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Chimeric Antigen Receptor (CAR)
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Chimeric Antigen Receptors (CAR)
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• Recognize cell surface antigen 

• HLA independent 

• T cell reprogramming  

Maher, Nat Biotech 2002 
Sadelain, Riviere & Brentjens, Nat Rev Cancer, 2003 
Sadelain, AACR Education Program, 2014



A historical perspective: early CAR designs

Irving,  
Cell, 1991 
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Adapted from Van der Stegen, Nat. Drug Discov 2015
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PNAS, 1993 



CAR needs costimulation

Maher, Nat Biotech., 2002 



A historical perspective: second gen CAR designs
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CAR needs costimulation

Maher, Nat Biotech., 2002 



2nd and 3rd gen CAR family
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Selecting CD19 as a target for CAR therapy
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Chimeric Antigen Receptors (CARs)

T cells are isolated  
from patients and activated

T cells are engineered  
to express the CAR

  

 

 
 

 
 

 

 

  
 

   

 

 

 

 

CAR T cells are expanded  
and infused to patient

Conditioning 

Adapted from Sadelain et al. Nature 2017



Rapid Tumor elimination mediated by 1928z T cells in 
patient with refractory relapsed ALL

Brentjens, Davila, Riviere et al, Science Transl Med, 2013

CD19



CD19 targeting CAR for 
Relapsed, Chemo-refractory ALL 

Adapted from Sadelain et al. Nature 2017

Center Disease CAR Vector Patients CR rate

MSKCC
Park, 2018 ALL (Ad.) CD28 γRV 53 83%

Upenn
Maud, 2018 ALL (Paed.) 4-1BB LV 75 81%

NCI
Lee, 2015 ALL (Paed.) CD28 γRV 21 68%

FHCRC
Turtle, 2016 ALL (Ad.) 4-1BB LV 29 93%

UCL
Qasim, 2015 ALL (Paed.) 4-1BB LV 2 100%



Limits in CAR T cells

  

Relapse 
• Low / negative antigen 
• CAR not sensitive to low antigen 
• Poor T cell persistence

Toxicities 
• Cytokine Release Syndrome 
• Cerebral Edema

Moderate activity in solid tumor 
• Lack of ideal target 
• Inefficient T cell homing 
• T cell exhaustion/dysfunction

Manufacturing 
• Cost 
• Variability in the final product



Retroviral vectors: semi-random integration

GC
Genes
Lentivirus
g-Retrovirus

Craigie and Bushmann Microbiol. Spectr. 2014

 Fraietta et al. Nature. 2018

 Shah et al. Blood. 2019

TET2

CBL



Retroviral vectors: variegated expression 

Zhao et al. Cancer cell 2015 Milone et al. Molecular Therapy 2009

g-Retrovirus Lentivirus



Ways to improve CAR T cells 



Ways to improve CAR T cells 

GOAL: 
1. Control/Improve persistence  
2. Prevent T cell exhaustion 
3. Address tumor heterogeneity/target safety 
4. Standardized manufacturing/reducing cost

Tools: 
1. Gene editing  
2. CAR design 
3. Logic gates  
4. SynNotch



Gene edited CAR T cells 



Genetic engineering

Chandrasegaran, Carroll, Porteus, Stoddard, Dujon, Choulika, Belfort, Bonas, 
Bogdanove,Voytas, Joung, Doudna, Charpentier, Barrangou, Zhang, Church 
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Genome editing 
Nuclease-induced 

double-strand break

Adapted form Joung et al. Nat biotech 2013
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Genome editing 

NHEJ

Nuclease-induced 
double-strand break

Adapted form Joung et al. Nat biotech 2013

Gene disruption
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Genome editing 

NHEJ HR

Gene disruption Gene tageting or correction

Nuclease-induced 
double-strand break

Adapted form Joung et al. Nat biotech 2013
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› Gene disruption 
• Allogeneic:  

• TCR alpha/beta                                    Torikai 2012, Berdien 2014, Poirot 2015 

• B2M                                                        Ren 2017 
• Checkpoints: PD1                                          Su 2016, Rupp 2017 
• Cell death: Fas                                                Ren 2017 
• Drug resistance:  

• CD52 (Alemtuzumab)                           Poirot 2015 
• dCK   (Clofarabine)                                Valton 2016 

• Exhaustion 
• NR4A                                                        Chen 2019 
• TOX and TOX2                                       Seo 2019

Editing CAR T cells



Targeting the CAR transgene
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Efficient CAR KI

n = 8
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Homogeneous and Predictable CAR expression
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TRAC-CAR T cells are less exhausted
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TRAC: An optimal locus for CARs and TCRs
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Fig. 1 | 1928ζ ITAMs differentially regulate CAR T cell potency. a, Cytoplasmic regions of wild-type and mutated 1928ζ  CARs. The ζ  chain of the 1928ζ  
CAR was mutated in one or two of its three ζ  signaling domains, named ITAM1, ITAM2, and ITAM3, from a membrane-proximal to a membrane-distal 
direction. In 1XX, X2X, XX3, and X23 CARs, the two tyrosines (Y) in the respective ITAM are point-mutated to two phenylalanines (F) for the indicated 
ITAMs. b, Flow cytometric analysis showing expression levels of CAR and LNGFR for the constructs depicted in a. Data are representative of at least 
five independent experiments with similar results. Untransduced T (UT) cells were used as the control. c–e, Nalm6-bearing mice were treated with 
5!× !104 CAR+ T cells. c, Tumor burden (average radiance) of mice is shown, comparing the in vivo efficacy of wild-type 1928ζ , 1XX, X2X, XX3, and X23 
(n!= !10 mice per group, results were pooled from two independent experiments). Control refers to untreated mice (n!= !6). d, Number of CAR T cells in 
the bone marrow of mice 17!d post-infusion (results were pooled from two independent experiments, n!= !10 mice per group). e, Phenotype of CAR T cells 
in the bone marrow of mice 10!d after CAR infusion, as demonstrated by the percentage of TCM and TEFF cells. Representative results of two independent 
experiments are shown (n!= !5 mice per group). All data are mean!± !s.e.m. In d and e, P values were determined by two-tailed Mann–Whitney U-tests.  
See also Extended Data Figs. 1 and 2.
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therapeutic potency imparted by ITAM3 is less than that of ITAM1 
in their respective native positions (XX3 versus 1XX), but compara-
ble at the same proximal position (D12 versus D23). Despite sharing 

the same ITAM sequence, D12 achieved superior tumor eradication 
relative to XX3, demonstrating the importance of ITAM location 
within second-generation CARs.
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Fig. 3 | TRAC-1XX augments T cell potency by decreasing T cell exhaustion and developing into long-lived memory T cells with effective recall 
responses. a–d, Nalm6-bearing mice were treated with 1!× !105 or 5!× !105 TRAC-CAR T cells. a, Kaplan–Meier analysis of survival of mice treated with 1!× !105 
TRAC-1XX or TRAC-XX3 compared with TRAC-1928ζ  (TRAC-1928ζ  and TRAC-XX3: n!= !5 mice per group; TRAC-1XX: n!= !7). Control refers to untreated mice 
(n!= !3). P values were determined by a one-sided log-rank Mantel–Cox test. b, Kaplan–Meier analysis of survival of mice treated with 5!× !105 (n!= !5 mice 
per group) or 1!× !105 (TRAC-1928ζ : n!= !10 mice, TRAC-1XX: n!= !5 mice) TRAC-CAR T cells. P values were determined by a one-sided log-rank Mantel–Cox 
test. c,d, The number of cells (c) and expression of the exhaustion markers PD1+TIM3+LAG3+ on bone marrow CAR T cells (d) were determined for TRAC-
1XX and TRAC-XX3 and compared with TRAC-1928ζ . Data are shown as mean!± !s.e.m., and each symbol denotes an individual mouse (n!= !5 mice per 
group). P values were determined by two-tailed Mann–Whitney U-tests. e–h, Nalm6-bearing mice were treated with 5!× !105 TRAC-edited naive T cells and 
were rechallenged with Nalm6 cells (n!= !5 mice per group), as indicated by the arrows. No further rechallenge with tumor was performed for the controls 
(TRAC-1928ζ : n!= !6 mice; TRAC-1XX: n!= !7 mice). e, Tumor burden (average radiance) of mice, comparing the in vivo efficacy of TRAC-1928ζ  and TRAC-1XX 
following tumor rechallenge versus no further rechallenge. All data are mean!± !s.e.m. A two-tailed unpaired Student's t-test was used for the statistical 
analysis of tumor burden at day 59 post-CAR administration (TRAC-1928ζ : n!= !4; TRAC-1XX: n!= !5). f,g, The number of total CAR T cells (f), TCM, TEFF, and 
IL7R+ CAR T cells (g) in the bone marrow of treated mice 63!d post-CAR administration (rechallenge: TRAC-1928ζ : n!= !4 mice, TRAC-1XX: n!= !5 mice; no 
rechallenge: n!= !5 mice per group). All data are mean!± !s.e.m.; a two-tailed unpaired Student's t-test was used for the statistical analysis. h, Expression 
of the exhaustion markers PD1+TIM3+LAG3+ on bone marrow CAR T cells. All data are mean!± !s.e.m. P values were determined by a two-tailed unpaired 
Student's t-test. See also Extended Data Figs. 5, 6, and 7.
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therapeutic potency imparted by ITAM3 is less than that of ITAM1 
in their respective native positions (XX3 versus 1XX), but compara-
ble at the same proximal position (D12 versus D23). Despite sharing 

