clin Cancer Res (2015) 21(5):1019-1027. 451 

doi:10.1158/1078-0432.CCR-14-2708 452 

4. Thomas R, Al-Khadairi G, Roelands J, Hendrickx W, Dermime S, Bedognetti D, et al. NY-ESO-453 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
22 

1 Based Immunotherapy of Cancer: Current Perspectives. Front Immunol (2018) 9. 454 

doi:10.3389/fimmu.2018.00947 455 

5. Border EC, Sanderson JP, Weissensteiner T, Gerry AB, Pumphrey NJ. Affinity-enhanced T-cell 456 

receptors for adoptive T-cell therapy targeting MAGE-A10: strategy for selection of an optimal 457 

candidate. OncoImmunology (2019) 8(2):e1532759. doi:10.1080/2162402X.2018.1532759 458 

6. Malecek K, Grigoryan A, Zhong S, Gu WJ, Johnson LA, Rosenberg SA, et al. Specific increase 459 

in potency via structure-based design of a TCR. J Immunol (2014) 193(5):2587-2599. 460 

doi:10.4049/jimmunol.1302344 461 

7. Robbins PF, Li YF, El-Gamil M, Zhao YB, Wargo JA, Zheng ZL, et al. Single and Dual Amino 462 

Acid Substitutions in TCR CDRs Can Enhance Antigen-Specific T Cell Functions. The Journal 463 

of Immunology (2008) 180(9):6116-6131. doi:10.4049/jimmunol.180.9.6116 464 

8. Beatty GL, Gladney WL. Immune Escape Mechanisms as a Guide for Cancer Immunotherapy. 465 

Clin Cancer Res (2015) 21(4):687-692. doi:10.1158/1078-0432.CCR-14-1860 466 

9. Tan MP, Gerry AB, Brewer JE, Melchiori L, Bridgeman JS, Bennett AD, et al. T cell receptor 467 

binding affinity governs the functional profile of cancer-specific CD8+ T cells. Clinical & 468 

Experimental Immunology (2015) 180(2):255-270. doi:10.1111/cei.12570 469 

10. Varela-Rohena A, Molloy PE, Dunn SM, Li Y, Suhoski MM, Carroll RG, et al. Control of HIV-1 470 

immune escape by CD8 T cells expressing enhanced T-cell receptor. Nature Medicine (2008) 471 

14(12):1390-1395. doi:10.1038/nm.1779 472 

11. Zhang H, Zhang J, Chen L, Weng ZM, Tian Y, Zhao HF, et al. Targeting naturally occurring 473 

epitope variants of hepatitis C virus with high-affinity T-cell receptors. J Gen Virol (2017) 474 

98(3):374-384. doi:10.1099/jgv.0.000656 475 

12. Ragoonanan D, Khazal SJ, Abdel-Azim H, McCall D, Cuglievan B, Tambaro FP, et al. 476 

Diagnosis, grading and management of toxicities from immunotherapies in children, adolescents 477 

and young adults with cancer. Nat Rev Clin Oncol (2021) 18(7):435-453. doi:10.1038/s41571-478 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
23 

021-00474-4 479 

13. Johnson LA, Morgan RA, Dudley ME, Yang JC, Hughes MS, Kammula US, et al. Gene therapy 480 

with human and mouse T-cell receptors mediates cancer regression and targets normal tissues 481 

expressing cognate antigen. Blood (2009) 114(3):535-546. doi:10.1182/blood-2009-03-211714 482 

14. Zhong S, Malecek K, Johnson LA, Yu ZY, Vega-Saenz de Miera E, Darvishian F, et al. T-cell 483 

receptor affinity and avidity defines antitumor response and autoimmunity in T-cell 484 

immunotherapy. Proc Natl Acad Sci USA (2013) 110(17):6973-6978. 485 

doi:10.1073/pnas.1221609110 486 

15. Linette GP, Stadtmauer EA, Maus MV, Rapoport AP, Levine BL, Emery L, et al. Cardiovascular 487 

toxicity and titin cross-reactivity of affinity-enhanced T cells in myeloma and melanoma. Blood 488 

