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Science Editor 
JoVE 
 
 
Dear Dr. Myers: 
 
On behalf of my co-author I wish to submit to JoVE our manuscript entitled “Approaches 

to Manufacture Chimeric Antigen Receptor (CAR) T cells and Assess their Function for 

Adoptive Immunotherapy” for consideration. Our work builds upon our extensive 

experience in the development and clinical evaluation of chimeric antigen receptor 

(CAR) therapies for B cell malignancies and the discovery of biomarkers predictive of 

response to CD19-specific CAR T (CTL019) cells, including the ability of these cells to 

expand and persist post-infusion (Sci Transl Med. 2015 Sep 2;7(303):303ra139). This 

work is based on our recently published manuscript (Cancer Immunol Res. 2018 

Sep;6(9):1100-1109) that showed the culture duration is an important determinant of 

function of CAR T cells in vivo. Importantly, the manufacturing process presented in this 

paper has been validated under current Good Manufacturing Process conditions, used in 

our clinical trials.   

 

We believe that our manuscript will be of great interest to investigators in the field of 

cellular therapy as it comprehensively presents the process of generating CAR T cells 

which is one major factor affecting T cell immunotherapy. We hope that you will 

appreciate its value and consider our manuscript for publication in your journal.  
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Saba Ghassemi, PhD 
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SUMMARY:  22 

We describe an approach to reliably generate chimeric antigen receptor (CAR) T cells and test 23 

their differentiation and function in vitro and in vivo. 24 

 25 

ABSTRACT: 26 

Adoptive immunotherapy holds promise for the treatment of cancer and infectious disease. We 27 

describe a simple approach to transduce primary human T cells with chimeric antigen receptor 28 

(CAR) and expand their progeny ex vivo. We include assays to measure CAR expression as well as 29 

differentiation, proliferative capacity and cytolytic activity. We describe assays to measure 30 

effector cytokine production and inflammatory cytokine secretion in CAR T cells. Our approach 31 

provides a reliable and comprehensive method to culture CAR T cells for preclinical models of 32 

adoptive immunotherapy.  33 

 34 

INTRODUCTION: 35 

Chimeric antigen receptors (CARs) provide a promising approach to redirect T cells against 36 

distinct tumor antigens. CARs are synthetic receptors that bind an antigen target. While their 37 

precise composition is variable, CARs generally contain 3 distinct domains. The extracellular 38 

domain directs binding to a target antigen and is typically comprised of a single chain antibody 39 

fragment linked to the CAR via an extracellular hinge. The second domain, commonly derived 40 

from the CD3 chain of the T cell receptor (TCR) complex, promotes T cell activation following 41 

CAR engagement. A third costimulatory domain is included to enhance T cell function, 42 

engraftment, metabolism, and persistence. The success of CAR T cell therapy in various 43 

hematopoietic malignancies including B cell acute lymphoblastic leukemia (ALL), chronic 44 
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lymphocytic leukemia (CLL) and multiple myeloma highlights the therapeutic promise of this 45 

approach1-6. The recent Food and Drug Administration (FDA) approvals for two CD19-specific CAR 46 

T cell therapies, tisagenlecleucel for pediatric and young adult ALL and axicabtagene ciloleucel 47 

for diffuse large B-cell lymphoma, reinforces the translational merit of CAR T cell Therapy.  48 

 49 

CAR T-based approaches involve the isolation of T cells from peripheral blood, activation, genetic 50 

modification, and expansion ex vivo. Differentiation is an important parameter regulating CAR T 51 

cell efficacy. Accordingly, restricting T cell differentiation during ex vivo culture enhances the 52 

ability of the infused product to engraft, expand, and persist, providing long term 53 

immunosurveillance following adoptive transfer2,7-9. T cells consist of several distinct subsets 54 

including: naïve T cells (Tn), central memory (Tcm), effector memory (Tem), effector 55 

differentiated (Tte) and stem cell memory (Tscm). Effector differentiated T cells have potent 56 

cytolytic ability; however, they are short lived and engraft poorly10-12. In contrast, T cells with a 57 

less-differentiated phenotype including naïve T cells and Tcm exhibit superior engraftment and 58 

proliferative abilities following adoptive cell transfer13-18. The composition of the collected T cells 59 

in the premanufactured product can vary across patients and correlates with the therapeutic 60 

potential of CAR T cells. The proportion of T cells with a naïve-like immunophenotype in the 61 

starting apheresis product is highly correlated with both engraftment and clinical response19. 62 