the same ITAM sequence, D12 achieved superior tumor eradication 
relative to XX3, demonstrating the importance of ITAM location 
within second-generation CARs.
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Fig. 3 | TRAC-1XX augments T cell potency by decreasing T cell exhaustion and developing into long-lived memory T cells with effective recall 
responses. a–d, Nalm6-bearing mice were treated with 1!× !105 or 5!× !105 TRAC-CAR T cells. a, Kaplan–Meier analysis of survival of mice treated with 1!× !105 
TRAC-1XX or TRAC-XX3 compared with TRAC-1928ζ  (TRAC-1928ζ  and TRAC-XX3: n!= !5 mice per group; TRAC-1XX: n!= !7). Control refers to untreated mice 
(n!= !3). P values were determined by a one-sided log-rank Mantel–Cox test. b, Kaplan–Meier analysis of survival of mice treated with 5!× !105 (n!= !5 mice 
per group) or 1!× !105 (TRAC-1928ζ : n!= !10 mice, TRAC-1XX: n!= !5 mice) TRAC-CAR T cells. P values were determined by a one-sided log-rank Mantel–Cox 
test. c,d, The number of cells (c) and expression of the exhaustion markers PD1+TIM3+LAG3+ on bone marrow CAR T cells (d) were determined for TRAC-
1XX and TRAC-XX3 and compared with TRAC-1928ζ . Data are shown as mean!± !s.e.m., and each symbol denotes an individual mouse (n!= !5 mice per 
group). P values were determined by two-tailed Mann–Whitney U-tests. e–h, Nalm6-bearing mice were treated with 5!× !105 TRAC-edited naive T cells and 
were rechallenged with Nalm6 cells (n!= !5 mice per group), as indicated by the arrows. No further rechallenge with tumor was performed for the controls 
(TRAC-1928ζ : n!= !6 mice; TRAC-1XX: n!= !7 mice). e, Tumor burden (average radiance) of mice, comparing the in vivo efficacy of TRAC-1928ζ  and TRAC-1XX 
following tumor rechallenge versus no further rechallenge. All data are mean!± !s.e.m. A two-tailed unpaired Student's t-test was used for the statistical 
analysis of tumor burden at day 59 post-CAR administration (TRAC-1928ζ : n!= !4; TRAC-1XX: n!= !5). f,g, The number of total CAR T cells (f), TCM, TEFF, and 
IL7R+ CAR T cells (g) in the bone marrow of treated mice 63!d post-CAR administration (rechallenge: TRAC-1928ζ : n!= !4 mice, TRAC-1XX: n!= !5 mice; no 
rechallenge: n!= !5 mice per group). All data are mean!± !s.e.m.; a two-tailed unpaired Student's t-test was used for the statistical analysis. h, Expression 
of the exhaustion markers PD1+TIM3+LAG3+ on bone marrow CAR T cells. All data are mean!± !s.e.m. P values were determined by a two-tailed unpaired 
Student's t-test. See also Extended Data Figs. 5, 6, and 7.

NATURE MEDICINE | VOL 25 | JANUARY 2019 | 82–88 | www.nature.com/naturemedicine 85

Feucht J et al. Nat Med. 2019

LETTERSNATURE MEDICINE

therapeutic potency imparted by ITAM3 is less than that of ITAM1 
in their respective native positions (XX3 versus 1XX), but compara-
ble at the same proximal position (D12 versus D23). Despite sharing 

the same ITAM sequence, D12 achieved superior tumor eradication 
relative to XX3, demonstrating the importance of ITAM location 
within second-generation CARs.
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(n!= !3). P values were determined by a one-sided log-rank Mantel–Cox test. b, Kaplan–Meier analysis of survival of mice treated with 5!× !105 (n!= !5 mice 
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were rechallenged with Nalm6 cells (n!= !5 mice per group), as indicated by the arrows. No further rechallenge with tumor was performed for the controls 
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following tumor rechallenge versus no further rechallenge. All data are mean!± !s.e.m. A two-tailed unpaired Student's t-test was used for the statistical 
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Enhanced proliferation and efficacy?
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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Figure 2 The 28-$IL2RB-z(YXXQ) CAR-T cells show a superior proliferative capacity and maintain less differentiated memory T cell phenotypes after 
antigen stimulation. (a) Fold expansion of the CD4+ and CD8+ CAR-T cell populations 7 d after stimulation with the NALM-6 or K562 cell lines (n = 8  
different donor samples). P values were determined by repeated-measures one-way ANOVA with Tukey’s multiple-comparisons test for the NALM-6 
data (F = 20.12 for CD4+ T cells; F = 36.57 for CD8+ T cells; degrees of freedom = 39) or by paired t-test for comparison between the NALM-6 and 
K562 data in individual CAR-T cells (t = 10.34 (CD4+-28-z), t = 8.16 (CD4+-BB-z), t = 13.98 (CD4+-28-$IL2RB-z(YXXQ)), t = 10.26 (CD4+-28-
$IL2RB(FLSL)-z(YXXQ)), t = 6.33 (CD4+-28-$IL2RB-z), t = 7.47 (CD8+-28-z), t = 10.57 (CD8+-BB-z), t = 9.88 (CD8+-28-$IL2RB-z(YXXQ)), t = 12.63 
(CD8+-28-$IL2RB (FLSL)-z(YXXQ)) and t = 7.44 (CD8+-28-$IL2RB-z); degrees of freedom = 7). (b) CAR-T cells were labeled with carboxyfluorescein 
succinimidyl ester (CFSE) and stimulated with NALM-6 cells. The mean fluorescence intensity of CFSE was analyzed 3 d following the stimulation (n = 4  
different donor samples; repeated measures one-way ANOVA with Tukey’s multiple comparisons test; F = 36.84 for CD4+ T cells, F = 38.44 for CD8+  
T cells; degrees of freedom = 19). (c) The frequency of dead cells within CD4+ or CD8+ CAR-T cell population, as analyzed by flow cytometry 24 h after 
stimulation with NALM-6 cells (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with Tukey’s multiple-
comparisons test (F = 53.83 for CD4+ T cells; F = 114.1 for CD8+ T cells; degrees of freedom = 24). (d) The frequency of CD45RA+CD62L+CCR7+ 
cells in the CD8+ CAR-T cell population 7 d after stimulation with NALM-6 cells (n = 9 different donor samples). P values were determined by repeated-
measures one-way ANOVA with Tukey’s multiple-comparisons test (F = 14.35; degrees of freedom = 44). (e) The fold expansion of CD8+ CAR-T cells on 
day 7 after stimulation with NALM-6 cells and culture with or without 25 MM of S3I-201 (STAT3 inhibitor) and/or 5 MM of pimozide (STAT5 inhibitor) for  
3 d (n = 6 different donor samples). P values were determined by repeated-measures one-way ANOVA with Tukey’s multiple-comparisons test for 
each condition (F = 46.52 for DMSO; F = 15.67 for S3I-201; F = 19.17 for pimozide; F = 1.85 for S3I-201 + pimozide; degrees of freedom = 17). 
Horizontal lines indicate mean values; n.s., not significant. (f) Experimental design. NSG mice were intravenously (i.v) infused with NALM-6 cells and 
subsequently transplanted with CAR-T cells. Spleen cells were then isolated from the mice and re-stimulated with NALM-6 or K562, and proliferation 
and cytokine production were measured. (g,h) Fold expansion after 7 d of culture (g) and cytokine production (h) of CD8+ CAR-T cells treated as in show 
in f. The data shown are the sum of two independent experiments (n = 6 mice per group) and are presented as mean o s.d. P values were determined 
by ordinary one-way ANOVA with Tukey’s multiple-comparisons test (F = 10.85 for fold expansion; F = 12.42 for IL-2; F = 2.17 for IFN-G; F = 0.81 for 
TNF-A; F = 7.51 for IL-2+IFN-G+TNF-A+ cells; degrees of freedom = 29); n.s., not significant.
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Figure 4 T cells transduced with the 28-$IL2RB-z(YXXQ) CAR have superior antitumor effects in vivo. (a–d) Experimental design showing that NSG 
mice were intravenously infused with NALM6-GL cells (day –14) and were then transplanted with 5 × 106 CAR-T cells (day 0) (a) and quantification of 
total photon counts, as analyzed by in vivo bioluminescent imaging of luciferase activity (n = 6 mice per group) (b). (c,d) Kaplan–Meier curve for the 
overall survival of the mice (n = 6 mice per group) (c) and the frequency of CD8+ CAR-T cells in the peripheral blood (n = 4 mice for 28-z CAR-T cells on 
day 21; n = 6 for the other groups) (d). Representative data of two experiments are shown. In c, P values were determined by log-rank test and adjusted 
with Bonferroni correction; in d, P values were determined by ordinary one-way ANOVA with Tukey’s multiple-comparisons test (F = 17.19, degree of 
freedom = 17 for day 7; F = 7.42, degrees of freedom = 15 for day 21). (e–g) NSG mice were intravenously infused with CD19+ primary B-ALL cells 
(day –35) and adoptively transferred with 5 × 105 BB-z or 28-$IL2RB-z(YXXQ) CAR-T cells (day 0). The serial monitoring of the CD45+CD19+ B-ALL 
cells in the peripheral blood (n = 5 mice per group) (e), the Kaplan–Meier curve for the event-free survival of the mice (n = 5 mice group) (f) and the 
frequency of the CD8+ CAR-T cells in the peripheral blood on days 7, 14 and 28 (n = 5 mice per group) (g) are shown. In f, P values were determined by 
log-rank test, adjusted with Bonferroni correction. In g, P values were determined by unpaired two-tailed t-test (t = 2.58 for day 7; t = 4.28 for day 14; 
t = 2.46 for day 21; degrees of freedom = 8). The data are representative of two experiments using different B-ALL samples. (h) Experimental design. 
NSG mice were subcutaneously (s.c.) injected with the CD19-expressing A375 melanoma cells (A375-CD19) (day –21) and then treated with 5 × 105 
CAR-T cells on days 0 and 4. (i–k) Frequency of CD8+ CAR-T cells in the peripheral blood and subcutaneous tumors on day 7, tumor progression (j) and 
overall survival (k) of mice treated as described in h (n = 7 mice per group). In i, P values were determined by ordinary one-way ANOVA with Tukey’s 
multiple comparisons test (F = 12.61 for peripheral blood; F = 27.46 for tumor; degrees of freedom = 20). In k, P values were determined by log-rank 
test, adjusted with Bonferroni correction. Representative results of two experiments are shown. In d,g,i, horizontal lines indicate mean values o s.d.  
*P < 0.001 by the statistical test indicated in the respective legend.
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Figure 1 Generation of the CD19-specific chimeric antigen receptor constructs to induce JAK–STAT pathway activation. (a) A schematic diagram of  
the anti-CD19 CAR constructs used in this study. An FMC63-derived scFv was linked to CD28 and CD3z (to generate 28-z), to CD8-A, 4-1BB and CD3z 
(to generate BB-z), or to CD28, the cytoplasmic domain of the IL-2R B-chain, with or without an internal deletion, and CD3z with the YXXQ motif (to 
generate 28-IL2RB-z(YXXQ) and 28-$IL2RB-z(YXXQ), respectively). All of the CARs were linked to truncated NGFR ($NGFR) via a P2A sequence.  
(b,c) Representative FACS plots (b) and mean fluorescence intensity (MFI) of phosphorylated STAT3 and STAT5 within the CD8+ $NGFR+ T cell 
population over time as assessed by flow ctyometry (c) in T cells that were transduced with the indicated CAR-encoding construct and stimulated with 
the CD19+ ALL cell line NALM-6 or the CD19– cell line K562 at an effector to target (E:T) cell ratio of 1:1 (n = 4 different donor samples). T cells that 
were mock-transduced and treated with IL-2 (300 IU/ml) or IL-21 (50 ng/ml) were used as a control. P values were determined by repeated measures 
one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test for each time point (F = 63.57 (pSTAT3 at 60 min), 39.49 (pSTAT3 at  
120 min), 71.41 (pSTAT3 at 240 min), 103.8 (pSTAT5 at 60 min), 201 (pSTAT5 at 120 min) and 113.7 (pSTAT5 at 240 min); degrees of freedom = 15).  
(d) Schematic representation of CAR constructs with either the STAT3- or STAT5-binding domain alone. For the 28-$IL2RB(FLSL)-z(YXXQ) CAR, 
tyrosine within the YLSL motif of IL-2RB was replaced by phenylalanine to abrogate STAT5 association and the YXXQ motif was introduced by site-
directed mutagenesis to the C terminus end of CD3z. The 28-$IL2RB-z CAR contains the intact STAT5-binding motif YLSL but not the YXXQ motif  
for STAT3 recruitment. (e) Quantification of STAT3 and STAT5 phosphorylation in T cells that were transduced with constructs encoding the indicated 
CARs 120 min after stimulation with NALM-6 (n = 4 different donor samples). P values were determined by repeated-measures one-way ANOVA with 
Tukey’s multiple comparisons test; n.s., not significant; F = 75.44 for pSTAT3, F = 99.46 pSTAT5; degrees of freedom = 11. In c,e, horizontal lines 
denote mean values.
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and costimulatory receptors (e.g., 4-1BB or CD28)
(Fig. 1C). The conventional CAR represents a con-
struct in which components from the TCR and
costimulatory receptors are artificially colocalized.
Thus, our strategy represents resplitting key sig-
naling modules in a different, small molecule–
controlled configuration.
We used this strategy to engineer a robust ON-