(2013) 122(6):863-871. doi:10.1182/blood-2013-03-490565 489 

16. Morgan RA, Chinnasamy N, Abate-daga D, Gros A, Robbins PF, Zheng ZL, et al. Cancer 490 

Regression and Neurological Toxicity Following Anti-mage-a3 Tcr Gene Therapy. Journal of 491 

Immunotherapy (2013) 36(2):133-151. doi:10.1097/CJI.0b013e3182829903 492 

17. Cameron BJ, Gerry AB, Dukes J, Harper JV, Kannan V, Bianchi FC, et al. Identification of a 493 

Titin-derived HLA-A1-presented peptide as a cross-reactive target for engineered MAGE A3-494 

directed T cells. Sci Transl Med (2013) 5(197):197ra103. doi:10.1126/scitranslmed.3006034 495 

18. Harper J, Adams KJ, Bossi G, Wright DE, Stacey AR, Bedke N, et al. An approved in vitro 496 

approach to preclinical safety and efficacy evaluation of engineered T cell receptor anti-CD3 497 

bispecific (ImmTAC) molecules. PLOS ONE (2018) 13(10):e0205491. 498 

doi:10.1371/journal.pone.0205491 499 

19. Kunert A, Obenaus M, Lamers CHJ, Blankenstein T, Debets R. T-cell Receptors for Clinical 500 

Therapy: In Vitro Assessment of Toxicity Risk. Clin Cancer Res (2017) 23(20):6012-6020. 501 

doi:10.1158/1078-0432.CCR-17-1012 502 

20. Bijen HM, Steen DM van der, Hagedoorn RS, Wouters AK, Wooldridge L, Falkenburg JHF, et 503 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
24 

al. Preclinical Strategies to Identify Off-Target Toxicity of High-Affinity TCRs. Molecular 504 

Therapy (2018) 26(5):1206-1214. doi:10.1016/j.ymthe.2018.02.017 505 

21. Jäger E, Chen YT, Drijfhout JW, Karbach J, Ringhoffer M, Jäger D, et al. Simultaneous Humoral 506 

and Cellular Immune Response against Cancer–Testis Antigen NY-ESO-1: Definition of 507 

Human Histocompatibility Leukocyte Antigen (HLA)-A2–binding Peptide Epitopes. Journal of 508 

Experimental Medicine (1998) 187(2):265-270. doi:10.1084/jem.187.2.265 509 

22. Pollack SM, Jungbluth AA, Hoch BL, Farrar EA, Bleakley M, Schneider DJ, et al. NY-ESO-1 is 510 

a ubiquitous immunotherapeutic target antigen for patients with myxoid/round cell liposarcoma. 511 

Cancer (2012) 118(18):4564-4570. doi:10.1002/cncr.27446 512 

23. Jungbluth AA, Antonescu CR, Busam KJ, Iversen K, Kolb D, Coplanet K, et al. Monophasic and 513 

biphasic synovial sarcomas abundantly express cancer/testis antigen ny-eso-1 but not mage-a1 514 

or ct7. International Journal of Cancer (2001) 94(2):252-256. doi:10.1002/ijc.1451 515 

24. Barrow C, Browning J, MacGregor D, Davis ID, Sturrock S, Jungbluth AA, et al. Tumor Antigen 516 

Expression in Melanoma Varies According to Antigen and Stage. Clin Cancer Res (2006) 517 

12(3):764-771. doi:10.1158/1078-0432.CCR-05-1544 518 

25. Kim SH, Lee S, Lee CH, Lee MK, KimYD, Shin DH, et al. Expression of Cancer-Testis 519 

Antigens MAGE-A3/6 and NY-ESO-1 in Non-Small-Cell Lung Carcinomas and Their 520 

Relationship with Immune Cell Infiltration. Lung (2009) 187(6):401. doi:10.1007/s00408-009-521 

9181-3 522 

26. Robbins PF, Morgan RA, Feldman SA, Yang JC, Sherry RM, Dudley ME, et al. Tumor 523 

Regression in Patients With Metastatic Synovial Cell Sarcoma and Melanoma Using 524 

Genetically Engineered Lymphocytes Reactive With NY-ESO-1. JCO (2011) 29(7):917-924. 525 

doi:10.1200/JCO.2010.32.2537 526 

27. Li Y, Moysey R, Molloy PE, Vuidepot AL, Mahon T, Baston E, et al. Directed evolution of 527 

human T-cell receptors with picomolar affinities by phage display. Nat Biotechnol (2005) 528 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
25 