 63 

Culture duration is an important parameter influencing differentiation in CAR T cells prepared for 64 

adoptive transfer. We recently developed an approach to generate superior quality CAR T cells 65 

using an abbreviated culture paradigm20. Using our approach, we showed that limited culture 66 

gives rise to CAR T cells with superior effector function and persistence following adoptive 67 

transfer in xenograft models of leukemia. Here, we present the approaches to reliably generate 68 

CART19 cells (autologous T cells engineered to express anti-CD19 scFv attached to CD3 and the 69 

4-1BB signaling domains) and include a detailed description of the assays that provide insight into 70 

CAR T bioactivity and efficacy prior to adoptive transfer. 71 

 72 

PROTOCOL:  73 

All animal studies are approved by the Institutional Animal Care and Use Committee of the 74 

University of Pennsylvania. 75 

 76 

1. T cell activation, transduction, and expansion 77 

 78 

1.1. Activate fresh or cryopreserved primary human T cells by mixing with anti CD3/CD28 79 

magnetic beads (e.g., dynabeads) at a ratio of 3 beads per T cell in 6-well cell culture dishes. 80 

Culture T cells in X-VIVO 15 medium supplemented with 5% normal human AB serum, 2 mM L-81 

glutamine, 20 mM HEPES, and IL2 (100 units/mL). Maintain T cells at a concentration of 106 T 82 

cells/mL during expansion. Culture T cells at 37 °C, 20% O2, and 95% humidity with 5% CO2.  83 

 84 

1.2. After overnight stimulation, add lentiviral supernatant to activated T cells. Calculate the 85 

volume of supernatant necessary to achieve a multiplicity of infection (MOI) of 3−5.  86 

 87 



NOTE: The CD19-BBζ CAR lentivirus plasmid consists of a CD8 hinge, 4-1BB costimulatory domain, 88 

and CD3ζ signaling domain21. CD19-BBζ lentiviral supernatant was generated as previously 89 

described21. 90 

 91 

1.3. On day 3, collect a representative aliquot of cells for cryopreservation. Prior to 92 

cryopreservation, remove the magnetic beads by gentle pipetting and magnetic separation. 93 

Prepare freezing medium containing phosphate-buffered saline (PBS) with 0.5% dimethyl 94 

sulfoxide (DMSO) and store in 4 °C until use.  95 

 96 

1.3.1. Centrifuge T cells at 300 x g for 5 min. Discard the supernatant and add 5 mL of PBS. 97 

Centrifuge cells at 300 x g for 5 min and discard the PBS. 98 

 99 

1.3.2. Resuspend the cell pellet in 1 mL of cold cryopreservation medium. Freeze T cells in a 100 

chilled freezing container and store at -80 °C for 48 h. Transfer the frozen cells to liquid nitrogen.  101 

  102 

1.4. Wash the rest of the T cells once in 5 mL of PBS to eliminate residual vector. Centrifuge at 103 

300 x g for 5 min. Decant the PBS and resuspend the cell pellet in T cell culture medium at a 104 

concentration of 0.5 x 106 cells/mL. 105 

 106 

1.5. Split the T cells into two cultures, designated for day 5 and day 9. Count T cells by flow 107 

cytometry using counting beads (Table of Materials) and monoclonal antibodies to human CD4 108 

and CD8, as well as a viability dye (Table of Materials).  109 

 110 

1.5.1. To measure T cell concentration, prepare a master mix containing 500 µL of PBS, 5 µL of 111 

counting beads, 10 µL of 7-Amino-actinomycin D cell viability solution, 4 µL of CD4-FITC and 4 µL 112 