switch CAR design that fulfills the criteria of
yielding titratable, reversible, and temporarily con-
trollable activity in CAR T cell populations. This
work provides a general strategy for how to engi-
neer dual-input synthetic receptors that require a
small molecule as a coactivation signal. The ON-
switch CAR framework also provides an impor-
tant tool for developing the next generation of
precision-controlled therapeutic T cells.

Design of ON-switch CARs

To construct a CAR that required both an anti-
gen AND a small molecule for activation, we used

a split-receptor design that structurally resem-
bles natural immune receptors such as the B and
T cell receptors (BCRs and TCRs), whose antigen-
binding and intracellular signaling domains are
found on separately expressed polypeptides. In
these natural cases, heterodimerization of these
distinct polypeptides is required to assemble a
functioning receptor complex (22). This type of
multipolypeptide assembly presents the oppor-
tunity to engineer receptor control by enforcing
small-molecule dependence on this assembly.
The envisioned ON-switch CAR (Fig. 1C) consists
of two parts that assemble in a small molecule–
dependent manner. Part I of the receptor features
an extracellular antigen-binding domain [a single-
chain variable fragment (scFv)]. Part II has a key
downstream signaling element: the immuno-
receptor tyrosine-based activationmotifs (ITAMs)
from the T cell receptor CD3z subunit (22). The
ITAM motifs are phosphorylated upon T cell re-
ceptor activation, resulting in the recruitment of

Src homology 2 (SH2) domain effectors (such as
the kinase ZAP70) and triggering the cascade of T
cell activation. The two parts of the split receptor
contain heterodimerization domains that condi-
tionally interact upon binding of a heterodimeriz-
ing small molecule. Particular cellular responses,
including T cell activation, have been engineered
to be triggered solely by small molecule–induced
dimerization (23, 24). Our goal, in contrast, was to
design a new class of CAR whose small molecule–
induced assembly is necessary but not sufficient
for cellular activation. The small molecule thus
acts as a priming or licensing factor that is a
precondition for antigen-triggered activation.
We explored multiple ways of splitting compo-

nents of the conventional CAR molecule to find a
configuration that would strongly impair its ac-
tivity but still allow for strong antigen-induced
signaling when the receptor components were as-
sembled in the presence of the small molecule
(Fig. 2A). To facilitate the design of a prototype,

aab4077-2 16 OCTOBER 2015 • VOL 350 ISSUE 6258 sciencemag.org SCIENCE

Fig. 1. Strategy for design of a combinatorially activated chimeric antigen receptor (CAR) with
rearranged key signaling modules. (A) Engineered T cells expressing CARs can have both
therapeutic and adverse effects. (B) User-controlled switches. A suicide switch triggers apoptosis of
the engineered cells. An alternative, complementary approach is keeping the cells inactive until addition of an activating small-molecule drug signal. Such an ON-
switch could allow for titratable control (dialing up or down) of T cell activity. (C) Molecular strategies to control T cell activation. The normal T cell activation
pathway (left) entails dual activation of the TCR and a costimulatory receptor to trigger key cellular responses such as cytokine production and proliferation. The
conventional CAR (center) combines an antigen recognition domain (scFv) with main signaling motifs (such as ITAMs from TCR subunit CD3z) and costimulatory
motifs constitutively linked in a single molecule. A strategy for constructing a split CAR design (right) distributes key components from the conventional CAR into
two physically separate polypeptides that can be conditionally reassembled when a heterodimerizing small-molecule agent is present. The design resembles an
AND logic gate that requires “antigen + small molecule” combinatorial inputs for T cell activation.

RESEARCH | RESEARCH ARTICLE

 o
n 

O
ct

ob
er

 1
1,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fro
m

 

Wu C et al. Science 2015

(IFN-g) production [an indicator for T helper
cell 1 (TH1) antitumor response]. Production of
IL-2 and IFN-g was minimal when cells were

stimulated by either the small-molecule dimerizer
or the cognate antigen individually. Dual stimu-
lation with the cognate antigen and increasing

amounts of smallmolecule led to a dose-dependent
increase in cytokine secretion by the ON-switch
CAR T cells. Notably, at high concentrations of

SCIENCE sciencemag.org 16 OCTOBER 2015 • VOL 350 ISSUE 6258 aab4077-5

Fig. 3. Small molecule–titratable activation of primary human helper Tcell populations engi-
neered with ON-switch CAR. (A) CD4+ T cells were purified from the peripheral blood of
anonymous healthy donors, expanded, engineered with lentivirus to express CARs, and evaluated
by functional assays.Tcells with comparable CAR expression levels were used.The cognate antigen
CD19 was presented to Tcells as a cell surface protein on K562 target cells. Various concentrations
of the dimerizer rapalog were added to reaction mixtures to examine effects of rapalog titration. (B) Production of the cytokines IL-2 and IFN-g quantified by
ELISA after an overnight incubation, as described in supplementary material; n = 3, error bars denote SD. (C) Monitoring T cell activation in single cells by
quantifying expression of the cell surface protein CD69, whose up-regulation occurs early during Tcell activation.Tcells in overnight assay mixtures were stained
with a fluorophore-conjugated antibody to CD69 and analyzed by flow cytometry. Green histograms denote Tcells stimulated with CD19+ target cells (+ antigen).
Gray peaks denote T cells treated with target cells lacking the CD19 antigen (– antigen). T cell population shows bimodal response, and addition of rapalog
increases the fraction of cells in the high-response population. (D) Dimerizer small molecule– and antigen-dependent T cell proliferation. T cells expressing the
ON-switch CAR were prelabeled with the intracellular dye CellTrace Violet, whose fluorescence intensity per cell progressively decreases with increasing rounds of
cell division. Cells were processed in a flow cytometer after 5 days of incubation. Leftward shift of peaks in the histogram indicates T cell proliferation.
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CYTOKINE PRODUCTION

(IFN-g) production [an indicator for T helper
cell 1 (TH1) antitumor response]. Production of
IL-2 and IFN-g was minimal when cells were

stimulated by either the small-molecule dimerizer
or the cognate antigen individually. Dual stimu-
lation with the cognate antigen and increasing

amounts of smallmolecule led to a dose-dependent
increase in cytokine secretion by the ON-switch
CAR T cells. Notably, at high concentrations of
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Fig. 3. Small molecule–titratable activation of primary human helper Tcell populations engi-
neered with ON-switch CAR. (A) CD4+ T cells were purified from the peripheral blood of
anonymous healthy donors, expanded, engineered with lentivirus to express CARs, and evaluated
by functional assays.Tcells with comparable CAR expression levels were used.The cognate antigen
CD19 was presented to Tcells as a cell surface protein on K562 target cells. Various concentrations
of the dimerizer rapalog were added to reaction mixtures to examine effects of rapalog titration. (B) Production of the cytokines IL-2 and IFN-g quantified by
ELISA after an overnight incubation, as described in supplementary material; n = 3, error bars denote SD. (C) Monitoring T cell activation in single cells by
quantifying expression of the cell surface protein CD69, whose up-regulation occurs early during Tcell activation.Tcells in overnight assay mixtures were stained
with a fluorophore-conjugated antibody to CD69 and analyzed by flow cytometry. Green histograms denote Tcells stimulated with CD19+ target cells (+ antigen).
Gray peaks denote T cells treated with target cells lacking the CD19 antigen (– antigen). T cell population shows bimodal response, and addition of rapalog
increases the fraction of cells in the high-response population. (D) Dimerizer small molecule– and antigen-dependent T cell proliferation. T cells expressing the
ON-switch CAR were prelabeled with the intracellular dye CellTrace Violet, whose fluorescence intensity per cell progressively decreases with increasing rounds of
cell division. Cells were processed in a flow cytometer after 5 days of incubation. Leftward shift of peaks in the histogram indicates T cell proliferation.