23(3):349-354. doi:10.1038/nbt1070 529 

28. Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM, et al. Cancer 530 

Regression in Patients After Transfer of Genetically Engineered Lymphocytes. Science (2006) 531 

314(5796):126-129. doi:10.1126/science.1129003 532 

29. Pollack SM, Jones RL, Farrar EA, Lai IP, Lee SM, Cao J, et al. Tetramer guided, cell sorter 533 

assisted production of clinical grade autologous NY-ESO-1 specific CD8(+) T cells. J 534 

Immunother Cancer (2014) 2(1):36. doi:10.1186/s40425-014-0036-y 535 

30. Aleksic M, Liddy N, Molloy PE, Pumphrey N, Vuidepot A, Chang KM, et al. Different affinity 536 

windows for virus and cancer-specific T-cell receptors: implications for therapeutic strategies. 537 

Eur J Immunol (2012) 42(12):3174-3179. doi:10.1002/eji.201242606 538 

31. Cohen CJ, Zhao Y, Zheng Z, Rosenberg SA, Morgan RA. Enhanced Antitumor Activity of 539 

Murine-Human Hybrid T-Cell Receptor (TCR) in Human Lymphocytes Is Associated with 540 

Improved Pairing and TCR/CD3 Stability. Cancer Res (2006) 66(17):8878-8886. 541 

doi:10.1158/0008-5472.CAN-06-1450 542 

32. Cunningham BC, Wells JA. High-Resolution Epitope Mapping of hGH-Receptor Interactions by 543 

Alanine-Scanning Mutagenesis. Science (1989) 244(4908):1081-1085. 544 

doi:10.1126/science.2471267 545 

33. Chen JL, Stewart-Jones G, Bossi G, Lissin NM, Wooldridge L, Choi EM, et al. Structural and 546 

kinetic basis for heightened immunogenicity of T cell vaccines. Journal of Experimental 547 

Medicine (2005) 201(8):1243-1255. doi:10.1084/jem.20042323 548 

34. Zhang H, Lim HS, Knapp B, Deane CM, Aleksic M, Dushek O, et al. The contribution of major 549 

histocompatibility complex contacts to the affinity and kinetics of T cell receptor binding. Sci 550 

Rep (2016) 6(1):35326. doi:10.1038/srep35326 551 

35. Nathan P, Hassel JC, Rutkowski P, Baurain JF, Butler MO, Schlaak M, et al. Overall Survival 552 

Benefit with Tebentafusp in Metastatic Uveal Melanoma. New England Journal of Medicine 553 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
26 

(2021) 385(13):1196-1206. doi:10.1056/NEJMoa2103485 554 

36. Johnson LA, Heemskerk B, Powell DJ, Cohen CJ, Morgan RA, Dudley ME, et al. Gene Transfer 555 

of Tumor-Reactive TCR Confers Both High Avidity and Tumor Reactivity to Nonreactive 556 

Peripheral Blood Mononuclear Cells and Tumor-Infiltrating Lymphocytes. The Journal of 557 

Immunology (2006) 177(9):6548-6559. doi:10.4049/jimmunol.177.9.6548 558 

37. Chinnasamy N, Wargo JA, Yu Z, Rao M, Frankel TL, Riley JP, et al. A TCR Targeting the HLA-559 

A*0201–Restricted Epitope of MAGE-A3 Recognizes Multiple Epitopes of the MAGE-A 560 

Antigen Superfamily in Several Types of Cancer. The Journal of Immunology (2011) 561 

186(2):685-696. doi:10.4049/jimmunol.1001775 562 

38. Davis JL, Theoret MR, Zheng Z, Lamers CHJ, Rosenberg SA, Morgan RA. Development of 563 

Human Anti-Murine T-Cell Receptor Antibodies in Both Responding and Nonresponding 564 

