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SUMMARY: 23 
Here, we present a protocol to genetically edit CAR-T cells via a CRISPR/Cas9 system. 24 
 25 
ABSTRACT:  26 
Chimeric antigen receptor T (CAR-T) cell therapy is a cutting edge and potentially revolutionary 27 
new treatment option for cancer. However, there are significant limitations to its widespread 28 
use in the treatment of cancer. These limitations include the development of unique toxicities 29 
such as cytokine release syndrome (CRS) and neurotoxicity (NT) and limited expansion, effector 30 
functions, and anti-tumor activity in solid tumors. One strategy to enhance CAR-T efficacy 31 
and/or control toxicities of CAR-T cells is to edit the genome of the CAR-T cells themselves 32 
during CAR-T cell manufacturing. Here, we describe the use of CRISPR/Cas9 gene editing in CAR-33 
T cells via transduction with a lentiviral construct containing a guide RNA to granulocyte 34 
macrophage colony-stimulating factor (GM-CSF) and Cas9. As an example, we describe 35 
CRISPR/Cas9 mediated knockout of GM-CSF. We have shown that these GM-CSFk/o CAR-T cells 36 
effectively produce less GM-CSF while maintaining critical T cell function and result in enhanced 37 
anti-tumor activity in vivo compared to wild type CAR-T cells. 38 
 39 
INTRODUCTION: 40 
Chimeric antigen receptor T (CAR-T) cell therapy exhibits great promise in the treatment of 41 
cancer1,2. Two CAR-T cell therapies targeting CD19 (CART19) were recently approved in the 42 
United Stated and in Europe for the use in B cell malignancies after demonstrating striking 43 
results in multicenter clinical trials3-5. Barriers to more widespread use of CAR-T cells are limited 44 
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activity in solid tumors and associated toxicities including cytokine release syndrome (CRS) and 45 
neurotoxicity (NT)3,5-9. To enhance the therapeutic index of CAR-T cell therapy, genome 46 
engineering tools such as zinc finger nucleases, TALENs, and CRISPR are employed to further 47 
modify CAR-T cells in an attempt to generate less toxic or more effective CAR-T cells10,11.  48 
 49 
In this article, we describe a method to generate CRISPR/Cas9 edited CAR-T cells. The specific 50 
goal of this method is to genetically modify CAR-T cells during CAR-T cell manufacturing via 51 
CRISPR/Cas9 to generate less toxic or more effective CAR-T cells. The rationale for developing 52 
this methodology is built on lessons learned from clinical experience of CAR-T cell therapy, 53 
which indicates an urgent need for novel strategies to increase the therapeutic window of CAR-54 
T cell therapy and to extend the application into other tumors and is supported by the recent 55 
advances in synthetic biology allowing multiple modifications of CAR-T cells that have started to 56 
enter the clinic. While several genome engineering tools are being developed and applied in 57 
different settings, such as zinc finger nucleases, TALENs and CRISPR, our methodology describes 58 
CRISPR/Cas9 modification of CAR-T cells10,11. CRISPR/Cas9 is an RNA-based bacterial defense 59 
mechanism that is designed to eliminate foreign DNA. CRISPR relies on endonucleases to cleave 60 
a target sequence identified through a guide RNA (gRNA). CRISPR editing of CAR-T cells offers 61 