RESEARCH | RESEARCH ARTICLE

 o
n 

O
ct

ob
er

 1
1,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fro
m

 

aab4077-6 16 OCTOBER 2015 • VOL 350 ISSUE 6258 sciencemag.org SCIENCE

Fig. 4. ON-switch CAR
yields antigen-specific
and titratable killing of
target cell population
by engineered primary
cytotoxic (CD8+) T
cells. (A) Schematic of a
flow cytometry–based
cell-killing assay. Primary
human CD8+ Tcells were
isolated, expanded, and
engineered to express
CARs by transduction
with lentivirus.Tcells with
comparable CAR expres-
sion levels were used.
Tcells were incubated
with a mixture of cognate
target cells (CD19+,
mCherry+) and non-
cognate target cells
(CD19–, GFP+). Rapalog
was added to specified
concentrations. After
incubation for a desig-
nated period of time, the
abundance of both types
of K562 target cells within
the overall surviving target
cell population was quan-
tified by flow cytometry.
(B) Representative flow
cytometry data. Surviving
target cells in sample
mixtures at the end of an
overnight assay were
segregated into cognate
(mCherry+) and
noncognate (GFP+)
subpopulations. The per-
centage of CD19+ cells
(quadrant 1) was divided
by that of CD19– cells
(quadrant 3) to calculate
the normalized percent-
age of survival of cognate
target cells in each
sample. (C) Cytotoxicity
mediated by CARs in
an overnight (22 hours)
end-point experiment.
A low percentage for
survival of cognate
target cells indicates a
high degree of specific
target cell killing by
CAR T cells. (D) Cytotox-
icity mediated by CARs
in a kinetic experiment.Target cell killing byconventional CARwas quantified hourly
during a 4-hour incubation period. Cytotoxic activities of the ON-switch CAR were
first monitored in the absence of dimerizing small molecule hourly for 4 hours,
followedby fourmorehourly timepoints in thepresenceof smallmolecule (500nM
rapalog). (E) Schematic of the experimental setup of the time-lapse imaging
experiments. (F) Representative differential interference contrast (DIC) images of
primary human CD8+ T cells expressing the conventional CAR or the ON-switch
CAR (± rapalog) incubated with CD19+ K562 target cells, overlaid with SYTOX blue

dead stain fluorescent images, to assay target cell death after 0 and 2 hours of
interaction (n = 3). (G) A time-lapse montage of DIC and fluorescence image
overlays of primary human CD8+ Tcells expressing ON-switch CAR (part I tagged
with EGFP, part II tagged with mCherry) and their interaction with CD19+ K562
targets.The topmontage is in the absence of rapalog and shows Tcell binding, but
no killing of target cells, over the course of the 30-min experiment (movie S3).The
bottommontage is in the presence of 500 nM rapalog and shows killing of tumor
cells, indicated by blebbing and SYTOX blue dye uptake,within 45min (movie S4).
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CYTOTOXICITY

and costimulatory receptors (e.g., 4-1BB or CD28)
(Fig. 1C). The conventional CAR represents a con-
struct in which components from the TCR and
costimulatory receptors are artificially colocalized.
Thus, our strategy represents resplitting key sig-
naling modules in a different, small molecule–
controlled configuration.
We used this strategy to engineer a robust ON-

switch CAR design that fulfills the criteria of
yielding titratable, reversible, and temporarily con-
trollable activity in CAR T cell populations. This
work provides a general strategy for how to engi-
neer dual-input synthetic receptors that require a
small molecule as a coactivation signal. The ON-
switch CAR framework also provides an impor-
tant tool for developing the next generation of
precision-controlled therapeutic T cells.

Design of ON-switch CARs

To construct a CAR that required both an anti-
gen AND a small molecule for activation, we used

a split-receptor design that structurally resem-
bles natural immune receptors such as the B and
T cell receptors (BCRs and TCRs), whose antigen-
binding and intracellular signaling domains are
found on separately expressed polypeptides. In
these natural cases, heterodimerization of these
distinct polypeptides is required to assemble a
functioning receptor complex (22). This type of
multipolypeptide assembly presents the oppor-
tunity to engineer receptor control by enforcing
small-molecule dependence on this assembly.
The envisioned ON-switch CAR (Fig. 1C) consists
of two parts that assemble in a small molecule–
dependent manner. Part I of the receptor features
an extracellular antigen-binding domain [a single-
chain variable fragment (scFv)]. Part II has a key
downstream signaling element: the immuno-
receptor tyrosine-based activationmotifs (ITAMs)
from the T cell receptor CD3z subunit (22). The
ITAM motifs are phosphorylated upon T cell re-
ceptor activation, resulting in the recruitment of

Src homology 2 (SH2) domain effectors (such as
the kinase ZAP70) and triggering the cascade of T
cell activation. The two parts of the split receptor
contain heterodimerization domains that condi-
tionally interact upon binding of a heterodimeriz-
ing small molecule. Particular cellular responses,
including T cell activation, have been engineered
to be triggered solely by small molecule–induced
dimerization (23, 24). Our goal, in contrast, was to
design a new class of CAR whose small molecule–
induced assembly is necessary but not sufficient
for cellular activation. The small molecule thus
acts as a priming or licensing factor that is a
precondition for antigen-triggered activation.
We explored multiple ways of splitting compo-

nents of the conventional CAR molecule to find a
configuration that would strongly impair its ac-
tivity but still allow for strong antigen-induced
signaling when the receptor components were as-
sembled in the presence of the small molecule
(Fig. 2A). To facilitate the design of a prototype,

aab4077-2 16 OCTOBER 2015 • VOL 350 ISSUE 6258 sciencemag.org SCIENCE

Fig. 1. Strategy for design of a combinatorially activated chimeric antigen receptor (CAR) with
rearranged key signaling modules. (A) Engineered T cells expressing CARs can have both
therapeutic and adverse effects. (B) User-controlled switches. A suicide switch triggers apoptosis of
the engineered cells. An alternative, complementary approach is keeping the cells inactive until addition of an activating small-molecule drug signal. Such an ON-
switch could allow for titratable control (dialing up or down) of T cell activity. (C) Molecular strategies to control T cell activation. The normal T cell activation
pathway (left) entails dual activation of the TCR and a costimulatory receptor to trigger key cellular responses such as cytokine production and proliferation. The
conventional CAR (center) combines an antigen recognition domain (scFv) with main signaling motifs (such as ITAMs from TCR subunit CD3z) and costimulatory
motifs constitutively linked in a single molecule. A strategy for constructing a split CAR design (right) distributes key components from the conventional CAR into
two physically separate polypeptides that can be conditionally reassembled when a heterodimerizing small-molecule agent is present. The design resembles an
AND logic gate that requires “antigen + small molecule” combinatorial inputs for T cell activation.
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Fig. 2. Construction and
screening of an ON-
switch CAR that is
dependent on the pres-
ence of a small-molecule
dimerizer. (A) ON-switch
CAR candidate constructs
and their functional behav-
ior. Candidate construct
pairs were expressed in
Jurkat T cells. Cells were
incubated with K562 target
cells expressing the cog-
nate antigen CD19+ in the
presence or absence of
500 nM rapalog. Activation
was quantified via expres-
sion of a NFAT-dependent
GFP reporter gene and
production of the cytokine
IL-2. The part I constructs
of the ON-switch CAR
share many features with
the conventional CAR: the
CD8a signal sequence, a
Myc epitope, the anti-CD19
scFv, and the CD8a hinge
and transmembrane
domain, in addition to the
FKBP domain for heterodi-
merization. The part II
constructs consisted of the
T cell receptor CD3z
signaling chain that is crit-
ical for T cell activation,
the FRB* domain for het-
erodimerization, and the
mCherry tag. More
advanced part II variants
contained the additional
DAP10 ectodomain for
homodimerization and
the CD8a transmembrane
domain for membrane
anchoring. The 4-1BB
costimulatory motif was
inserted in various
locations, depending on
the construct. The best
ON-switch construct
(I.b + II.d) is outlined in
red. (B) Response of ON-switch CAR (I.b + II.d) to rapalog and antigen stim-
ulation. Jurkat cells expressing the specified CARs were incubated with K562
target cells expressing either the cognate antigen (CD19; green squares) or a
noncognate antigen (mesothelin; white squares). Presence of 500 nM rapalog
in the sample is indicated by orange squares. Production of IL-2 after an over-
night incubation was quantified by enzyme-linked immunosorbent assay
(ELISA); n = 3, error bars denote SD. Similar results were observed for ON-
switch CARs in which the rapalog heterodimerization module was replaced
by an alternative module, the gibberellic acid (GA) heterodimerization mod-
ule (using Arabidopsis GID1 and GAI domains).The ON-switch CAR with GA
dimerizing domains requires both cognate antigen and GA (purple squares)
to trigger cytokine production. (C) The ON-switch CAR components colocalize
in the absence of dimerizing rapalog. Parts I and II of the receptor are la-
beled with GFP andmCherry, respectively.The confocal microscopy images
are pseudo-colored to indicate localization of both parts. Image shows a
primary human CD8+ Tcell expressing the anti-CD19 ON-switch CARengaged