of CD8-APC. Add 40 µL of T cells to the master mix and measure cell concentration by flow 113 

cytometry based on number of live T cells/bead counts. Refeed to maintain the cultures at a 114 

concentration of 0.5 x 106 cells/mL every other day. 115 

 116 

1.6. On day 5, count and cryopreserve day 5 cultures as described in steps 1.3 and 1.5.  117 

 118 

1.7. On day 7, wash 0.5 x 106 T cells in PBS and resuspend in 100 µL of fluorescence activated cell 119 

sorting (FACS) buffer. Detect CAR surface protein expression by immunostaining with a 120 

fluorescently-conjugated anti-CAR19 idiotype by flow cytometry. 121 

 122 

1.8. On day 9, count day 9 cultures and cryopreserve as described in step 1.3.  123 

 124 

2. Phenotypic assessment of T cell differentiation 125 

 126 

2.1. Prepare a master mix containing pre-titrated antibodies for anti-CD3–BV605 (clone OKT3), 127 

anti-CD14–Pacific Blue (PB) (clone HCD14), anti-CD19–PB (clone HIB19), anti-CD4–BV510 (clone 128 

OKT4), anti-CD8–H7APC (clone SK1), anti-CCR7–FITC (clone 150503), anti-CD45RO–PE (clone 129 

UCHL1), anti-CD27–PE-Cy7 (clone 1A4CD27), anti-CD95–PerCP-Cy5.5 (Clone DX2), and anti-130 

CAR19-APC. 131 



 132 

2.2. Prepare individual fluorescence minus one (FMO) controls for anti-CD45RO–PE, anti-CCR7–133 

FITC, anti-CD27–PE-Cy7 and anti-CD95–PerCP-Cy5.5 to distinguish positively stained cells from 134 

background. 135 

 136 

2.3. Prepare dead cell staining solution by diluting live/dead stock reagent (Table of Materials) 137 

1:10,000 in PBS. 138 

 139 

2.4. Thaw day 3, day 5, and day 9 T cells that were previously cryopreserved. Centrifuge 1 x 106 T 140 

cells from each group at 300 x g for 3 min. Discard the supernatant. Wash the cells once with 141 

PBS. Centrifuge at 300 x g for 3 min and discard the PBS.  142 

 143 

2.5. Mix T cells with dead staining solution for 15 min at room temperature (RT), protected from 144 

the light. 145 

 146 

2.6. Add 1 mL of FACS buffer to quench the dead cell staining dye. Centrifuge at 300 x g for 3 min, 147 

discard the supernatant and resuspend the cell pellet in 100 µL of FACS buffer containing the 148 

antibody cocktail described in step 2.1 and 2.2. Incubate for 1 h at 4 °C. 149 

 150 

2.7. Add 1 mL of FACS buffer and centrifuge at 300 x g for 3 min to wash off unbound antibody. 151 

Repeat three times with FACS buffer. 152 

 153 

2.8. Resuspend cells in 1% paraformaldehyde (PFA) and store at 4 °C.  154 

 155 

2.9. As CD45RO expression decreases after fixation, analyze the samples by flow cytometry after 156 

immunostaining. To assess differentiation, gate in the following order: singlets (FSC-H vs FSC-A), 157 

live CD3+ T cells (Dump [live-dead violet, CD14-PB and CD19-PB vs CD3-BV605], CD4-BV510 vs 158 

CD8-APC-H7). In CD4+ and CD8+ subsets, gate on CD45RO-PE vs CCR7-FITC to define naïve-like T 159 

cells (CD45RO-CCR7+), Tcm (CD45RO+CCR7+), Tem (CD45RO+CCR7-), and Tte (CD45RO-CCR7-). 160 