several advantages over other genome engineering tools. These include precision of the gRNA 62 
sequence, simplicity to design a gRNA targeting the gene of interest, high gene editing 63 
efficiency, and the ability to target multiple genes since multiple gRNAs can be used at the same 64 
time.  65 
 66 
Specifically in the methods described here, we used a lentivirus encoding CRISPR guide RNA and 67 
Cas9 to disrupt a gene during CAR transduction of T cells. In selecting an appropriate technique 68 
to edit CAR-T cells, we suggest the technique described here is an efficient mechanism to 69 
generate research grade CAR-T cells, but because the long term effect of permanent integration 70 
of Cas9 into the genome is unknown, we propose this methodology to develop proof of concept 71 
research grade CAR-T cells but not for producing good manufacturing practice grade CAR-T 72 
cells. 73 
 74 
In particular, here we describe the generation of granulocyte macrophage colony stimulating 75 
factor (GM-CSF) knockout CAR-T cells targeting human CD19. These CAR-T cells were generated 76 
by transduction with lentiviral particles encoding a guide RNA specific to GM-CSF (gene name 77 
CSF2) and Cas9. We previously found that GM-CSF neutralization ameliorates CRS and NT in a 78 
xenograft model12. GM-CSFk/o CAR-T cells allow for the inhibition of GM-CSF during the 79 
manufacturing process, effectively reducing production of GM-CSF while enhancing CAR-T cell 80 
anti-tumor activity and survival in vivo compared to wildtype CAR-T cells12. Thus, here we 81 
provide a methodology to generate CRISPR/Cas9 edited CAR-T cells. 82 
 83 
PROTOCOL: 84 
 85 
This protocol follows the guidelines of Mayo Clinic’s Institutional Review Board (IRB) and 86 
Institutional Biosafety Committee (IBC). 87 
 88 
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1. CART19 cell production 89 
 90 
1.1. T cell isolation, stimulation, and ex-vivo culture 91 
 92 
1.1.1) Carry out all cell culture work in a cell culture hood utilizing appropriate personal 93 
protective equipment. Harvest peripheral blood mononuclear cells (PBMCs) from de-identified 94 
normal donor blood cones collected during apheresis as these are known to be a viable source 95 
of PBMCs13.  96 
  97 
1.1.2) To isolate PBMCs, add 15 mL of a density gradient medium to a 50 mL density gradient 98 
separation tube. Dilute the donor blood with an equal volume of phosphate-buffered saline 99 
(PBS) containing 2% fetal bovine serum (FBS) to avoid cell trapping.  100 
 101 
1.1.2.1) Add the diluted donor blood from the cone into the separation tube, careful not to 102 
disturb the interface between the blood and the density gradient medium. Centrifuge at 1,200 103 
x g for 10 min at RT.  104 
 105 
1.1.2.2) Decant the supernatant into a new 50 mL conical, wash with PBS + 2% FBS by bringing 106 
up to 40 mL, centrifuge at 300 x g for 8 min at RT, aspirate supernatant, resuspend in 40 mL of 107 
buffer, and count cells. 108 
  109 
1.1.3) Isolate T cells from PBMCs via a negative selection magnetic bead kit using a fully 110 
automated cell separator according to the manufacturer’s protocol. 111 
 112 
1.1.4) To culture the isolated T cells, prepare T cell media (TCM) that consists of 10% human AB 113 