with a CD19+ K562 target cell in the absence of rapalog. Scale bar, 5 mm.
(D) Two-color single-molecule tracking shows independent movement of ON-
switch CAR components in the absence of rapalog. Left panels: Jurkat Tcells
were adhered to a cover slip coated with an antibody to the Myc epitope in
order to immobilize the receptors (extracellular region of part I CAR is tagged
with Myc). Individual parts of the ON-switch CAR were each tagged with pho-
toactivatable fluorescent proteins PS-CFP2 and PAmCherry1. Center panels:
The single-molecule trajectories of part I (green) and part II (red) are super-
imposed on transmitted light images of the cells (gray). Right panels: The
average mean-square displacement of trajectories quantifies the diffusive
behavior (solid lines, average from multiple cells; colored band, SD to repre-
sent cell-cell variability). Part I molecules are immobile because of antibody
tethering,whereas in the absence of rapalog (top), part IImolecules exhibited
fast diffusion. In the presence of 500 nM rapalog (bottom), however, the part
II molecules became immobile, confirming rapalog-induced assembly of the
two-component receptor.
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and costimulatory receptors (e.g., 4-1BB or CD28)
(Fig. 1C). The conventional CAR represents a con-
struct in which components from the TCR and
costimulatory receptors are artificially colocalized.
Thus, our strategy represents resplitting key sig-
naling modules in a different, small molecule–
controlled configuration.
We used this strategy to engineer a robust ON-

switch CAR design that fulfills the criteria of
yielding titratable, reversible, and temporarily con-
trollable activity in CAR T cell populations. This
work provides a general strategy for how to engi-
neer dual-input synthetic receptors that require a
small molecule as a coactivation signal. The ON-
switch CAR framework also provides an impor-
tant tool for developing the next generation of
precision-controlled therapeutic T cells.

Design of ON-switch CARs

To construct a CAR that required both an anti-
gen AND a small molecule for activation, we used

a split-receptor design that structurally resem-
bles natural immune receptors such as the B and
T cell receptors (BCRs and TCRs), whose antigen-
binding and intracellular signaling domains are
found on separately expressed polypeptides. In
these natural cases, heterodimerization of these
distinct polypeptides is required to assemble a
functioning receptor complex (22). This type of
multipolypeptide assembly presents the oppor-
tunity to engineer receptor control by enforcing
small-molecule dependence on this assembly.
The envisioned ON-switch CAR (Fig. 1C) consists
of two parts that assemble in a small molecule–
dependent manner. Part I of the receptor features
an extracellular antigen-binding domain [a single-
chain variable fragment (scFv)]. Part II has a key
downstream signaling element: the immuno-
receptor tyrosine-based activationmotifs (ITAMs)
from the T cell receptor CD3z subunit (22). The
ITAM motifs are phosphorylated upon T cell re-
ceptor activation, resulting in the recruitment of

Src homology 2 (SH2) domain effectors (such as
the kinase ZAP70) and triggering the cascade of T
cell activation. The two parts of the split receptor
contain heterodimerization domains that condi-
tionally interact upon binding of a heterodimeriz-
ing small molecule. Particular cellular responses,
including T cell activation, have been engineered
to be triggered solely by small molecule–induced
dimerization (23, 24). Our goal, in contrast, was to
design a new class of CAR whose small molecule–
induced assembly is necessary but not sufficient
for cellular activation. The small molecule thus
acts as a priming or licensing factor that is a
precondition for antigen-triggered activation.
We explored multiple ways of splitting compo-

nents of the conventional CAR molecule to find a
configuration that would strongly impair its ac-
tivity but still allow for strong antigen-induced
signaling when the receptor components were as-
sembled in the presence of the small molecule
(Fig. 2A). To facilitate the design of a prototype,
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Fig. 1. Strategy for design of a combinatorially activated chimeric antigen receptor (CAR) with
rearranged key signaling modules. (A) Engineered T cells expressing CARs can have both
therapeutic and adverse effects. (B) User-controlled switches. A suicide switch triggers apoptosis of
the engineered cells. An alternative, complementary approach is keeping the cells inactive until addition of an activating small-molecule drug signal. Such an ON-
switch could allow for titratable control (dialing up or down) of T cell activity. (C) Molecular strategies to control T cell activation. The normal T cell activation
pathway (left) entails dual activation of the TCR and a costimulatory receptor to trigger key cellular responses such as cytokine production and proliferation. The
conventional CAR (center) combines an antigen recognition domain (scFv) with main signaling motifs (such as ITAMs from TCR subunit CD3z) and costimulatory
motifs constitutively linked in a single molecule. A strategy for constructing a split CAR design (right) distributes key components from the conventional CAR into
two physically separate polypeptides that can be conditionally reassembled when a heterodimerizing small-molecule agent is present. The design resembles an
AND logic gate that requires “antigen + small molecule” combinatorial inputs for T cell activation.
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(IFN-g) production [an indicator for T helper
cell 1 (TH1) antitumor response]. Production of
IL-2 and IFN-g was minimal when cells were

stimulated by either the small-molecule dimerizer
or the cognate antigen individually. Dual stimu-
lation with the cognate antigen and increasing

amounts of smallmolecule led to a dose-dependent
increase in cytokine secretion by the ON-switch
CAR T cells. Notably, at high concentrations of

SCIENCE sciencemag.org 16 OCTOBER 2015 • VOL 350 ISSUE 6258 aab4077-5

Fig. 3. Small molecule–titratable activation of primary human helper Tcell populations engi-
neered with ON-switch CAR. (A) CD4+ T cells were purified from the peripheral blood of
anonymous healthy donors, expanded, engineered with lentivirus to express CARs, and evaluated
by functional assays.Tcells with comparable CAR expression levels were used.The cognate antigen
CD19 was presented to Tcells as a cell surface protein on K562 target cells. Various concentrations
of the dimerizer rapalog were added to reaction mixtures to examine effects of rapalog titration. (B) Production of the cytokines IL-2 and IFN-g quantified by
ELISA after an overnight incubation, as described in supplementary material; n = 3, error bars denote SD. (C) Monitoring T cell activation in single cells by
quantifying expression of the cell surface protein CD69, whose up-regulation occurs early during Tcell activation.Tcells in overnight assay mixtures were stained
with a fluorophore-conjugated antibody to CD69 and analyzed by flow cytometry. Green histograms denote Tcells stimulated with CD19+ target cells (+ antigen).
Gray peaks denote T cells treated with target cells lacking the CD19 antigen (– antigen). T cell population shows bimodal response, and addition of rapalog
increases the fraction of cells in the high-response population. (D) Dimerizer small molecule– and antigen-dependent T cell proliferation. T cells expressing the
ON-switch CAR were prelabeled with the intracellular dye CellTrace Violet, whose fluorescence intensity per cell progressively decreases with increasing rounds of
cell division. Cells were processed in a flow cytometer after 5 days of incubation. Leftward shift of peaks in the histogram indicates T cell proliferation.
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Drug Controlled Costimulation 
An Approach to Titrate Engineered T cell Effector Function



or 
Anti-FITC 
sCAR T cell

expression levels and with different CAR-T cells generated from
three healthy donors (SI Appendix, Fig. S5 A–C). The bivalent
switches (EC50; AB = 0.4 ± 0.0 pM and EF = 2.3 ± 0.2 pM) were
more potent than their corresponding monovalent FITC switches

(Fig. 1C). The random FITC conjugate induced lytic activity (EC50 =
1.8 ± 0.0 pM) that was comparable to the site-specific EF switch,
but significantly less than the site-specific AB switch (Fig. 1D).
These results show that the site and stoichiometry of conjugation of

A B

C D

E F

G H

Fig. 1. Anti-CD19 and anti-CD22 antibody FITC conjugates. (A) Crystal structure of a mouse Fab (clone 93f3, PDB ID code 1T4K) indicating FITC conjugation
sites. Silver, light chain; gold, heavy chain; yellow, variable binding region; blue, sites of pAzF incorporation allowing for site specific conjugation; red, sites
modified by random NHS conjugation. (B–D) Anti-FITC CAR-T cells and Nalm-6 cells were cocultured at a 5:1 ratio, respectively, with different concentrations
of anti-CD19 FITC conjugates in cytotoxicity assays. One representative experiment is shown to demonstrate the impact of (B) conjugation site, (C) valency,
and (D) conjugation method (site-specific vs. random) on CAR–T-cell activity. Cytotoxicity assays comparing (E and F) conjugation sites and valency of anti-
CD22 FITC conjugates against CD22+ target cells, and (G and H) optimized CD19- and CD22-targeting switches against tumor cell lines with differential
antigen expression levels: Nalm-6 (CD19high, CD22low) and Raji (CD19high, CD22high). Each data point represents a mean of duplicate samples, and error bars
represent SD. Results shown are a representative of three independent experiments.
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L E T T E R S

rescued by simultaneous engagement of the CCR. We thus searched 
for CARs with diminished activity, and while doing so switched from 
CD19 and PSMA to a combination of prostate antigens, PSCA and 
PSMA. We evaluated three PSCA-specific scFvs with different binding 
affinities for PSCA. We incorporated each PSCA-specific scFv into 
bispecific PSCA/CD3 antibodies and incubated them with T cells 
and PSCA-expressing PC3 tumor cells to quantify tumor cell lysis 
(Fig. 2a). PSCA/CD3 bispecific antibody containing the CAR Hzl 
lysed tumor cells 1,000- to 10,000 fold more efficiently than antibody 
containing the CAR Lz1, even in picogram quantities. We then used 
these scFvs to construct CARs by linking them to CD3Z cytoplasmic 
domains. As expected, T cells expressing the different CARs showed 
different activities in cytotoxicity assays (Fig. 2b). Hz1 and Mz1 CARs 
directed moderate lysis of PSCA+ targets (20% specific lysis at the 50:1 
effector/target ratio), whereas the Lz1 CAR only reached 10% specific 
lysis, qualifying it as a suboptimal antigen receptor. This hierarchy 
was further confirmed in cytokine release assays using T cells express-
ing each PSCA CAR together with the P28BB CCR (Supplementary 
Fig. 2b–d). T cells transduced with 19z1 and Hz1 CARs produced 
relatively high amounts of T-helper type 1 (TH1) and TH2 cytokines, 
whereas T cells expressing less efficient CARs such as Mz1 and Lz1 
produced lower amounts of cytokines. The enhancement of cytokine 

levels in Lz1+P28BB T cells compared to Lz1 T cells was minimal 
except for interleukin (IL)-2 and IL-13. IL-2 induces proliferation 
and can promote either a TH1 or TH2 response21, whereas IL-13 is 
associated with a TH2 response specific to 4-1BB signaling22.

