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            Abstract
Approaches to increase the activity of chimeric antigen receptor (CAR)-T cells against solid tumors may also increase the risk of toxicity and other side effects. To improve the safety of CAR-T-cell therapy, we computationally designed a chemically disruptable heterodimer (CDH) based on the binding of two human proteins. The CDH self-assembles, can be disrupted by a small-molecule drug and has a high-affinity protein interface with minimal amino acid deviation from wild-type human proteins. We incorporated the CDH into a synthetic heterodimeric CAR, called STOP-CAR, that has an antigen-recognition chain and a CD3Î¶- and CD28-containing endodomain signaling chain. We tested STOP-CAR-T cells specific for two antigens in vitro and in vivo and found similar antitumor activity compared to second-generation (2G) CAR-T cells. Timed administration of the small-molecule drug dynamically inactivated the activity of STOP-CAR-T cells. Our work highlights the potential for structure-based design to add controllable elements to synthetic cellular therapies.
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                    Fig. 1: Structure-based computational design of a high-affinity CDH to control CAR-T-cell activity.[image: ]


Fig. 2: Computationally designed heterodimeric STOP-CARs are stably expressed on the surface of Jurkat and primary human T cells.[image: ]


Fig. 3: STOP-CARs are functional in primary human T cells, both in vitro and in vivo and activity can be tuned in a dynamic drug-dependent manner.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Protein design protocol and sequence alignment of designed scaffolds.
(a) A 12-residue amino acid fragment from the BIM-BH3 interaction was matched against a database of > 11000 proteins using the MotifGraft protocol. Grafted scaffolds were then designed, with their amino acid identities restricted to common subsitutions according to the BLOSUM62 matrix. Designed scaffolds were filtered by three criteria: proteins with a human origin (or with a close human homologue), globularity, and packing of the BH3 motif within the scaffold. (b) Table of designs and scores for the scoring/filtering criteria. Scaffold PDB id: Protein Data Bank id for the protein that was used as a scaffold to design each binder. Scaffold protein name: Brief name of the protein that was used as a scaffold. Organism of scaffold: Species origin of the scaffold. Rosetta ddG: Computed delta-delta G interaction energy between LD[1-3] and Bcl-XL. Globularity: Globularity score for each design. vdW Dots to scaffold: Number of vdW contacts between the grafted motif and the scaffold. SASA of seed: Empirical score that denotes the buried surface area of the grafted motif in the scaffold. # manual reversions to WT: Number of designed positions that were reverted to the scaffold identity. Total # mutations on scaffold: Final number of residues in the scaffold that were mutated (amino acid substitutions) to a different amino acid identity during the design process. (c) Sequence alignment of the three designed scaffolds. A helical 12-residue fragment with the sequence IAXXLXXIGXXF (hotspot residues in orange) was grafted onto three different scaffolds for LD1, LD2, and LD3 respectively: Syntaxin 6 (Syn6, PDB ID: 1LVF); human focal adhesion targeting domain of Pyk2 (pyk2, PDB ID: 3GM2); and Apolipoprotein E (ApoE, PDB ID: 1LE4). Hotspot residues are shown in orange while designed residues are shown in bold. The sequence of BIM-BH3 is shown as a reference in the third line.


Supplementary Figure 2 Biochemical characterization of computationally designed binders.
(a) SPR sensorgrams of the three designs injected over immobilized Bcl-XL (measurement performed once for each complex). Black dashed curves show the sensorgrams and the red curves show the associated kinetic fits (2-state model was used to fit LD1, and 1:1 model was used to fit LD3). For LD1, the concentrations of analyte tested ranged from 1 ÂµM to 31.25 nM varied in 2-fold dilutions. No binding was detected for LD2 upon the injection of concentrations up to 2 ÂµM. LD3 binds to Bcl-XL with a KD of 3.9 pM, injections of analyte range from 250 nM to 7.8125 nM varied in 2-fold dilutions. (b) LD3 analyzed using Circular Dichroism spectroscopy showed a spectrum typical of a helical protein (experiment performed once). The melting temperature of LD3 was 59â€‰Â°C. (c) SEC-MALS analysis (performed once) showed that Bcl-XL and LD3 are monomers in solution (left and center panels). (d) Apparent IC50s for the drug inhibiting activity were measured by Surface Plasmon Resonance (n=3 biological replicates). Different drug dilutions were pre-incubated with LD3, and the mixture was injected over immobilized Bcl-XL. Apparent IC50s were calculated by using the response units at 120 seconds. The structures of the drugs used for this study are shown.