Patients Enrolled in TCR Gene Therapy Trials. Clin Cancer Res (2010) 16(23):5852-5861. 565 

doi:10.1158/1078-0432.CCR-10-1280 566 

39. Yu W, Jiang N, Ebert PJR, Kidd BA, Müller S, Lund PJ, et al. Clonal Deletion Prunes but Does 567 

Not Eliminate Self-Specific αβ CD8+ T Lymphocytes. Immunity (2015) 42(5):929-941. 568 

doi:10.1016/j.immuni.2015.05.001 569 

40. Rudolph MG, Stanfield RL, Wilson IA. How Tcrs Bind Mhcs, Peptides, and Coreceptors. Annual 570 

Review of Immunology (2006) 24(1):419-466. doi:10.1146/annurev.immunol.23.021704.115658 571 

41. Chlewicki LK, Holler PD, Monti BC, Clutter MR, Kranz DM. High-affinity, Peptide-specific T 572 

Cell Receptors can be Generated by Mutations in CDR1, CDR2 or CDR3. Journal of Molecular 573 

Biology (2005) 346(1):223-239. doi:10.1016/j.jmb.2004.11.057 574 

42. Dunn SM, Rizkallah PJ, Baston E, Mahon T, Cameron B, Moysey R, et al. Directed evolution of 575 

human T cell receptor CDR2 residues by phage display dramatically enhances affinity for 576 

cognate peptide-MHC without increasing apparent cross-reactivity. Protein Science (2006) 577 

15(4):710-721. doi:10.1110/ps.051936406 578 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


  Running Title 

 
27 

43. Liu B, Chen W, Evavold BD, Zhu C. Accumulation of Dynamic Catch Bonds between TCR and 579 

Agonist Peptide-MHC Triggers T Cell Signaling. Cell (2014) 157(2):357-368. 580 

doi:10.1016/j.cell.2014.02.053 581 

44. Sibener LV, Fernandes RA, Kolawole EM, Carbone CB, Liu F, McAffee D, et al. Isolation of a 582 

Structural Mechanism for Uncoupling T Cell Receptor Signaling from Peptide-MHC Binding. 583 

Cell (2018) 174(3):672-687. e27. doi:10.1016/j.cell.2018.06.017 584 

45. Adams JJ, Narayanan S, Liu B, Birnbaum ME, Kruse AC, Bowerman NA, et al. T Cell Receptor 585 

Signaling Is Limited by Docking Geometry to Peptide-Major Histocompatibility Complex. 586 

Immunity (2011) 35(5):681-693. doi:10.1016/j.immuni.2011.09.013 587 

46. Gras S, Chadderton J, Del Campo CM, Farenc C, Wiede F, Josephs TM, et al. Reversed T Cell 588 

Receptor Docking on a Major Histocompatibility Class I Complex Limits Involvement in the 589 

Immune Response. Immunity (2016) 45(4):749-760. doi:10.1016/j.immuni.2016.09.007 590 

47. Huang J, Zarnitsyna VI, Liu B, Edwards LJ, Jiang N, Evavold BD, et al. The kinetics of two-591 

dimensional TCR and pMHC interactions determine T-cell responsiveness. Nature (2010) 592 

464(7290):932-936. doi:10.1038/nature08944 593 

48. Liu B, Zhong S, Malecek K, Johnson LA, Rosenberg SA, Zhu C, et al. 2D TCR-pMHC-CD8 594 

kinetics determines T-cell responses in a self-antigen-specific TCR system. Eur J Immunol 595 

(2014) 44(1):239-250. doi:10.1002/eji.201343774 596 

49. Sewell AK. Why must T cells be cross-reactive? Nat Rev Immunol (2012) 12(9):669-677. 597 

doi:10.1038/nri3279 598 

50. Holland CJ, Crean RM, Pentier JM, de Wet B, Lloyd A, Srikannathasan V, et al. Specificity of 599 

bispecific T cell receptors and antibodies targeting peptide-HLA. J Clin Invest 600 

(2020)130(5):2673-2688. doi:10.1172/JCI130562 601 

 602 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 17, 2022. ; https://doi.org/10.1101/2022.10.12.511904doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511904
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1 Characterization of three TCRs specific for NY-ESO-1157-165/HLA-A2. 

mRNAs encoding murinized SL1 (A), SL2 (B) or SL3 (C) TCR genes were 

electroplated in CD8+ T cells activated by anti-CD3/CD28 beads, and the expression 

of each TCR was evaluated by flow cytometry using anti-murine TCR-β antibody, 

NY-ESO-1157-165/HLA-A2 tetramer or non-specific tetramer staining. Non-transduced 