serum (volume/volume), 1% penicillin-streptomycin-glutamine (volume/volume), and serum-114 
free hematopoietic cell medium. Sterilize the media by filtering through a 0.45 µm sterile 115 
vacuum filter and then with a 0.22 µm sterile vacuum filter. 116 
  117 
1.1.5) Count T cells and culture at a concentration of 1 x 106 cells/mL. 118 
 119 
1.1.6) On Day 0 (the day of T cell stimulation), wash CD3/CD28 beads prior to stimulation of T 120 
cells. To wash, place the required volume of beads (use enough CD3/CD28 beads for a ratio of 121 
3:1 beads:T cells, note the concentration of beads can be variable) in a sterile 1.5 mL 122 
microcentrifuge tube and resuspend in 1 mL of TCM.  123 
 124 
1.1.7) Place in contact with a magnet.  125 
 126 
1.1.8) After 1 minute, aspirate the TCM and resuspend in 1 mL of fresh TCM to wash the beads. 127 
 128 
1.1.9) Repeat this procedure for a total of three washes.   129 
 130 
1.1.10) After the third wash, resuspend the beads in 1 mL of TCM.  131 
 132 
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1.1.11) Count the T cells.  133 
 134 
1.1.12) Transfer beads to the T cells at a ratio of 3:1 beads:cells. 135 
 136 
1.1.13) Dilute cells to a final concentration of 1 x 106 cells/mL.  137 
 138 
1.1.14) Incubate at 37 °C, 5% CO2 for 24 h. 139 
 140 
1.2. T cell transduction 141 
 142 
1.2.1) Carry out lentiviral work using BSL-2+ precautions, including cell culture hoods, personal 143 
protective equipment, and disinfection of used materials with bleach before disposal. 144 
 145 
1.2.2) Acquire a CART19 construct in a lentiviral vector.  146 
 147 
NOTE: The CART19 construct utilized here was designed and then synthesized de novo using a 148 
commercially available protein synthesis vendor. The CAR construct was subsequently cloned 149 
into a third generation lentivirus under control of an EF-1α promoter. The single chain variable 150 
region fragment is derived from the FMC63 clone and recognizes human CD19. The CAR19 151 
construct possesses a second generation 4-1BB costimulatory domain and CD3ζ stimulation 152 
(FMC63-41BBz)12.  153 
  154 
1.2.3) Perform lentiviral production as previously described12.  155 
 156 
1.2.3.1) In brief, to produce lentivirus, utilize 293T cells that have reached 70-90% confluency.  157 
 158 
1.2.3.2) Allow incubation for 30 min at room temperature of transfection reagents including 15 159 
µg of the lentiviral plasmid of interest, 18 µg of a gag/pol/tat/rev packaging vector, 7 µg of a 160 
VSV-G envelope vector, 111 µL of the pre-complexing reagent, 129 µL of the transfection 161 
reagent, and 9.0 mL of the transfection media before adding to the 293T cells. Then culture the 162 
transfected cells at 37 °C, 5% CO2. 163 
  164 
1.2.3.2) Harvest and concentrate supernatant at 24 and 48 h by ultracentrifugation at either 165 
13,028 x g for 18 h or 112,700 x g for 2 h. 166 
 167 
1.2.3.3) Freeze at -80 °C for future use. 168 
 169 
1.2.4) On Day 1, gently resuspend T cells to break up the rosettes of T cells that had been 170 
stimulated at 1 x 106/mL on Day 0.  171 
 172 
1.2.5) Under appropriate BSL-2+ precautions for all lentiviral work, add fresh or frozen 173 
harvested virus to the stimulated T cells at a multiplicity of infection (MOI) of 3.0.  174 
 175 
1.3) CAR-T cell expansion 176 