Supplementary Figure 3 LD3:Bcl-2 crystal structure comparison with the model.
(a) Comparison of crystal density of LD3 (green mesh) with the LD3 model (blue tubes). The molecular surface of Bcl-2 from the crystal structure is shown in white. (b) Comparison of the grafted 12-amino acid motif between crystal density (green mesh) and model (blue). Bcl-2 from the crystal structure is shown in white tubes.


Supplementary Figure 4 STOP-CAR prototypes comprising either c-Myc alone or c-Myc plus the CH2-CH3 linker region in the ectodomain of the S-chain yield low transduction efficiencies in primary human T cells.
(a) Top, schematic of R- and S-chain structure for the first STOP-CAR prototype-1 (Proto-1) tested (no experimental replicate); bottom, cell-surface expression on Jurkat reporter cells following transduction with a single lentiviral vector encoding both chains. Anti-F(abâ€™) antibody recognizes the scFv on R-chain, anti-c-Myc-mAb recognizes the c-Myc tag on S-chain (b) Cell-surface localization of Proto-1 chains on the surface of Jurkat cells as determined by AmnisÂ® flow imaging following staining with anti-human-F(abâ€™)-Ab-FITC and anti-c-Myc-mAb-APC (for R- and S-chains, respectively). Four representative single cells are shown, each in a different row (no experimental replicate). (c) Activation of 6xNFAT-mCherry-engineered Jurkat cells transduced by Proto-1 STOP-CAR (upon CAR engagement and cellular activation the transcription of mCherry takes place and the cells become red). PSMA+ MS1 were used as target cells and phorbol 12-myristate 13-acetate (PMA)/Ionomycin(IONO) stimulation was used as a reference for fully activated Jurkat cells. Left, Representative flow cytometry plots of the mCherry-expressing activated Jurkat cells. T cells incubated with PSMA+ MS1 cells were transduced with a single lentiviral vector encoding both chains. Right, Comparison of activation of UTD, cells co-expressing R-chain and S-chain transduced by the same vector (R-T2A-S), cells expressing only R- or S-chains transduced individually, and cells co-expressing R-chain and S-chain through co-transduction with two vectors (R+S-chain). Values are the mean of n=2 technical replicates. (d) IL-2 production as measured by ELISA for Jurkat cells expressing the different constructs. Values are the mean of n=2 technical replicates. (c), (d) The percentage of mCherry expressing Jurkat cells and relative IL-2 production were normalized relative to PMA/IONO stimulation, which was set at 100% and 1, respectively. (e) Left, Proto-1 stability in Jurkat cells over 30 days. Right, AmnisÂ® imaging at day 30. Four representative single cells are shown, each cell in a different row (no experimental replicate). (f) Transduction efficiency of R- and S-chains of Proto-1 on primary T cells averaged 80% and 4%, respectively, as determined by flow cytometric analysis. Values are the mean Â± s.e.m. of n=3 human donors. (g) Top, Vector scheme of prototype-2 (Proto-2). Bottom, Proto-2 cell-surface expression on Jurkat reporter cells (no experimental replicate). (h) Proto-2 transduction efficiency of R- and S-chains on primary T cells averaged 4% and 6%, respectively, as determined by flow cytometric analysis. Values are the mean of n=2 human donors.


