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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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