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            Abstract
Chimeric antigen receptors (CARs) are receptors for antigen that direct potent immune responses. Tumor escape associated with low target antigen expression is emerging as one potential limitation of their efficacy. Here we edit the TRAC locus in human peripheral blood T cells to engage cell-surface targets through their T cell receptor–CD3 complex reconfigured to utilize the same immunoglobulin heavy and light chains as a matched CAR. We demonstrate that these HLA-independent T cell receptors (HIT receptors) consistently afford high antigen sensitivity and mediate tumor recognition beyond what CD28-based CARs, the most sensitive design to date, can provide. We demonstrate that the functional persistence of HIT T cells can be augmented by constitutive coexpression of CD80 and 4-1BBL. Finally, we validate the increased antigen sensitivity afforded by HIT receptors in xenograft mouse models of B cell leukemia and acute myeloid leukemia, targeting CD19 and CD70, respectively. Overall, HIT receptors are well suited for targeting cell surface antigens of low abundance.
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                    Fig. 1: TRAC locus editing to create an HLA-independent TCR (HIT receptor) directs TCR–CD3 complex-mediated antigen recognition.[image: ]


Fig. 2: TRAC-HIT T cells exhibit increased sensitivity for tumor cells expressing low antigen levels relative to TRAC-CAR T cells.[image: ]


Fig. 3: TRAC-HIT T cells exhibit increased degranulation and rapid killing activity upon exposure to low antigen levels.[image: ]


Fig. 4: TRAC-HIT T cells outperform TRAC-CAR T cells in controlling low antigen tumor cells in vivo.[image: ]
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Extended data

Extended Data Fig. 1 HIT receptor expression driven by the TCRα promoter rescues CD3 expression and directs lysis of CD19 + target cells.
a. Representative flow cytometry analysis showing HIT, CAR, and CD3 expression. TRAC-HIT and TRAC-CAR T cells were generated as in Fig. 1b. CD3 surface expression is only observed in TRAC-HIT T cells due to the presence of Cα and Cβ in the HIT receptor. b. HIT/CAR mean fluorescence intensity (MFI) measured by FACS using AF647-GAM. (left) HIT/CAR histograms (representative experiment) and (right) HIT/CAR MFI; n = 6 independent experiments, 3 donors. c. Representative cytotoxic activity using an 18 h bioluminescence assay, using firefly luciferase (FFL)-expressing NALM6 as targets cells (n = 2 independent experiments on 3 healthy donors). CD19-specific TRAC-HIT and TRAC-CAR T cells were generated using two different CD19-specific binding domains, SJ25C1 and FMC63. All data are mean ± s.e.m.


Extended Data Fig. 2 HIT receptors provide antigen-specific T cell-mediated cytotoxicity.
Cytotoxic activity using an 18 h bioluminescence assay, using firefly luciferase (FFL)-expressing targets cells (n = 2 independent experiments on 2 healthy donors). CD19-, BCMA-, and CD70-specific TRAC-HIT T cells, and untransduced (UT) T cell controls were incubated with either NALM6 (CD19 + ), MOLM13/CD19 (CD70 + , CD19 + ), MM1S (BCMA + , CD70 + , CD19 + ), SK-MEL-37/CD19 (CD19 + , CD70 + ), and knock-out (KO) control cell lines. CD19, BCMA, and CD70 genes were CRISPR/Cas9-edited in NALM6, MM1S, and MOLM13 cell lines, respectively. Top 4 groups show data for donor 1 (left panel), donor 2 (middle panel), and both together (right panel). All data are mean ± s.e.m.