   

Page 4 of 9   
 

 177 
1.3.1) During the phase of expansion, continue to incubate the transduced T cells at 37 °C, 5% 178 
CO2. Count CAR-T cells on days 3 and 5, and add fresh, pre-warmed TCM to the culture to 179 
maintain a CAR-T cell concentration of 1 x 106/mL. 180 
 181 
1.3.2) Remove beads from the transduced T cells 6 days after stimulation (Day 6) using a 182 
magnet. Harvest, resuspend, and place T cells in 50 mL conical tubes in a magnet for 1 minute. 183 
Then collect the supernatant (contains the CAR-T cells), and discard the beads. 184 
 185 
1.3.3) Place the collected CAR-T cells back in culture at a concentration of 1 x 106 cells/mL to 186 
resume expansion.  187 
 188 
1.3.4) On Day 6, assess surface expression of the CAR by flow cytometry.  189 
 190 
NOTE: Several methods can be used to detect the surface expression of CAR, such as staining 191 
with a goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody or by staining with a CD19 192 
specific peptide, conjugated to a fluorochrome. Here, take an aliquot (about 100,000 T cells) 193 
from the culture and wash with flow buffer prepared with Dulbecco's phosphate-buffered 194 
saline, 2% fetal bovine serum, and 1% sodium azide. Stain the cells with the anti-CAR antibody 195 
and wash twice. Stain the cells with live/dead stain and CD3 monoclonal antibody (OKT3). Wash 196 
the cells and resuspend in flow buffer. Acquire on a cytometer to determine transduction 197 
efficiency. 198 
 199 
1.4) CAR-T cell cryopreservation  200 
 201 
1.4.1) To harvest and cryopreserve CAR-T cells 8 days after stimulation (Day 8 of T cell 202 
expansion), harvest the cells from culture. 203 
 204 
1.4.2) Spin down for 5 min at 300 x g.  205 
 206 
1.4.3) Resuspend in freezing medium at 10 million cells per mL per vial in freezing medium 207 
consisting of 10% dimethyl sulfoxide and 90% fetal bovine serum.  208 
 209 
1.4.4) Freeze in a freezing container to achieve a rate of cooling of -1 °C/minute in a -80 °C 210 
freezer and then transfer to liquid nitrogen after 48 hours. 211 
 212 
1.4.5) Prior to their use for in vitro or in vivo experiments, thaw CAR-T cells in warm TCM.  213 
 214 
1.4.6) Wash the cells to dilute and remove the dimethyl sulfoxide and resuspend to a 215 
concentration of 2 x 106 cells/mL in warm TCM. Rest overnight at 37 °C, 5% CO2. 216 
 217 
2) GM-CSFk/o CART19 production 218 
 219 
2.1) To disrupt GM-CSF, utilize a guide RNA (gRNA) targeting exon 3 of human GM-CSF (CSF2) 220 
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selected via screening gRNAs previously reported to have high efficiency for the CSF2 gene that 221 
encodes for the human cytokine GM-CSF14.  222 
 223 
NOTE: A commercially synthesized research grade Cas9 third generation lentiviral construct 224 
containing this gRNA (under a U6 promoter) was used. The construct contains a puromycin 225 
resistance gene. The sequence of the gRNA is GACCTGCCTACAGACCCGCC12.  226 
 227 
2.2) To produce lentivirus, utilize 293T cells that have reached 70-90% confluency. 228 
 229 
2.3) Allow 15 µg of the lentiviral plasmid of interest, 18 µg of a gag/pol/tat/rev packaging 230 
vector, 7 µg of a VSV-G envelope vector, 111 µL of the pre-complexing reagent, 129 µL of the 231 
transfection reagent, and 9.0 mL of the transfection media to incubate for 30 minutes at room 232 
temperature. 233 
 234 
2.4) Add transfection reagents to the 293T cells. Then culture at 37 °C, 5% CO2.  235 
 236 
2.5) Harvest and concentrate supernatant at 24 and 48 h by ultracentrifugation at either 13,028 237 
x g for 18 h or 112,700 x g for 2 h and freeze at -80 °C for future use. 238 
 239 
2.6) On Day 1, gently resuspend the T cells to break up rosettes.  240 
 241 
2.7) In a BSL-2+ approved laboratory, add frozen or freshly harvested virus to the stimulated T 242 
cells to generate CAR-T cells. Transduce T cells with both the CAR19 lentivirus and GM-CSF 243 
targeting CRISPR lentivirus. Add CAR19 lentivirus at a MOI of 3. Since titration of the CRISPR 244 
lentivirus was not feasible, use virus particles generated from a 15 ug plasmid preparation to 245 
transduce 5 x 106 T cells.  246 
 247 
2.8) See the remaining steps of T cell stimulation, expansion, and cryopreservation as discussed 248 
in step 1. 249 
 250 
2.9) For lentiCRISPR-edited T cells carrying puromycin resistance, treat cells with puromycin 251 
dihydrochloride at a concentration of 1 µg of puromycin per 1 million cells on Day 3 and Day 5. 252 
 253 
3) GM-CSF disruption efficiency and functional assessment of GM-CSFk/o CART19 254 
 255 
3.1) GM-CSF disruption efficiency: tracking of indels by decomposition (TIDE) sequencing and 256 
analysis 257 
 258 
3.1.1) To sequence the exon of interest in GM-CSF gene, use the following primers. Use a 259 
forward primer sequence for GM-CSF (CSF2) of TGACTACAGAGAGGCACAGA, and a reverse 260 
primer sequence of TCACCTCTGACCTCATTAACC. 261 
 262 
3.1.2) Extract DNA from up to 5 million CAR-T cells with a genomic extraction kit. For the PCR 263 
reaction, use 25 µL of a Taq mastermix per reaction with a final concentration of each primer in 264 