We next tested the anti-tumor activity of these T cells in animals 
bearing tumors expressing PSCA and/or PSMA. We inoculated mice 
intravenously with 2 × 106 GFP/Luc PC3 cells expressing PSMA, PSCA 
or both antigens (Supplementary Fig. 3). Fourteen days later, we 
intravenously injected 1 × 106 Mz1+P28BB T or 1 × 106 Lz1+P28BB 
T cells into the mice. PSCA+PSMA− tumors decreased in size in 
recipients of Mz1+P28BB T cells but not in recipients of Lz1+P28BB 
T cells, confirming the inefficiency of the Lz1 CAR (Fig. 2c,d). 
Similar to the CD19 CAR experiment (Fig. 1c), PSCA+PSMA− 
tumors responding to Mz1 eventually relapsed and increased in size. 
In mice bearing PSCA+PSMA+ tumor cells, however, Mz1+P28BB 
T cells induced robust and long-term tumor eradication. Most impor-
tantly, PSCA+PSMA+ tumors were eradicated in mice treated with 
Lz1+P28BB T cells, resulting in complete long-term survival of all 
treated mice (Fig. 2d). Tumor eradication was not induced in control 
mice bearing PSCA−PSMA+ tumors (Fig. 2c,d).

To thoroughly evaluate the effect of Lz1+P28BB T cells on 
PSCA+PSMA− tumors in animals where these T cells could be 
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Figure 2 Reducing CAR mediated activation signals restricts T-cell activity to tumors expressing both antigens upon combinatorial antigen recognition. 
(a) Three different scFvs specific for PSCA (Hz1, Mz1, Lz1) were constructed and assembled into bispecific antibodies in which the other scFv binds 
to CD3. The bispecific antibodies were added in the indicated amounts to cocultures of T cells and 51Cr-labeled PSCA+ PC3 tumor cells (ratio of 20:1). 
Specific lysis was measured by chromium release. Graph is a representative of n > 4 experiments. (b) The anti-PSCA scFvs described in a were used to 
generate CARs. T cells were mock transduced or were transduced with retroviruses encoding these CARs, and were incubated with 51Cr-labeled PSCA+ 
PC3 tumor cells at indicated effector/target ratios. Specific lysis was measured by chromium release. Graph is a representative of n > 3 experiments. 
(c,d) Green fluorescent protein/firefly-luciferase fusion protein (GFP/Luc) expressing PC3 tumor cells expressing PSMA and/or PSCA were injected 
intravenously into the tail-vein of NSG mice. Fourteen days later, 1.0 × 106 Mz1 + P28BB (c) or Lz1 + P28BB (d) T cells were infused intravenously. 
Top, bioluminescent imaging of two representative mice from each group at each time point. Graphs, the average tumor burden was quantified by 
luminescence of the tumors using units of photons per second per square centimeter per steradian (p/sec/cm2/sr) and plotted with error bars representing 
s.d. from the mean of values from five mice per group. Two mice that received PSMA+ tumors (green line) died after day 49 and therefore the mean value 
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iCARS 
use ICDs from T cell inhibitory receptors 
(e.g. CTLA4 and PD1)

Third, the iCAR approach is antigen-specific and thus requires the
ability to identify tissue-specific target antigens that are absent or
down-regulated on the tumor but expressed by the off-target tissues.
This question has not been as broadly investigated as the search for
tumor antigens, although efforts, such as the Protein Atlas database,
are under way to characterize the “surfaceome” of all human tissues
(45). One strategy is to use broad classes of surface antigens that are
down-regulated on tumor cells. One example is represented by human
leukocyte antigen (HLA) molecules, which are found in virtually all
cell types, but are down-regulated on tumors as a mechanism of tu-
mor escape from T cell immune responses (46). Thus, allogeneic T
cells expressing an iCAR against a host HLA molecule that is
down-regulated on the tumor may selectively promote the GVT effect.
The iCAR approach may be of particular interest in the setting of DLI
as a means to protect GVHD target tissues without impairing GVT
responses. Another class of antigens amiable to a similar strategy in-
cludes cell surface tumor suppressor antigens, such as OPCML, HYAL2,
DCC, and SMAR1 (47–49). OPCML-v1, for example, is widely ex-
pressed in all normal adult and fetal tissues but is down-regulated
in lymphomas and breast and prostate cancer. Cell surface carbohy-
drates, lipids, and posttranslational modifications, such as mucin-type

O-glycans (core 3 O-glycans) have also been found to be down-regulated
by tumors (50). Another candidate target is E-cadherin, which is high-
ly expressed in normal skin, liver, and gut—the primary targets of
GVHD (51)—but down-regulated by tumor cells undergoing an epi-
thelial to mesenchymal transition, indicating tumor progression and
metastasis (52).

A major limitation of our study is the lack of availability of a robust
clinically relevant human “normal tissue” model, especially one that
allows utilization of human cells, human antigens, and human TCRs,
CARs, and iCARs. We attempted to bridge this gap by establishing iPS
cells combined with DCs from the same donor to derive an alloreac-
tivity reaction using human T cells, human target antigens, and hu-
man iCARs. Simply co-incubating HLA mismatched allogeneic T cells
with iPS or iPS-fib cells did not produce alloreactivity. The use of iso-
genic DCs was critical to generating potent alloreactivity. However, we
did not define the nature of this alloreactivity, and it is thus possible
that the responses we blocked have no bearing on the mechanisms
involved in GVHD.

We also showed that the level of expression of the iCARs is critical.
In settings of high expression level of activating receptor or antigen and/or
low expression of iCAR or iCAR-targeted antigen, we could not achieve

Fig. 6. iCARs restrict 19-28z CAR target cell specificity in vivo. (A) BLI
depicting the tumor progress of NALM/6 or NALM/6-PSMA in NOD/SCID/gc

−

mice treated with sorted 19-28z/PD-1 iCAR-P T cells. Untreated mice (no
T cells) were used as control. (B) Tumor burden for each mouse was quan-
tified, and average total flux per group is shown. (C) Spleen weight of mice
from (A) sacrificed at day 21. Each dot represents one recipient mouse. (D)
Flow cytometric analysis of the femur bone marrow from (C) for the pres-

ence of tumor cells (CD19+GFP+) and T cells (CD19−19-28z/GFP+CD4+CD8+). 19-28z expression was assessed by staining for LNGFR receptor whose
complementary DNA (cDNA) is linked to 19-28z and is used as a detection marker. (E and F) Absolute numbers of tumor cells (E) and of CD19−19-
28z/GFP+CD4+CD8+ T cells (F) in the spleens from (C) were quantified by flow cytometry with CountBright beads (n = 4). Error bars represent ±SEM.
**P < 0.01, ***P < 0.001 by Student’s t test.
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NK cell-like Activation Paradigm for Engineered T cells  
with Inhibitory CARs (iCARs)



notch
delta

cleavage

intracell.
domain

wild-type Notch

cleavage

synNotch

novel
environmental

INPUTrecognition
domain

novel
transcriptional

OUTPUT

target
molecule

SENDER
CELL

RECEIVER
CELL

txn
factor

regulation of  
cell behavior 

Roybal and Morsut et al. Cell. 2016

The Notch Receptor 
A Natural Environmental Sensor that Regulates Cells 
Through DIRECT Transcriptional Regulation



extracellular notch core

wild type
Notch

intracellular

transcriptional
activators
(e.g. Gal4-VP64)

transcriptional
repressors
(e.g. Gal4 KRAB)

anti-CD19
scFv

anti-GFP
nanobody

* * *

synNotch
modules

ligand binding
regulated cleavage

intracellular domain

Control
Cleavage

minimal

membrane

response
elements

custom
transcriptional
program

extracellular notch core

wild type
Notch

intracellular

transcriptional
activators
(e.g. Gal4-VP64)

transcriptional
repressors
(e.g. Gal4 KRAB)

anti-CD19
scFv

anti-GFP
nanobody

* * *

synNotch
modules

ligand binding intracellular domain

minimal

anti-Her2
scFv

Synthetic Notch Receptors  
Customizable Cellular Sensing and Response Programs 



Supplemental Figures

α-CD19 synNotch Gal4VP64 T cells
with 5xGal4UAS tBFP PGK mCherry

A

100

0
102 103 104101

GFP Level 

B

103 104 105

%
 o

f M
ax

100

0

C

H

%
 o

f M
ax

BFP expression in T cells

102 103 104101100

100

0

CD19 Level (APC)

K562
+CD19 Daudi

CD19+ 

K562
CD19- 

SENDER CELLS

CD8+ cells

%
 o

f M
ax

%
 o

f M
ax

K562
+GFP

K562
GFP-

Daudi

K562
+CD19K562

CD19-CD8 T cellsCD4 T cells

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

0 10
3

10
4

10
5

0

-10
2

10
2

10
3

10
4

10
5

CD4 T cells

CD8 T cells

α-Her2 synNotch Gal4VP64 Variant T cells
with 5xGal4UAS tBFP PGK mCherry

Gal4UAS tBFP PGK mCherry

α-
He

r2
 s

yn
No

tc
h 

(a
nt

i-m
yc

 A
64

7)