Extended Data Fig. 3 HIT receptor elicits cytokine response upon antigen stimulation; cell surface HIT receptor expression is modulated by exposure to antigen.
a. TRAC-Untransduced (UT), TRAC-HIT (HIT) and TRAC-CAR (CAR) T cells were stimulated on CD19 + target for 24 h before supernatant were collected and analysed by flow cytometry to quantify IFNγ, IL-2, TNFα, and granzyme B (n = 3 independent experiments on 3 donors). b. TRAC-HIT and TRAC-CAR T cells stimulated on CD19 + target cells 1, 2 or 4 times over a 48 h period were analysed by flow cytometry using the GAM, CD4, and CD8 antibodies. Plots indicate relative HIT or CAR MFI (1 = MFI at 0 h) of CD4 and CD8 TRAC-HIT or TRAC-CAR T cells, respectively. (n = 3 independent experiments on 3 donors). c. Untransduced (UT), HIT and CAR T cells stimulated on CD19 + target cells either 0, 1, 2 or 4 times over a 48 h period were analysed by flow cytometry. Plots indicate the percentage of the CAR positive T cells measured by flow cytometry analysis of CD4 and CD8 (n = 3 independent experiments on 3 donors). All data are mean ± s.e.m.


Extended Data Fig. 4 Antigen binding depends on HIT receptor affinity.
a. Representative flow cytometry analysis showing CD19 binding. TRAC-HIT and TRAC-CAR T cells were incubated with a recombinant human CD19-Fc fusion, which was then detected using an anti-hFc-PE antibody. b. HIT/CAR mean fluorescence intensity (MFI) measured by FACS using AF647-goat anti human (GAH) antibody (representative experiment). c. Plot of CD19 binding (adjusted gMFI) vs CD19 binder affinity (n = 2 independent experiments). Geometric MFI for CD19 biding (PE signal from a.) was adjusted to the gMFI of the HIT/CAR receptor (AF647 signal from b.) All data are mean ± s.e.m.


Extended Data Fig. 5 HIT receptors provide greater antigen sensitivity than CARs.
a. Representative histogram of the CD19 expression in NALM6/WT, NALM6/Medium21, NALM6/Low21, and CRISPR-edited NALM6/Very Low (this study). b. NALM6/Very Low cells were used to generate single cell clones by limited dilution. CD19 expression was evaluated for each clone (blue histogram) along with the initial NALM6/Very Low cell population (red histogram); clone number indicated above the histogram plot. c. Schematics of the SIN lentiviral vector used to express low levels of CD19 in NALM6/12 cells. PGK100: short PGK promoter, which is a weak promoter24. d. Panel of NALM6 cells expressing different CD19 levels, which is represented as a histogram. NALM6/12-4 and NALM6/12-39 are derivatives of NALM6/12, which was transduced with the lentiviral vector described in c. e. Total CD19 protein quantification using mass spectrometry. Protein levels are expressed in terms of peptide abundance (A.U.), which can be compared across all samples analysed at the same time. A-D represent 4 independent analyses. AVG, average of A-D values. f. Representative cytotoxic activity using an 18 h bioluminescence assay, using FFL-expressing NALM6 as targets cells (clone numbers as in b and d); n = 2. CD19-specific TRAC-HIT and TRAC-CAR T cells were generated using two different CD19-specific binding domains, SJ25C1 and FMC63. Anova test was used to compare the CTL curves of all T cells for NALM6/2 and NALM6/7 cells. g. Representative cytotoxic activity using an 18 h bioluminescence assay, using FFL-expressing NALM6 as targets cells (same as in f); n = 2. CD19-specific TRAC-1928z, TRAC-19BBz, and TRAC-19z1 T cells were prepared as described in Materials and methods. Anova test was used to compare the CTL curves of all T cells for NALM6/2 cells. All data are mean ± s.e.m.


Extended Data Fig. 6 CD19, CD22, and BCMA HIT receptors elicit T cell-mediated lysis of multiple myeloma cells.
a. Representative flow cytometry analysis showing CD19, CD22, and BCMA expression in MM1S and NALM6/WT cells. b. Total CD19, CD22, and BCMA protein quantification using mass spectrometry. Protein levels are expressed in terms of peptide abundance (A.U.), which can be compared across all samples analysed at the same time. A-D represent 4 independent analyses. AVG, average of A-D values. c. Representative cytotoxic activity using an 18-h bioluminescence assay, using FFL-expressing MM1S as targets cells, which were incubated at the indicated E/T ratios with CD19-, CD22-, or BCMA-specific TRAC-HIT and TRAC-CAR T cells; n = 3. All data are mean ± s.e.m. Additional specificity studies are shown in Extended Data Fig. 2.