To identify Tscm, gate on CD27+ T cells in naïve-like T cells population. In this compartment, Tscm 161 

are CD95+ and Tn are CD95-.  162 

 163 

3. In vitro functional analysis 164 

 165 

3.1. CAR T cell proliferation and cytokine secretion 166 

 167 

3.1.1. Verify CAR expression as well as cell viability as described in steps 1.5 and 1.7, by flow 168 

cytometry. 169 

 170 

3.1.2. Wash 5 x 106 T cells from each group (day 3, day 5 and day 9) with PBS and resuspend in a 171 

1 µM solution of carboxyfluorescein diacetate succinimidyl ester (CFSE) in PBS for 3.5 min at RT. 172 

 173 

3.1.3. Immediately add 10 mL of PBS containing 10% fetal bovine serum (FBS) to quench the 174 

reaction. 175 



 176 

3.1.4. Centrifuge the solution at 300 x g for 3 min. Discard the supernatant and repeat this wash 177 

step three times. Count the cells at the conclusion of CFSE staining using a Coulter counter (Table 178 

of Materials). 179 

 180 

3.1.5. Harvest CFSE-stained cells (unstimulated), resuspend in 1% PFA and store at 4 °C for 181 

analysis by flow cytometry. 182 

 183 

3.1.6. Incubate the desired number of CFSE-stained CAR T cells with irradiated K562-CD19 184 

(target) as well as K562-wild type (control) cells at a ratio of 1:1 for 120 h in cytokine free culture 185 

medium and culture conditions as described in step 1.1.  186 

 187 

3.1.7. After 24 h, centrifuge the culture vessel at 300 x g for 5 min. Collect 120 µL of cellular 188 

supernatant. Assess activation-dependent production of IL2, IFNγ, TNFα, GM-CSF, and other 189 

inflammatory cytokines (IL1β, IL4, IL5, IL6, IL8, and IL10) by Luminex analyses in accordance with 190 

the manufacturer’s recommendations.  191 

 192 

3.1.8. Replace the volume of supernatant that was collected in step 3.1.7 with an equivalent 193 

volume (120 µL) of fresh medium.  194 

 195 

3.1.9. On day 3 (i.e., after 96 h), count and re-feed at a concentration of 0.5 x 106 cells/mL using 196 

bead-based flow cytometry as previously in step 1.5. 197 

 198 

3.1.10. On day 5, count the live CD3+ cells and calculate the fold change of live T cells relative to 199 

the live T cell count at day 0. 200 

 201 

3.1.11. Perform a comprehensive analysis of CFSE dilution in dividing CAR T cells using FlowJo 202 

software to highlight successive rounds of cell division.  203 

 204 

NOTE: Proliferation assays are well described in the FlowJo manual.  205 

 206 

3.2. Cytotoxicity assay 207 

 208 

NOTE: The ability of CART19 cells to kill target cells expressing CD19 is evaluated using a 51Cr 209 

release-assay.  210 

 211 

3.2.1. Label the target cells by mixing 5 x 105 K562-CD19, K562-wild type control cells, or NALM6 212 

leukemia cells with 50 µL of Na2
51CrO4 and 0.5 mL of RPMI supplemented with 10% FBS for 90 213 

min in the incubator at 37 °C. 214 

 215 

3.2.2. Centrifuge cells at 300 x g for 2.5 min. Discard the radioactive supernatant in appropriate 216 

disposal bins and wash the target cells in 5 mL of PBS. Repeat the wash steps twice.  217 

 218 



3.2.3. Resuspend the target cells in phenol red-free medium containing 5% FBS. Use this medium 219 

for the rest of the procedure to reduce background. 220 

 221 

3.2.4. After evaluating CAR expression and cell viability by flow cytometry (as described in section 222 

5.1), mix CAR T cells with labeled target cells at effector:target (E:T) ratios of 10:1, 3:1 and 1:1, in 223 

triplicate. Transfer to a 96-well U bottom plate. 224 

 225 

3.2.5. In parallel, include target cells alone, and target cells with 1% sodium dodecyl sulfate (SDS), 226 

to determine spontaneous (S) and maximum (M) 51Cr release, respectively. 227 

 228 

3.2.6. Centrifuge cells at 300 x g for 5 min and incubate for 4 h or 20 h in a 37 °C incubator with 229 

5% CO2. 230 

 231 

3.2.7. After the designated time, centrifuge the culture vessel at 300 x g for 5 min. Collect 35 µL 232 

of cellular supernatant and transfer to a reader plate. Avoid bubbles. Let the plate dry overnight.  233 