4D5-3 - 3910 nM 4D5-5 - 1119 nM 4D5-7 - 3.2 nM 4D5-8 - 0.6 nM

D

Gal4UAS tBFP PGK mCherry

α-
CD

19
 s

yn
No

tc
h 

(a
nt

i-m
yc

 A
64

7)

scFv

MCF7
Her2+

no antigen

SENDER 
CELLS

E

BFP expression in T cells

Gal4UAS tBFP PGK mCherry

α-
G

FP
 s

yn
No

tc
h 

(a
nt

i-m
yc

 A
64

7)

103 105

100

0

BFP expression in T cells

K562
+GFP

K562
GFP+ GFP- 

103 105

100

0

K562
+GFP

K562

GFP+ GFP- α-GFP synNotch Gal4VP64 Variants T cells
with 5xGal4UAS tBFP PGK mCherry

F G

CD4 T cells

LaG16-2 (0.036 nM)Nanobody - LaG17 (50nM)
CD8 T cells

103 1050 103 1050

4D5-3 

4D5-5 

4D5-7 

4D5-8 

CD4 T cells CD8 T cells
RECEIVER CELLS

Level of CD19 on 
K562s and Daudi Tumors 

Level of surface GFP on K562s

CD8+ cells
LaG17 GFP nanobody
Low Affinity (50 nM)

LaG16-2 GFP nanobody
High Affinity (0.036 nM)

(legend on next page)

0.6 nM

3.9 µM

BFP Reporter

scFv affinity

Gal4

BFP

CD19 њ-CD19
synNotch

103 105

%
 o

f m
ax

. n
o.

 o
f c

el
ls 100

0

BFP expression in 

CD19+ 

CD4+ Receiver Cells

K562
CD19- 

SENDER CELLS

CD19+
CELL

(SENDER)

T CELL
CD4+ or CD8+
(RECEIVER) Cytokines

Custom T cell Gene Expression

Tailored T cell Responses

multiple orthogonal
channels

Receptors

synNotch integrates multiple
inputs

user-specified
environmental cues

(e.g. disease or tissue-specific antigens)

Differentiation
Therapeutics

Her2
anti-Her2 
synNotch

Primary Human 
CD8 T cell

MCF7  
Mammary 
Adenocarcinoma

TF

SynNotch Receptors Drive Custom Transcriptional 
Circuits in Response to Tumor Antigens



ALIVE DEAD

TUMOR
CELLS

activated T cellunarmed T cell
CAR

DUAL ANTIGENSINGLE ANTIGEN
antigen A/Bantigen B

CAR

Target

T Cell

SynNotch/CAR T cells Exclusively Target Dual Antigen 
Tumors In vivo



therapies. It is in principle possible to combine the dynamically
controlled synNotch/CAR system described here with these
other strategies.

Factors Contributing to Robust Dual Antigen
Discrimination
There are also valid concerns for the synNotch-gated CAR
T cells, including the potential for cells to leave the ‘‘priming’’ tis-
sue and cause damage to off-target tissues that express only the
CAR antigen. We have performed in vivo experiments to deter-
mine the extent to which this is a problem and have found that,
for our dual tumor model, T cells do not migrate from the region
of priming to then kill a ‘‘bystander’’ tumor (Figures S4D and
S4E). We hypothesize that once synNotch engagement is
ceased, the decay of CAR expression is fast (hours) compared

A

B C

D

Figure 5. Selective Combinatorial Antigen
Tumor Killing In Vivo by SynNotch-Gated
CAR Expression
(A) Primary human CD4+ and CD8+ T cells were

engineered with the a-GFP synNotch Gal4VP64

receptor and the corresponding response elements

regulating a-CD19 4-1BBz CAR expression and

were injected i.v. into NSG mice with a CD19 K562

tumor on the left flank and a surface-GFP/CD19

K562 tumor on the right flank. Tumor size was

monitored over 16 days after i.v. injection of en-

gineered T cells or untransduced T cell controls.

(B) Graphs showing CD19 and GFP/CD19 tumor

volumes for mice treated with synNotch AND-gate

T cells (top) and untransduced control T cells

(bottom). synNotch AND-gate T cells target the

dual antigen tumor exclusively and the CD19-only

tumor grew at the same rate as in mice treated

with untransduced control T cells (n = 5 mice, error

bars are SEM, significance determine by Student’s

t test, ** = p % 0.01, *** = p % 0.001).

(C) Tumor volume measurement for individual mice

treated with synNotch AND-gate T cells. All mice

showed selective killing of the dual antigen tumor.

(D) Kaplan-Meier graphs showing synNotch AND-

gate T cells clear GFP/CD19 tumors with 100% of

themice surviving. Micewith CD19-only tumors are

not cleared by synNotch AND-gate T cells and have

uncontrolled tumor growth. The corresponding tu-

mor growth curves are given on the right of (D) (n = 5

mice, error bars are SEM, significance determine

by Student’s t test, ** = p % 0.01).

to the time required for effective migration
and for full T cell activation by the CAR,
preventing such issues (Figure 2).
Moreover, there are other factors that

are likely to strongly amplify T cell action
within a dual antigen ‘‘disease’’ tumor.
First, induced expression of the CAR will
result in two recognition domains that
may more strongly retain the T cells in
the dual antigen tumor. Second, and
perhaps most importantly, the resulting
T cell activation will induce both local IL-

2 release and proliferation, leading to a strong positive feedback
loop of local T cell expansion and activation. It is likely that these
local positive feedback loops havemultiplicative effects, contrib-
uting to the remarkable degree of discrimination that we observe
with these AND-gate T cells.
It is also worth noting that one of the most powerful aspects of

synNotch receptor circuits is their amenability to facile engineer-
ing. Although not explored here, in addition to engineering the
selectivity of antigen recognition, it is possible to modulate the
dynamics of CAR expression (e.g., using degrons, mRNA desta-
bilization, and feedback control), which could tune the duration
and range of CAR activity (Lienert et al., 2014; Lim, 2010). In ef-
fect, such strategies would tune the degree of temporal coupling
between the priming synNotch receptor and the effector CAR.
The current synNotch-CAR circuits already function in a highly
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uncontrolled tumor growth. The corresponding tu-

mor growth curves are given on the right of (D) (n = 5

mice, error bars are SEM, significance determine
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to the time required for effective migration
and for full T cell activation by the CAR,
preventing such issues (Figure 2).
Moreover, there are other factors that

are likely to strongly amplify T cell action
within a dual antigen ‘‘disease’’ tumor.
First, induced expression of the CAR will
result in two recognition domains that
may more strongly retain the T cells in
the dual antigen tumor. Second, and
perhaps most importantly, the resulting
T cell activation will induce both local IL-

2 release and proliferation, leading to a strong positive feedback
loop of local T cell expansion and activation. It is likely that these
local positive feedback loops havemultiplicative effects, contrib-
uting to the remarkable degree of discrimination that we observe
with these AND-gate T cells.
It is also worth noting that one of the most powerful aspects of

synNotch receptor circuits is their amenability to facile engineer-
ing. Although not explored here, in addition to engineering the
selectivity of antigen recognition, it is possible to modulate the
dynamics of CAR expression (e.g., using degrons, mRNA desta-
bilization, and feedback control), which could tune the duration
and range of CAR activity (Lienert et al., 2014; Lim, 2010). In ef-
fect, such strategies would tune the degree of temporal coupling
between the priming synNotch receptor and the effector CAR.
The current synNotch-CAR circuits already function in a highly
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It is also worth noting that one of the most powerful aspects of

synNotch receptor circuits is their amenability to facile engineer-
ing. Although not explored here, in addition to engineering the
selectivity of antigen recognition, it is possible to modulate the
dynamics of CAR expression (e.g., using degrons, mRNA desta-
bilization, and feedback control), which could tune the duration
and range of CAR activity (Lienert et al., 2014; Lim, 2010). In ef-
fect, such strategies would tune the degree of temporal coupling
between the priming synNotch receptor and the effector CAR.
The current synNotch-CAR circuits already function in a highly
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that would be required for migration out of the priming tumor,
combined with the time required for CAR-mediated T cell acti-
vation in the bystander tumor. These activation/inactivation
dynamics could explain the requirement for highly local dual
antigens.

DISCUSSION

The Discriminatory Power of Dual Antigen Sensing
SynNotch/CAR Circuits in Therapeutic T Cells
The general concept of utilizing synNotch receptors to regulate
expression of receptors that drive T cell activation (e.g., CARs
or TCRs) has great potential to improve the safety and effective-
ness of T cell therapies by precisely and reliably localizing when
and where the therapeutic (and toxic) action of T cells occurs.
Here, we have shown that synNotch AND-gate T cells reliably
discriminate tumors with two identifying antigens from tissues
expressing only one of these antigens. The AND-gate circuit
works in a sequential manner—the synNotch receptor first rec-
ognizes a tumor-localized antigen, thereby driving the expres-
sion of a CAR that recognizes a second tumor antigen. The
CAR then mediates T cell activation only if the second cognate
antigen is present. This strategy (1) restricts the expression of
the CAR to the tumor microenvironment and (2) has the potential
to overcome the problem of off-target cross reaction that can
occur with conventional CAR T cells when the target antigen is
also present in bystander tissues (Figures 6A and 6B). Specific
discrimination for a tumor could be achieved if the tumor has a
unique combinatorial antigen profile that distinguishes it from
other bystander tissues.
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Figure 4. SynNotch Receptors Drive Tu-
mor-Localized CAR Expression In Vivo
(A) Primary human CD4+ and CD8+ T cells were

engineered with the a-GFP synNotch Gal4VP64

receptor and the corresponding response ele-

ments regulating a-CD19 4-1BBz CAR IRES effluc

expression and were injected i.v. into NSG mice

with a Daudi tumor (CD19 only) on the left flank and

a surface GFP Daudi (GFP/CD19) tumor on the

right flank. Luciferase expression was monitored

over 11 days after i.v. injection of engineered

T cells.