Supplementary Figure 5 STOP-CAR prototype comprising the DAP10 ectodomain on the S-chain achieves efficient and stable expression on the surface of Jurkat and primary human T-cells over time.
(a) Cell transduction protocol. CD4+ and CD8+ T-cells bead-enriched by negative selection were stimulated overnight with anti-CD3/anti-CD28 beads in the presence of human (h)IL-2 and then lentivirally transduced. On day 5, the beads were removed and hIL-7 and IL-15 were added to the culture. Assays were performed on day 10. (b) STOP-CAR cell-surface expression by Jurkat reporter cells on days 15 and 30, as determined by flow cytometric analysis of R- and S-chain, detected with anti-F(abâ€™)-Ab-APC and anti-c-Myc-mAb-APC staining, respectively (two experimental replicates). (c) Representative STOP-CAR expression by primary human T-cells on day 15. (d) Left, center, 2G-CAR expression and R/S-chain (STOP-CAR) co-expression on primary human T cells on day 5. Right, Expression of the 2G and STOP CAR constructs in primary CD4+ and CD8+ T cells. (UTD: untransduced cells). Values are reported as mean Â± s.e.m. of n=6 (2G) and n=7 (STOP) human donors. (e) Flow cytometric analysis on day 10 of differentiation markers in primary human STOP-CAR transduced CD3+ T cells. Left, gating scheme using CCR7 and CD45RA expression to delineate percentages of Central Memory (TCM), T NaÃ¯ve (TN), Terminally Differentiated Effector Memory (TEMRA) and, T Effector Memory (TEM) cells. Center, representative data from one donor. Right, STOP-CAR-Ts and 2G-CAR-Ts exhibit a similar memory phenotype as UTD-Ts in the bulk T-cell population following expansion. Values are the mean Â± s.e.m. of n=4 human donors.


Supplementary Figure 6 STOP-CAR-Ts and 2G-CAR-Ts targeting PSMA are only activated in the presence of PSMA+ tumor cells, and exhibit similar secretion of effector molecules.
(a) Flow cytometric analysis of PC3 cells and (b) PC3-PIP cells stained with anti-PSMA-Ab-PE (two experimental replicates). (c) IFN-Î³ production by STOP-CAR-Ts or 2G-CAR-Ts in the presence of PC3-PIP or PC3 cells. Values are reported as mean Â± s.e.m. of n=5 human donors. (d) Cytokine bead array (CBA) and flow cytometric analysis to measure cytokine secretion by 2G-CAR and STOP-CAR-Ts upon exposure to PC3-PIP co-culture. Values are reported as mean Â± s.e.m. of n=4 human donors. Two-sided, unpaired parametric t test was used to compare 2G vs STOP. Statistical significance: Granzyme A P =0.2154; Granzyme B P =0.3068; IL-2 P =0.6427.


Supplementary Figure 7 Concentrations above 10 Î¼M of Drug-1 and -2 are toxic in vitro to PC3-PIP tumor cells and impair primary human T-cell function.
(a) Left, IncuCyte measurements of tumor cell death (as measured by total red area/Î¼m2) for PC3-PIP cells at 24h co-incubation with decreasing concentrations of Drug-1 and -2. (NI: non-interpretable). Values are represented as mean of two technical replicates. Right, Representative images of tumor cell death under the different conditions at 24h (Scale = 300 Î¼m). (b) IncuCyte measurements of CD4+ and CD8+ T cell death (as measured by total red area/Î¼m2) over 24h co-incubation with decreasing concentrations of Drug-1 and -2. Values are the mean Â± s.e.m. of n=4 human donors. (c) Fold-expansion and cell diameter of CD4+ and CD8+ Ts. At 100 Î¼M and 1.5 mM Drug-2, physical properties of T-cells are significantly impaired as compared to untreated, or 10 Î¼M Drug-2 treated cells. Values are the mean Â± s.e.m. of n=3 human donors. A Two-way ANOVA with Post-hoc Tukey test was used for statistical analysis. Statistical significance for fold expansion: CD4+ **P =0.0016, CD8+ ***P =0.0007; for diameter: ****P â‰¤ 0.0001.


Supplementary Figure 8 STOP-CAR-T cytotoxicity is not attenuated in the presence of 10 Î¼M Drug-1, while lower concentrations of Drug-2 partially impair STOP-CAR-T activity.
(a) IncuCyte analysis of STOP and 2G-CAR-Ts in presence of 10 Î¼M Drug-1 or (b) 5 Î¼M Drug-2. (a), (b) Values are the mean Â± s.e.m. of n=4 (2G) and n=5 (STOP) human donors. A Two-way ANOVA with Post-hoc Tukey test was used for statistical analysis. Statistical significance in panel b comparing STOP vs STOP + Drug: 22h *P=0.0393; 24h **P=0.0075; 26h **P=0.0027; 28h ***P=0.0003; 30h ****Pâ‰¤0.0001.