Extended Data Fig. 7 HIT T cells show increased signalling response to low antigen levels.
a. Gating strategy used to quantify ITAM3, ZAP70, and ERK1/2 phosphorylation in TRAC-HIT/CAR T cells (histograms shown in b.). b. Representative flow cytometry analysis showing histograms for intracellular phospho-ITAM3, phospho-ZAP70, and phospho-ERK1/2 in TRAC-HIT (left) and TRAC-CAR (right) T cells when incubated with NAML6/WT, NALM6/12-4, or NALM6/7 target cells at 1:2 ratio for 15 min, or with no target (No stim.). FMO: fluorescence minus one control. Geometric MFIs were obtained for each curve, and used to generate the plots presented in Fig. 2g. All data are mean ± s.e.m.


Extended Data Fig. 8 HIT T cells display increased degranulation upon stimulation.
a. Confocal and bright field images of conjugates of T cells expressing the CAR or HIT receptor and interacting for 30 min with NALM6/WT cells labeled for LAMP-1 (red channel) and Alexa Fluor 546 phalloidin (F-actin staining showed in green). Quantification of the lysosome polarity assessed as the distance to the immune synapse and compared with the average lysosomal distance to the total cortex of the T cell. This distance was normalized with the maximum distance found in the T cell and expressed as a polarity index between 1 (lysosomes at the synapse) and 0 (lysosomes at the opposite of the synapse. Data from two independent experiments; n = 59. Variance p-values were obtained by using unpaired t-test analysis. All data are mean ± s.e.m. Scale bar = 5 µm. White arrows indicate LAMP-1 signal. b. FACS plot gates used to quantify T cell degranulation (CD107a + cells). b. Representative (n = 2 independent experiments) analyses of CD107a levels in TRAC-HIT (top) and TRAC-CAR (bottom) T cells when incubated for 1 h (left) or 4 h (right) without or with NALM6 targets of different CD19 levels.


Extended Data Fig. 9 Control of low-antigen tumours by HIT T cells is enhanced by extending T cell persistence by co-expression of CD80 and 4-1BBL.
a. NALM6/12-4-bearing mice were treated with 4 × 105 TRAC-HIT T cells co-expressing the annotated costimulatory ligand. Tumour burden was quantified weekly over a 35-day period, at week 1 or week 3. Each line represents 5 mice. b. NALM6/12-4-bearing mice were treated with 4 × 105 CAR T cells (n = 5 per group; dot = one mouse) and euthanized at days 10 and 17 after infusion; bone marrow TRAC-HIT or TRAC-CAR T cells and NALM6 cells were analysed and counted by FACS. c. Same as in b, except that bone marrow TRAC-HIT or TRAC-CAR CD4 and CD8 T cells counted by FACS. Two-tailed unpaired Student’s t-tests were used for statistical analyses. All data are mean ± s.e.m. Tumor burden of individual animals are shown in Supplementary Fig. 2.


Extended Data Fig. 10 Co-expression of costimulatory ligands CD80 and 4-1BBL enhances the therapeutic potential of HIT cells.
a. Tumour burden (average radiance) of NALM6/12-4-bearing mice treated with 4 × 105 TRAC-HIT or TRAC-CAR T cells (n = 5), analysed through a 35-day period. b. Tumour burden (average radiance) of MM1S-bearing mice treated with 2 × 105 TRAC-HIT or TRAC-CAR T cells (n = 5), analysed through a 35-day period. c. Kaplan-Meier analysis of survival of MM1S-bearing mice treated with 4 × 105 BCMA-specific TRAC-HIT or TRAC-HIT + 80/BBL T cells (n = 5). d. Representative FACS plots of surface CD70 expression in activated CAR-T cells 4 days after electroporation without (mock) or with CD70-specific CRISPR/Cas9 RNP. e. Tumour burden (average radiance) of MOLM13-bearing mice treated with 4 × 105 TRAC-HIT or RV-CAR T cells (n = 5), analysed through a 35-day period. All data are mean ± s.e.m. Tumor burden of individual animals are shown in Supplementary Figs. 2,3.
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