 234 

3.2.8. Seal the plate with a standard plate seal and count with a liquid scintillation counter. 235 

Chromium abundance in the supernatant provides a proxy of target cell killing. Calculate the 236 

percentage of specific lysis as follows: 100 x (counts per minute [cpm] experimental release – 237 

cpm S release)/ (cpm M release – cpm S release).  238 

 239 

4. In vivo functional analysis 240 

 241 

4.1. Obtain 6−10-week-old NOD-SCID γc
–/– (NSG) mice, which lack an adaptive immune system, 242 

and assign them to treatment/control group randomly. 243 

 244 

4.2. Inject animals intravenously via tail vein with 1 x 106 NALM6 cells in 0.1 mL sterile PBS. 245 

 246 

4.3. After 5−7 days, confirm tumor engraftment by bioluminescence imaging (BLI). Inject 150 247 

mg/kg of D-luciferin to mice which have been anesthetized with isoflurane (volume is dependent 248 

on body mass).  249 

 250 

4.3.1. Measure bioluminescence values using an imaging system. Quantify total flux using the 251 

corresponding software by drawing rectangles of identical area around mice, reaching from head 252 

to 50% of the tail length. Subtract the background for each image individually.  253 

 254 

4.4. After establishing leukemia, inject 3 x 106 day 9 CART19 cells, 0.5 x 106 day 3 CAR T cells, or 255 

corresponding non-transduced (NTD) human T cells via tail vein in a volume of 100 µL of sterile 256 

PBS/Ca2+. 257 

 258 

NOTE: As the bioactivity of cells harvested at various intervals during the culture process is 259 

different, the chosen concentration of day 3 cells is lower than day 9. 260 

 261 



4.5. To determine disease progression, measure the bioluminescence values twice a week as 262 

described above in step 4.3.  263 

 264 

4.6. To determine CAR T cell engraftment, collect 75 µL blood via retro-orbital bleeding in an 265 

EDTA-coated tube. Transfer 50 µL of blood to absolute counting tubes. 266 

 267 

4.7. Stain blood with antibodies against CD45, CD4, CD8 and CAR for 30 min at RT. Add 400 µL of 268 

1x FACS lysing solution to the tubes and vortex thoroughly. After staining, analyze surface marker 269 

expression by flow cytometry. 270 

 271 

NOTE: Other surface markers can be used to assess the differentiation and exhaustion status of 272 

the T cells in blood. 273 

 274 

4.8. To measure cytokines levels in blood, centrifuge blood at 1200 x g for 30 min at 4 °C to 275 

separate serum from the upper layer of blood. 276 

 277 

4.9. Collect serum and measure the cytokines with a designated reader plate according to the 278 

manufacturer’s instructions.  279 

 280 

REPRESENTATIVE RESULTS:  281 

Using the methods described above, we stimulated and expanded T cells for either 3 or 9 days 282 

(Figure 1A,B). We also analyzed their differentiation profile, as indicated by the gating strategy 283 

outlined in Figure 1C, by measuring the abundance of distinct glycoproteins expressed on the cell 284 

surface. We show a progressive shift towards effector differentiation over time during ex vivo 285 

culture (Figure 1D). We assessed the effector function and proliferative capacity of CAR T cell in 286 

response to antigen. We show that cells that were expanded less (harvested earlier) were 287 

functionally superior compared to the cells extensively cultured over a longer duration. Day 3 288 

CART19 cells have enhanced proliferative and cytolytic ability upon re-stimulation with their 289 

cognate ligand relative to day 9 (Figure 2A,B).  290 

 291 

In a human xenograft moue model of ALL, we compared the potency of CAR T cells harvested at 292 

3 days versus 9 days (Figure 3A). We showed a dose dependent anti leukemic response for the 293 