   

Page 6 of 9   
 

the PCR reaction of 1 µM, 0.1-0.5 µg of template DNA, and a total volume of the PCR reaction 265 
brought up to 50 µL with nuclease free water. 266 
 267 
3.1.3) See the PCR cycling conditions described in Table 1. 268 
 269 
3.1.4) Run PCR samples on a 1-2% agarose gel at 100 V for 30 minutes and extract using a gel 270 
extraction kit. 271 
 272 
3.1.5) Sequence PCR amplicons. Calculate allele modification frequency by uploading raw data 273 
into an appropriate TIDE software15. 274 
 275 
3.2) GM-CSF production and functional assessment of GM-CSFk/o CART19 276 
 277 
3.2.1) To determine the cytokine production of CAR-T cells, incubate wild type CART19 cells and 278 
GM-CSFk/o CART19 with the CD19 expressing acute lymphoblastic leukemia cell line NALM6 at a 279 
1:5 ratio for 4 hours at 37 °C, 5% CO2 in the presence of monensin solution, anti-human CD49d, 280 
anti-human CD28, and anti-human CD107a. 281 
 282 
3.2.2) Harvest cells from culture for flow cytometry. Wash the cells with flow cytometry buffer. 283 
Stain the cells with a live/dead staining kit. Incubate in the dark at room temperature for 15 284 
minutes. Fix the cells with a fixation medium and incubate in the dark at room temperature for 285 
15 minutes.  286 
 287 
3.2.3) After washing, stain the cells intracellularly with permeabilization medium in 288 
combination with anti-human IFNγ monoclonal antibody, anti-human GM-CSF, anti-human 289 
MIP-1β, anti-human IL-2, and anti-human CD3 and incubate in the dark at room temperature 290 
for 30 minutes. Wash and resuspend the samples. Acquire samples on a flow cytometer and 291 
analyzed for percentage of intracellular GM-CSF expression.  292 
 293 
REPRESENTATIVE RESULTS: 294 
Figure 1 shows reduction of GM-CSF in GM-CSFk/o CART19 cells. To verify that the genome of 295 
the T cells was altered to knockout GM-CSF, TIDE sequencing was used in the GM-CSFk/o CART19 296 
cells (Figure 1A). CAR-T cell surface staining verifies that the T cells successfully express the CAR 297 
surface receptor in vitro by gating on live CD3+ cells (Figure 1B). Intracellular staining of GM-298 
CSF by flow cytometry demonstrates decreased expression of GM-CSF in GM-CSFk/o CART19 299 
cells by gating on live CD3+ cells, verifying functional success of the knockout (Figure 1C). GM-300 
CSFk/o CAR-T cells exhibit a decrease in GM-CSF compared to wildtype anti-CD19 CAR-T cells 301 
(CART19) via intracellular staining (Figure 1B). In addition, we have previously shown that GM-302 
CSFk/o CAR-T cells reduce production of GM-CSF while enhancing anti-tumor activity and 303 
survival compared to wildtype CAR-T cells in vivo12.  304 
 305 
FIGURE AND TABLE LEGENDS: 306 
Table 1: PCR cycling conditions for TIDE sequencing of GM-CSFk/o CART19 cells. 307 
 308 



   