T cells (NT) were used as a negative control. (B) CD8+ T cells electroplated with 

mRNA encoding SL1 (D), SL2 (E) or SL3 (F) TCR genes co-cultured with T2 cells 

loaded with NY-ESO-1157-165, an irrelevant peptide (10-6 M gp100280-288, Irrelevant) or 

no peptide (Unloaded), and IFN-γ release was determined using the IFN-γ ELISpot 

assay. GFP transduced T cells served as a negative control. Data indicate mean+/-SD 

of triplicates. 
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Figure 2 Affinity-enhanced SL3 TCR mutant (SL3-A10B0) shows superior 

functional avidity. IFN-γ release (A) or Granzyme B (B) release of CD8+ T cells 

expressing SL3-A0B0 (SL3 wild-type TCR) or SL3-A10B0 after co-culturing with 

tumor cell lines. T cells expressing GFP served as a negative control and 1G4-α95:LY 

as a positive control. The expression of NY-ESO-1 and NY-ESO-2 of the cell lines 

was determined using the NanoString nCounter Analysis (online supplemental table 

1): A375 (HLA-A2+, NY-ESO-1+/NY-ESO-2-), IM9 (HLA-A2+, 

NY-ESO-1+/NY-ESO-2+), MDA-MB-231 (HLA-A2+, NY-ESO-1-/NY-ESO-2-), 

MDA-MB-231-NY-ESO-1 (HLA-A2+, NY-ESO-1 overexpressing), NCI-H1299 

(HLA-A2-, NY-ESO-1+/NY-ESO-2-), NCI-H1299-A2 (HLA-A2 overexpressing, 

NY-ESO-1+/NY-ESO-2-), K562-A2 (HLA-A2 overexpressing, 

NY-ESO-1-/NY-ESO-2+), K562-A24 (HLA-A2-, NY-ESO-1-/NY-ESO-2+), 

NCI-1650 (HLA-A2+, NY-ESO-1-/NY-ESO-2-), NCI-1650-NY-ESO-1 (HLA-A2+, 

NY-ESO-1 overexpressing). (C) The lysis of tumor cells mediated by T cells 

expressing SL3-A0B0 or SL3-A10B0 using kinetic live cell imaging assay. 

None-transduced T cells (NC), SL3-A10B0 or SL3-A0B0 expressing T cells were 
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co-cultured with tumor cells A375 (HLA-A2+, NY-ESO-1+, left panel) or NCI-H1650 

(HLA-A2+, NY-ESO-1-, right panel) at 1:1 ratio in the presence of the caspase-3/7 

green detection reagent and images (10× magnification) were captured every 2 h for 

40 h in an IncuCyte® ZOOM system. Representative images are shown in online 

supplemental figure 3. The number of apoptotic tumor cells was measured in the 

IncuCyte® ZOOM software using green object counting. Data indicate mean+/-SD of 

triplicates.  

 

Figure 3 TAEST16001 shows high anti-tumor efficacy in vitro. (A) The TCR surface 

expression of TAEST16001 was assessed using flow cytometry. The cells were 

double stained for anti-CD3 antibody together with NY-ESO-1157-165/HLA-A2 

tetramer, anti-Vβ antibody, or an irrelevant non-specific tetramer as a control. (B) 

IFN-γ release of TAEST16001 after co-culturing with tumor cell lines. T cells 

expressing GFP served as a negative control. The expression of NY-ESO-1 and 

NY-ESO-2 of the cell lines was determined using the NanoString nCounter Analysis 
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(online supplemental table 1): A375 (HLA-A2+, NY-ESO-1+/NY-ESO-2-), U266B1 

(HLA-A2+, NY-ESO-1+/NY-ESO-2+), NCI-H1703 (HLA-A2+, 

NY-ESO-1+/NY-ESO-2-), NCI-H522 (HLA-A2+, NY-ESO-1-/NY-ESO-2+), MEL526 

(HLA-A2+, NY-ESO-1-/NY-ESO-2-), NCI-H1650 (HLA-A2+, 

NY-ESO-1-/NY-ESO-2-) and NCI-H1299 (HLA-A2-, NY-ESO-1+/NY-ESO-2-). (C) 

TAEST16001, SL3-A0B0 (for comparison), or GFP (as a negative control) 

transduced T cells were co-cultured with A375 (left panel) or NCI-H1650 (right 

panel) at the indicated effector:target ratios for 24 h and the specific killing of tumor 

cells was assessed using the LDH release assay. Data indicate mean+/-SD of 

triplicates. 