Supplementary Figure 9 STOP-CAR-Ts recognize and respond to PSMA+ 22Rv1 tumor cells.
(a) Flow cytometric analysis of anti-PSMA-Ab-PE stained 22Rv1 cells (experimental replicates=2). (b) mCherry expression in UTD, 2G-CAR and STOP-CAR-engineered Jurkat reporter cells following 48h co-culture with 22Rv1 cells. Effector:Target ratio 2:1. Values are the mean of technical replicates=2. (c) Relative IFN-Î³ and IL-2 production by STOP-CAR-Ts and 2G-CAR-Ts upon co-culture with 22Rv1 cells during 24h. Values are the mean of n=2 human donors. Cytokine production was normalized as a ratio relative to the maximum quantity produced by each donor. (d) IncuCyte evaluation of 22Rv1 cell-death by STOP-CAR-Ts and 2G-CAR-Ts in the absence and presence of 10 ÂµM Drug-2 at 22h and 42h, Effector:Target ratio 2:1. Values are the mean Â± s.e.m. of n=3 human donors. A Two-way ANOVA with Post-hoc Tukey test was used for statistical analysis. Statistical significance in panel d comparing STOP vs STOP + Drug and 2G vs 2G + Drug. Statistical significance: **P = 0.0042, P = 0.9617. Representative images of STOP-CAR-T and 2G-CAR-T killing at 0 and 42h in the absence of Drug-2 (Scale = 300 Âµm).


Supplementary Figure 10 CD19-directed STOP-CAR-Ts confer similar in vitro activity levels as 2G-CAR-Ts against target cells, and their activity can be tuned down by Drug-2.
(a) Schematic representation of the CD19-directed STOP CAR (19-STOP) constructs. (b) Flow cytometric evaluation of R- and S-chain co-transduction on primary CD4+ and CD8+ T cells. Left, dot plots of CD4+ and CD8+ T-cells stained by anti-human F(abâ€™)-Ab-APC and anti-c-Myc-Ab-FITC. Center, right, transduction efficiency of a 2G anti-CD19-CAR (19-2G) and 19-STOP-CAR. UTD T cells are shown as control. Values are the mean Â± s.e.m. of n=6 (CD4+ 19-2G) and n=7 (CD4+ 19-STOP); n=6 (CD8+ 19-2G and 19-STOP) human donors. (c) UTD, 19-2G and 19-STOP T cells show similar expansion. Values are the mean Â± s.e.m. of n=6 human donors. (d) Left, Expression level of the 19-STOP after 5, 15 and 30 days. Right, In vitro cytotoxicity assay of UTD, 19-STOP or 19-2G CAR T cells (all tested 30 days after CAR transduction) against BV173 cells. Values are the mean Â± s.e.m. of n=3 human donors. Statistical significance was assessed using One-Way ANOVA; 19-2G vs 19-STOP, ****P â‰¤ 0.0001. (e) UTD, 19-2G and 19-STOP CAR-Ts present similar T cell memory/effector phenotypes (TCM: Central Memory, TN: T NaÃ¯ve, TEMRA: Terminally Differentiated Effector Memory, TEM: T Effector Memory). Values are the mean Â± s.e.m. of n=3 human donors. (f) CD19 expression on BV173 tumor cells assessed by flow cytometric analysis (experimental replicates=2). (g) Killing assay of BV173 tumor cells by UTD, 19-2G and 19-STOP-CAR-Ts (IncuCyte measurement, calculated from total red area/Î¼m2) Values are the mean Â± s.e.m. of n=3 human donors. Statistical significance was assessed using Two-Way ANOVA and Post-hoc Tukey test; 19-2G vs 19-STOP, P = 0.3513 at 40h. (h) Cytometric bead array and flow cytometric analysis to measure cytokine secretion levels by 19-2G- and 19-STOP-CAR-T cells upon co-culture with BV173 cells for 24h. Values are the mean Â± s.e.m. of n=3 human donors. Two-sided, unpaired parametric t test was used to compare 19-2G vs 19-STOP . Statistical significance: Granzyme A P =0.8604; Granzyme B P =0.6716; IFNÎ³ P =0.4158; IL-2 *P =0.0346. (i) Short term cytotoxicity assessment. FACS analysis of residual CD19+ target cells (BV173) after 5h of co-culture with UTD, 19-2G and 19-STOP-CAR-Ts preconditioned for 12 hours or not with 10 Î¼M Drug-2. (j) Left, CD19 expression on Bjab tumor cells assessed by flow cytometric analysis. Right, Short term cytotoxicity assessment. FACS analysis of residual CD19+ target cells (Bjab) after 5h of co-culture with UTD, 19-2G and 19-STOP-CAR-Ts preconditioned for 12 hours or not with 10 Î¼M Drug-2. (i-j) Values are the mean Â± s.e.m. of n=3 human donors. A One-way ANOVA was used for statistical analysis. Statistical significance: (i) comparing 19-STOP vs 19-STOP + Drug **P = 0.0028 and 19-2G vs 19-2G + Drug P = 0.9991; (j) comparing 19-STOP vs 19-STOP + Drug **P = 0.0098 and 19-2G vs 19-2G + Drug P = 0.2001.