Page 7 of 9   
 

Figure 1: GM-CSFk/o CART19 cells show reduction in GM-CSF. A) A representative TIDE 309 
sequence verifies genome alteration of GM-CSF CRISPR Cas9 GM-CSFk/o CART19 cells with a 310 
disruption efficiency of ~71%. B) Representative flow plots depict successful CAR-T cell 311 
production with similar CAR expression on wild type CART19 and GM-CSFk/oCART19. C) As 312 
assayed by intracellular staining, GM-CSFk/o CART19 cells show reduced GM-CSF compared to 313 
wild type CART19 when stimulated with the CD19 positive ALL cell line NALM6.  314 
 315 
DISCUSSION:  316 
In this report, we describe a methodology to utilize CRISPR/Cas9 technology to induce 317 
secondary modifications in CAR-T cells. Specifically, this is demonstrated using lentiviral 318 
transduction with a viral vector that contains gRNA targeting the gene of interest and Cas9 to 319 
generate GM-CSFk/o CART19 cells. We had previously shown that GM-CSF neutralization 320 
ameliorates CRS and NT in a xenograft model12. As previously described, GM-CSFk/o CAR-T cells 321 
allow for the inhibition of GM-CSF during the manufacturing process, effectively reduce 322 
production of GM-CSF while maintaining other critical T cell functions, and result in enhanced 323 
anti-tumor activity in vivo compared to wildtype CAR-T cells12.  324 
 325 
Since permanent integration of Cas9 in the genome could be associated with unwanted effects 326 
when translated to a clinically viable product, we propose this specific methodology as a way to 327 
generate research grade CRISPR/Cas9 modified CART19 for proof of concept experiments.  328 
 329 
While CAR-T cells hold promise in cancer therapy1,2, their efficacy can continue to be enhanced 330 
and their associated toxicities better controlled. CRISPR/Cas9 technology provides a strategy to 331 
directly target the genome of CAR-T cells to engineer solutions to current clinical short comings. 332 
In this article, we describe the generation of GM-CSFk/o CART19 cells.  333 
 334 
GM-CSFk/o CAR-T cells were generated by transduction with a lentiviral vector for the CAR-T cell 335 
plasmid and a lentivirus construct containing a guide RNA to GM-CSF and Cas9. To generate the 336 
GM-CSFk/o, a third generation lentivirus construct (lentiCRISPRv2) containing Cas9 and a 337 
reported high efficiency guide RNA (gRNA) targeting exon 3 of human GM-CSF (CSF2)14 under 338 
the control of a U6 promoter was utilized. Particular care should be taken during the 339 
transduction steps of the procedure as these are the most critical to development of the 340 
modified CAR-T cells. Knockout efficiency can be verified and assessed via tracking of indels by 341 
decomposition (TIDE) sequences. Functional activity of CAR-T cells is investigated through the 342 
antigen specific stimulation of the CAR construct with CD19+ target cells, followed by 343 
measurement of different T cell functions, including the production of GM-CSF12. Of note, 344 
staining for CAR expression with a goat anti-mouse antibody should occur before other 345 
antibody staining with two washes occurring before surface staining due to the single chain 346 
variable region fragment of the CART19 being of mouse origin. This is a point of emphasis in 347 
trouble shooting if good CAR expression is not initially observed. 348 
 349 
These modified CAR-T cells can be used in in vitro studies and in vivo xenograft models for 350 
proof of concept experiments. An advantage of this technique is that CAR-T cell production and 351 
genetic manipulation can both occur in one step with good efficiency compared to other 352 
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techniques10,11. While dual lentiviral transduction is a convenient and effective method to 353 
generate research grade GM-CSFk/o CART19 cells, the DNA is incorporated into the genome and 354 
prolonged Cas9 expression may destabilize the genome and increase the risk of off-target 355 
effects. A limitation of this technique is that good-manufacturing practice grade knockouts 356 
would require modification of the technique to a ribonucleoprotein CRISPR/Cas9 system as this 357 
methodology does not result in permanent incorporation of Cas9 into the genome and reduces 358 
the potential for off-target effects. The methodology described in the protocol here can 359 
potentially be applied to a variety of genes to genetically modify CAR-T via CRISPR/Cas9 to help 360 
generate less toxic or more effective CAR-T cells. 361 
 362 
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Step Temp (°C) Time Cycles

Initial denaturation 94 3 min 1

Denaturation 94 45 sec

Annealing 60 30 sec

Extension 72 2 min

Post-elongation 72 10 min 1

4 ∞

35
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Name of Material/ Equipment Company