 

Figure 4 Specificity analysis of TAEST16001. (A) Alanine-scanning analysis. Each 

residue of NY-ESO-1157-165 was substituted with alanine, except for the anchor residue 

at position 2. Upper panel: T2 cells loaded with alanine-substituted peptides 
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co-cultured with TAEST16001 or 1G4-α95:LY-transduced T cells. IFN-γ release was 

assessed using the ELISpot assay. Lower panel: The binding properties of 

SL3-A10B0 or 1G4-α95:LY to alanine-substituted peptide-HLA-A2 complexes were 

analyzed using SPR (online supplemental table 3). The KD values of the TCRs 

binding to mutant peptide-HLAs, relative to binding to the WT peptide-HLA 

[KD/KD(WT)] were calculated. (B-D) Non-specific activation of TAEST16001 by a 

panel of PBMCs isolated from healthy donors (B), lymphoblastoid cell lines (LCLs, 

C, HLA typing was indicated), and primary cells derived from normal tissues (D). 

A375 and MEL526 tumor cell lines were used as positive and negative target cell 

controls, respectively. A6 (mock TCR)-transduced T cells were included as effector 

cell control. The non-specific activation was determined using the ELISpot assay. 

Data indicate mean+/-SD of triplicates. 
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Figure 5 TAEST16001 shows high anti-tumor efficacy in vivo. (A) Schematic 

representation of TAEST16001 treatment of human tumor xenograft models. Tumor 

cells were engrafted in NSG mice. After establishing the tumor, mice were treated 

with TCR-T cells, followed by five consecutive injections of IL-2. The tumors were 

monitored regularly after treatment. (B) TAEST16001 inhibited tumor growth in a 

xenograft model of lung cancer. NSG mice engrafted with NCI-H1299-A2 NSCLC 

cells were treated with indicated doses of TAEST16001. Vehicle (PBS), T cells 

without TCR transduction (T cells, 2 × 107), and T cells transduced with A6 TCR 

(Mock TCR-T, 1 × 107) were used as controls. N = 5 mice per group. At doses of 1 × 
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107 and 2 × 107, the differences between TAEST16001 and the Mock TCR-T were 

highly significant from day 6 to day 11 (****, P < 0.0001, two-way ANOVA). At 

doses of 3 × 106, the difference between TAEST16001 and Mock TCR-T were highly 

significant from day 8 to day 11 (***, P < 0.001, two-way ANOVA). (C) 

TAEST16001 cells but not control TCR-T cells infiltrated in the tumor 

microenvironment. NSG mice engrafted with NCI-H1299-A2 NSCLC cells were 

treated with 6 × 106 TAEST16001 or control TCR-T cells. Forty-eight hours post 

treatment, tumor sections were collected and stained for human CD8 and analyzed 

using immunohistochemical staining. Scale bar = 50 μm. (D) TAEST16001 inhibited 

metastasis. NSG mice implanted with A549Luciferase/A0201/NY-ESO-1 cells were treated 

with 1 × 107 TAEST16001 or mock TCR-T. Imaging data from day 0 to day 26 (left) 

and quantitative analysis of photon counts (right) are shown here. The difference 

between TAEST16001 and the Mock TCR-T were highly significant (****, P < 

0.0001, two-way ANOVA) from day 7 to day 33. (E) TAEST16001 inhibited tumor 

growth in a NSCLC PDX model. NSG mice engrafted with PDX tumors were treated 

with indicated doses of TAEST16001 or control TCR-T cells. N = 8 mice per group. 

(F) TAEST16001 infiltrated the PDX tumor. NSG mice engrafted with PDX tumors 

were treated with 5 × 106 TAEST16001 or mock TCR-T cells. At the end of the 

experiments, tumors and lymph nodes were collected, and the percentage of CD3+ 

cells in total cells was calculated, *, P < 0.05, Student's t-test. 
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