Supplementary Figure 11 In vivo testing of Drug-2 toxicity, and in vivo activity of STOP-CAR T cells in the presence or absence of Drug-2.
(a) No toxicity was observed in 8-12 week-old male NSG mice injected daily for 5 days with Drug-2 at 1.5 mg/kg or 2.5 mg/kg as assessed by body weight as well as behavioral and physical observations. (b) There was no impairment in subcutaneous PC3-PIP tumor growth in male NSG mice receiving 1 week of daily Drug-2 injections of up to 5 mg/kg, nor did the mice show signs of distress. (a), (b) Values are the mean Â± s.e.m. of n=5 mice per group. Statistical significance was determined by Two-way ANOVA: for panel (b) vehicule vs 2.5 mg/kg P = 0.7773 and vehicule vs 5 mg/kg P = 0.1672. (c) Top, cartoon of the experimental design for in vivo activity experiment. Bottom, Winn assay in which NSG mice were co-injected with tumor cells and UTD or CAR-Ts. Values are the mean Â± s.e.m. of n=6 mice per group. Statistical significance was determined by Two-way ANOVA: STOP vs UTD considering all Ts groups, at day 9 *P = 0.0450, day 11 *P = 0.0175, day 14 **P = 0.0019 and day 17 *P = 0.0139; comparing STOP vs UTD only, ***P = 0.0002 at day 11 and ****P â‰¤ 0.0001 at day 14-17. (d) Top, cartoon of the experimental design for in vivo activity experiment. NSG mice were subcutaneously inoculated with PC3-PIP tumor cells, and on day 5 received CAR-Ts or UTD-Ts, followed by daily subcutaneous peritumoral injections of 10 ÂµM Drug-2, or vehicle. Bottom, In vivo tumor control by 2G and STOP-CAR-Ts in the absence or presence of Drug-2. These data show a second replicate of the experiment depicted in Fig. 3c. Values are the mean Â± s.e.m. of n=7 mice per group. Statistical significance was determined by Two-way ANOVA: STOP vs STOP + Drug, at day 17 *P = 0.0429 when comparing all Ts groups; STOP vs STOP + Drug only, ****P â‰¤ 0.0001 at day 17. (e) Left, cartoon of the experimental design for in vivo dynamic response. NSG mice were subcutaneously inoculated with PC3-PIP tumor cells and on day 5 received CAR-Ts or UTD-Ts. One mouse group received 10 ÂµM Drug-2 from day 5 until day 11 only, while another group received Drug-2 only from day 11 on. Right, Tumor control over time. Values are the mean Â± s.e.m. of n=4 mice per group. These data show a second replicate of the experiment depicted in Fig. 3f. Statistical significance was determined by One-Way ANOVA: at day 11 STOP vs STOP + Drug day 5-11 *P =0.0232, STOP vs STOP + Drug day 11-15 P =0.8275; at day 15 STOP vs STOP + Drug day 5-11 P =0.0789, STOP vs STOP + Drug day 11-15 *P =0.0284.


Supplementary Figure 12 STOP-CAR-Ts regain effector molecule secretion post-withdrawal of disruptor drug.
CBA assay to measure cytokine secretion by STOP-CAR-Ts pre-exposed to Drug-2 (experimental set-up illustrated in Fig. 3d). Values are the mean Â± s.e.m. of n=3 human donors. Statistical significance was determined by Two-sided, unpaired parametric t test comparing UTD vs Pre-Exp STOP: Granzyme A *P =0.0166; Granzyme B ***P =0.0005; IFN-Î³ ***P =0.0001; IL-2 *P =0.0357.
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