CD3 Monoclonal Antibody (OKT3), PE, eBioscience Invitrogen

CD3 Monoclonal Antibody (UCHT1), APC, eBioscience Invitrogen

Choice Taq Blue Mastermix Denville Scientific

CTS (Cell Therapy Systems) Dynabeads CD3/CD28 Gibco

CytoFLEX System B4-R2-V2 Beckman Coulter

dimethyl sulfoxide Millipore Sigma

Dulbecco's Phosphate-Buffered Saline Gibco

Dynabeads MPC-S (Magnetic Particle Concentrator) Applied Biosystems

Easy 50 EasySep Magnet STEMCELL Technologies

EasySep Human T Cell Isolation Kit STEMCELL Technologies

Fetal bovine serum Millipore Sigma

FITC Mouse Anti-Human CD107a BD Pharmingen

Fixation Medium (Medium A) Invitrogen
GenCRISPR gRNA Construct: Name: CSF2

CRISPR guide RNA 1; Species: Human, Vector:

pLentiCRISPR v2; Resistance: Ampicillin; Copy number:

High; Plasmid preparation: Standard delivery: 4 μg (Free

of charge) GenScript

Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 Invitrogen

https://tide.nki.nl. Desktop Genetics

Human AB Serum; Male Donors; type AB; US Corning

IFN gamma Monoclonal Antibody (4S.B3), APC-eFluor 780, eBioscience Invitrogen

Lipofectamine 3000 Transfection Reagent Invitrogen

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit, for 405 nm excitation Invitrogen

Lymphoprep STEMCELL Technologies

Monensin Solution, 1000X BioLegend

Mouse Anti-Human CD28 Clone CD28.2 BD Pharmingen

Mouse Anti-Human CD49d Clone 9F10 BD Pharmingen

Mouse Anti-Human MIP-1β PE-Cy7 BD Pharmingen

Mr. Frosty Freezing Container Thermo Scientific

NALM6, clone G5 ATCC

Nuclease Free Water Promega
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Olympus Vacuum Filter Systems, 500 mL, PES Membrane, 0.22uM, sterile Genesee Scientific

Olympus Vacuum Filter Systems, 500 mL, PES Membrane, 0.45uM, sterile Genesee Scientific
Opti-MEM I Reduced-Serum Medium (1X), Liquid Gibco

PE-CF594 Mouse Anti-Human IL-2 BD Horizon

Penicillin-Streptomycin-Glutamine (100X), Liquid Gibco

Permeabilization Medium (Medium B) Invitrogen

PureLink Genomic DNA Mini Kit Invitrogen

Puromycin Dihydrochloride MP Biomedicals, Inc.

QIAquick Gel Extraction Kit QIAGEN

Rat Anti-Human GM-CSF BV421 BD Horizon

RoboSep-S STEMCELL Technologies

SepMate-50 (IVD) STEMCELL Technologies

Sodium Azide, 5% (w/v) Ricca Chemical

X-VIVO 15 Serum-free Hematopoietic Cell Medium Lonza



Catalog Number Comments/Description

12-0037-42

17-0038-42

C775Y51

40203D

C10343 flow cytometer

D2650-100ML

14190-144 

A13346

18002

17951 negative selection magnetic beads; 17951RF includes tips and buffer

F8067

555800

GAS001S100

N/A custom order

A-21235

35-060-CI

47-7319-42

L3000075

L34966

07851

420701

559770

561892

560687

5100-0001

CRL-3273 acute lymphoblastic leukemia cell line

P119C



25-227

25-228
31985-070

562384

10378-016

GAS002S100

K182001

0210055210

28704

562930

21000 Fully Automated Cell Separator

85450

7144.8-16

04-418Q
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Title of Article: 

Author(s):  

Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access  Open Access

Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee.

 The Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee. 

ARTICLE AND VIDEO LICENSE AGREEMENT 

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video.
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.

Using CRISPR/Cas9 to edit CAR-T cells

Rosalie M. Sterner, Michelle J. Cox, Reona Sakemura, Saad S. Kenderian

x

x
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(ALA);Sterner et al JoVE Author_License_Agreement.pdf

https://www.editorialmanager.com/jove/download.aspx?id=984888&guid=538cca31-b72b-485d-a48c-bf1e982d2676&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=984888&guid=538cca31-b72b-485d-a48c-bf1e982d2676&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.
5. Grant of Rights in Video – Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE. 
6. Grant of Rights in Video – Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.
7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.
9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.
11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.
14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement is required per submission. 