(B) A representative image of luciferase expression

in mice treated as described in (A) at day 7 after

T cell injection. Luciferase expression was high in

the GFP/CD19 tumor, indicating localized CAR

expression only in the dual antigen tumor (n = 2

mice).

(C) Quantification of integrated intensity of lucif-

erase levels in the left-flank Daudi tumor (CD19

only) and surface-GFP Daudi tumor (GFP/CD19) in

the right flank. Luciferase expression is enriched in

the dual antigen tumor at all time points (error is

SD, n = 2).

This approach for combinatorial anti-
gen recognition is a critical advance for
T cell therapies, as most other combina-
torial antigen recognition strategies

involve integrated signaling from multiple partially functional
CARs that work cooperatively or antagonistically to control the
activation of the T cell (Fedorov et al., 2013; Kloss et al., 2013;
Wilkie et al., 2012). Combinatorial control over T cell activation
with the synNotch-CAR AND-gate has several benefits
compared to the multiple CAR approach. Importantly, the syn-
Notch receptor by itself does not directly trigger T cell activation
at all—it is completely independent from CAR/TCR signaling.
Therefore, synNotch receptor engagement by itself does not
inflict any damage on the synNotch antigen bearing tissue—it
simply results in the priming response of inducing CAR
expression.
In contrast, whenmultiple CARs are expressed for combinato-

rial antigen gating of the T cell response, there are often sce-
narios where the partial signaling through one of the receptors
can generate sufficient T cell activity to cause some off-target
tissue damage (Wilkie et al., 2012). Multiple CAR strategies are
dependent on achieving a delicate balance of signaling and,
thus, have inherent limitations on generating digital-like AND-
gate behavior (no activity toward single antigens, maximal activ-
ity toward dual antigens). Moreover, many parameters of multi-
CAR systems must be precisely controlled, including the level
and ratio of the complimentary receptors and their relative
signaling strength. The amount of the target antigens present
on different tissues in the body can also complicate the ability
of the T cells to truly exhibit AND-gate logic (Kloss et al., 2013;
Wilkie et al., 2012). While these multi-CAR systems are an
exciting and important approach to enhance tumor targeting, a
wider range of combinatorial-sensing strategies will improve
our ability to treat a variety of tumors and diseases with T cell
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compared to the multiple CAR approach. Importantly, the syn-
Notch receptor by itself does not directly trigger T cell activation
at all—it is completely independent from CAR/TCR signaling.
Therefore, synNotch receptor engagement by itself does not
inflict any damage on the synNotch antigen bearing tissue—it
simply results in the priming response of inducing CAR
expression.
In contrast, whenmultiple CARs are expressed for combinato-

rial antigen gating of the T cell response, there are often sce-
narios where the partial signaling through one of the receptors
can generate sufficient T cell activity to cause some off-target
tissue damage (Wilkie et al., 2012). Multiple CAR strategies are
dependent on achieving a delicate balance of signaling and,
thus, have inherent limitations on generating digital-like AND-
gate behavior (no activity toward single antigens, maximal activ-
ity toward dual antigens). Moreover, many parameters of multi-
CAR systems must be precisely controlled, including the level
and ratio of the complimentary receptors and their relative
signaling strength. The amount of the target antigens present
on different tissues in the body can also complicate the ability
of the T cells to truly exhibit AND-gate logic (Kloss et al., 2013;
Wilkie et al., 2012). While these multi-CAR systems are an
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Enhancing and Sculpting the Immune Response



long as the modified T cells engage target and stay activated.
The production capacity of such modified cells was sufficient
to reach therapeutic levels without the need of repetitive drug
application [25]. The therapeutic advantage is indicated by
the fact that a dose of 105 IL-12 modified tumor-specific
T cells was more effective against established tumors than
106 T cells without IL-12 in a pre-clinical model, however,
induced some toxicity with body weight loss [29]. High doses
of systemically applied IL-12 did not fully reproduce the
effect [30]. In a pre-clinical model of CD19+ lymphoma,
T cells with inducible IL-12 eradicated established disease;
the anti-tumor activity required both CD4+ and CD8+

T cells, IFN-g release and autocrine acting IL-12 [31]. The
pre-clinical data implied that adoptive therapy with
iIL-12 CAR T cells may reduce the need of pre-conditioning
treatment to induce a lasting anti-tumor response. The CAR
inducible release (Table 1) of IL-12 moreover aims at avoiding
systemic toxicity.
In an early phase trial, however, adoptive therapy of

melanoma with tumor infiltrating lymphocytes engineered
with inducible IL-12 produced substantial toxicity with liver

dysfunction, high fever and hemodynamic instability [27].
High serum levels indicated that IL-12 was not trapped
within the melanoma lesion but entered circulation producing
systemic toxicity. Apart from that, TIL iIL-12 therapy was
effective since two-thirds of patients experienced clinical
responses. Cell doses were 50- to 100-fold lower than conven-
tional TIL therapy demonstrating the power of iIL-12-modi-
fied T cells. However, the responses tended to be short which
was likely due to the short persistence of the engineered TILs.

The release of the transgenic product is also triggered by the
endogenous TCR. This was exemplarily shown for Eps-
tein--Barr virus (EBV)-specific T cells which were modified
to produce transgenic IL-12. Engagement of EBV+ Hodgkin’s
lymphoma cells resulted in IL-12 release and subsequently to
elevated levels of the TH1 cytokines IFN-g and TNF-a and
reduced levels of the TH2 cytokines IL-4 and IL-5 [32]. While
the strategy is likewise feasible and showed some therapeutic
success, there are some limitations in the application to a
broad range of tumors. For instance, EBV-specific T cells
need to be isolated from the patient; once amplified ex vivo
to clinically relevant numbers, EBV-specific T cells bear the
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Figure 2. Dual anti-cancer cell activities by CAR T cells with inducible IL-12. T cells are engineered with a CAR specific for a
tumor-associated antigen expressed on the surface of cancer cells and with an inducible expression cassette encoding
transgenic IL-12. Such TRUCK T cells are activated upon CAR engagement, lyse the recognized cancer cells and release IL-12.
The IL-12 deposit in the tumor lesion acts in an autocrine fashion to augment CAR T-cell activation and attracts and activates
in a paracrine fashion innate immune cells which attack by TNF-a those antigen-negative cancer cells which are not
recognized by CAR T cells.
CAR: Chimeric antigen receptor.
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transduced cells were cocultured with the C57BL/6 splenocytes 
pulsed with hgp10025–33 peptide. We observed that NFAT.mIL12.
PA2 engineered cells produced IL-12 only following TCR recogni-
tion of speci!c antigen peptide (hgp10025–33) in a dose-dependent 
manner, whereas MSGV1.mIL12 engineered cells produced a 
constant amount of the cytokine (Figure 4b).

We then adoptively transferred pmel-1 T cells engineered 
with the constitutive or inducible IL-12 vectors into mice bear-
ing established B16 melanomas (Figure 5). As a standard treat-
ment control, 1 × 106 nonmodi!ed pmel-1 T cells were transferred 
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Figure 6 Adoptive transfer of increased numbers of interleukin-12 
(IL-12) modified cells improved the treatment efficacy but total 
body weight loss was observed using the MSGV1.mIL12 vector. 
(a) Tumor-bearing C57BL/6 mice (n = 5) were adoptive transferred with 
1 × 106 native pmel-1 T cells only (P only) or 1 × 106 native pmel-1 T cells 
combined with IL-2 600,000 IU daily for 3 days and rVVhgp100 vaccine 
(PVI). 5 × 105 pmel-1 T cells engineered with mIL-12 vectors (MSGV1.
mIL12* or NFAT.mIL12.PA2**) were transferred without IL-2 and vaccine. 
All the mice received 5 Gy lymphodepletion irradiation before infusion. 
Tumor sizes were assessed with serial measurements. Error bars represent 
SE of the mean (*,**P < 0.005 compared with PVI). (b) Body weight of 
each group was measure at different days (baseline = 100%). (c) The 
survival of tumor-bearing mice that received cell transfer was deter-
mined as shown (*,**P < 0.05 compared with PVI).
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Figure 7 Adoptive transfer of large numbers of Pmel-1 T cells engi-
neered with NFAT.IL12.PA2 vector-enhanced tumor therapeutic effi-
cacy without observed toxicity. (a) Antitumor treatment by transferring 
of 0.1 × 106 *, 0.5 × 106 **, 1 × 106 ***, and 3 × 106 # pmel-1 T cells engi-
neered with NFAT.mIL12.PA2 into B16 tumor-bearing mice (n = 5 ani-
mals per group, green fluorescent protein (GFP) transduced pmel T cells 
used as treatment control). All the mice received 5 Gy lymphodepletion 
irradiation before infusion, there was no vaccine or IL-2 administration. 
Tumor sizes were assessed with serial measurements. Error bars repre-
sent the SE of the mean (*,**,***,#P < 0.01 compared with pmel-T cell 
transduced with GFP). (b) Body weight of each group was measure at 
different days (baseline = 100%). (c) The survival of tumor-bearing mice 
that received pmel-1 T cells engineered with the NFAT.IL12.PA2 vectors 
or GFP was determined as shown (*,**,***,#P < 0.05 compared with pmel-
T cell transduced with GFP).

B16 Melanoma model 
T cells engineered with: 
• MART 1 TCR (specific for melanoma) 
• + NFAT Response Element controlled IL-12 
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Hijacking physiological transcriptional control to 
express therapeutic payload
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SynNotch Receptors Drive the Local Production of 
Therapeutic Antibodies in vivo
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