CORRESPONDING AUTHOR 
Name:    

Department:  

Institution: 

Title:  

Signature:  Date:  

Please submit a signed and dated copy of this license by one of the following three methods: 
1. Upload an electronic version on the JoVE submission site
2. Fax the document to +1.866.381.2236
3. Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02140
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Editors of JoVE 

  

February 22, 2018 

Re: Using CRISPR/Cas9 to edit CAR-T cells  

Dear Editors,  

Here we re-submit editor revisions for consideration of a methods paper at your 
invitation (JoVE59629R1) entitled “Using CRISPR/Cas9 to edit CAR-T cells” by Rosalie 
M. Sterner, Michelle J. Cox, Reona Sakemura, and Saad S. Kenderian. 
 

CAR-T cell therapy is a new potent modality in the treatment of cancer that was FDA 

approved in 2017 for B cell malignancies. However, its wider application is limited by the 

development of toxicities and need for enhanced efficacy in certain situations. 

  

Here we describe one strategy to enhance CAR-T efficacy and/or control toxicities of 

CAR-T cells by editing the genome of the CAR-T cells themselves during CAR-T cell 

manufacturing. We detail the use of CRISPR/Cas9 gene editing in CAR-T cells via 

transduction with a lentiviral construct containing a guide RNA to granulocyte 

macrophage colony-stimulating factor (GM-CSF) and Cas9. As an example, we 

describe CRISPR/Cas9 mediated knockout of GM-CSF. We have shown that these 

GM-CSFk/o CAR-T cells effectively produce less GM-CSF while not inhibiting other 

critical T cell cytokines, and in vivo enhance anti-tumor activity and survival compared to 

wildtype CAR-T cells. 

 

Here we describe a methodology to edit CAR-T cells with CRISPR/Cas9 technology. 

We believe this methods paper would address an unmet need and is quite timely as 

CAR-T cell therapy access and care is a major issue. This work is well suited for the 

widespread viewership of JoVE. This is an original work that has not been published or 

submitted in the past. This work was supported through grants from K12CA090628 

(SSK), the National Comprehensive Cancer Network (SSK), the Mayo Clinic Center for 

Individualized Medicine (SSK), the Predolin Foundation (SSK), the Mayo Clinic Office of 

Translation to Practice (SSK), and the Mayo Clinic Medical Scientist Training Program 

Robert L. Howell Physician-Scientist Scholarship (RMS). SSK is an inventor on patents 

in the field of CAR T-cell therapy that are licensed to Novartis (under an agreement 
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between Mayo Clinic, University of Pennsylvania, and Novartis). These studies were 

funded in part by a grant from Humanigen (SSK). RMS, MJC, RS, and SSK are 

inventors on patents related to this work. The laboratory (SSK) receives funding from 

Tolero, Humanigen, Kite, Lentigen, Morphosys, and Actinium. 

 

We would like to thank the editor for their timely, thoughtful, and insightful comments. 

Below we have addressed the editor’s comments.  

 

Thank you for your consideration, 

 

 

 

Saad S. Kenderian, M.B., Ch.B. 

 

Editorial comments: 
 
1. The editor has formatted the manuscript to match the journal's style. Please 
retain the same. 
The formatting has been retained as requested. 
 
2. Please address specific comments marked in the manuscript. 
The comments have been addressed and explained in the manuscript as requested. 
 
3. For the protocol section, please remove the redundancy and write exactly how 
the individual action was performed. Please write the steps in order of it being 
performed. Please make the steps crisp. 
The steps have been edited as requested. 
 
4. Please proofread the manuscript once done. 
The manuscript has been proofed as requested. 
 
5. Once done please highlight 2.75 pages of the protocol including headings and 
spacings for filming purpose. 
The manuscript has been highlighted as requested. 
 
6. Please expand the result section. 
The results section has been expanded as requested. 
 
7. Please alphabetically sort the materials table. 
The materials table has been sorted as requested. 