CART19 cells generated for 9 days with a complete response for high dose of 3 x 106 and a loss of 294 

efficacy for the low dose of 0.5 x 106. The day 3 CART19 cells showed persistent tumor control in 295 

both high and low doses of CART19 cells (Figure 3B). This response was associated with the 296 

absolute count of CART19 in the peripheral blood of mice (Figure 3C) which was analyzed based 297 

on the protocol described above. These results obtained from our comprehensive assessment of 298 

CAR T function provide evidence that that CAR T cells harvested earlier (day 3) outperform CAR 299 

T cells harvested on day 9.  300 

 301 

FIGURE LEGENDS: 302 

 303 

Figure 1: Representative proliferation and differentiation profile of CAR T cells. (A) CART19 cell 304 

expansion following stimulation with anti-CD3/CD28 magnetic beads. (B) Cell size was assessed 305 



by Coulter analysis throughout the culture. (C) Representative gating strategy for phenotypic 306 

analysis of T cells. (D) Temporal analysis of T cell differentiation.  307 

 308 

Figure 2: Day 3 CART19 cells display enhanced effector function and proliferation relative to 309 

day 9 cells. (A) CART19 cells were harvested on day 3 and 9 and co-cultured at the indicated E:T 310 

ratio with CD19-expressing K562 cells (K562-19) or wild-type K562 (K562-wild type). Specific 311 

cytotoxicity was measured by 51Cr release after 4 h. (B) CSFE-labeled CART19 cells were co-312 

cultured with K562-19, K562-wild-type, or medium only for 120 h at a 1:1 E:T ratio. Cells were 313 

harvested at indicated timepoints. Absolute counts were assessed by flow cytometry. Relative 314 

fold changes of live T cell count normalized to T cell count at day 0 are shown. Data are plotted 315 

as mean ± standard deviation (SD). ***P < 0.001 comparing day 3 versus day 9. 316 

 317 

Figure 3: Day 3 CART19 cells are more potent in vivo than day 9 cells. (A) Schematic of the 318 

xenograft model and CART19 cell treatment. Day 3 and 9 CART19 cells or control T cells (UTD) 319 

were IV-injected in mice 5−7 days after NALM6 injection. (B) Quantification of tumor burden by 320 

bioluminescence imaging on day 38 in mice treated with CART19 cells harvested on day 3 and 321 

day 9. Symbols represent one mouse each. Horizontal black line: mean of each group. (C) 322 

Absolute peripheral blood CD45+ T cell counts were measured every two weeks after CART19 cell 323 

injection and at the end of the experiment by an appropriate counting method (such as TruCount) 324 

Unpaired Mann-Whitney test, two-tailed was used. **P < 0.01, ***P < 0.001, ****P < 0.0001. 325 

 326 

DISCUSSION: 327 

Here we describe approaches to measure the function and efficacy of CAR T cells harvested at 328 

varying intervals throughout ex vivo culture. Our methods provide comprehensive insight into 329 

assays designed to assess proliferative capacity as well as effector function in vitro. We describe 330 

how to measure CAR T cell activity following stimulation through the CAR and detail xenograft 331 

models of leukemia using CAR T cells harvested at day 3 vs day 9 of their logarithmic expansion 332 

phase.  333 

 334 

There are inherent challenges in comparing the efficacy of CAR T cells harvested at different time-335 

points during ex vivo expansion. As the quantity of T cells generated over a 3-day culture duration 336 

is low, there may be insufficient numbers to perform a comprehensive assessment of function. 337 

This is exacerbated in the context of patient T cells whose proliferative ability is often diminished 338 

due to extrinsic and intrinsic factors20.  339 

 340 

How many CAR T cells should be infused given that day 3 cells exhibit enhanced metabolic and 341 

proliferative ability compared to their day 9 counterparts that are exiting their logarithmic 342 

proliferative phase? We estimated what numbers of day 3 CAR T cells would reach 3 x 106 if they 343 

were expanded for a further 6 days in culture. We used this estimate to inform how many day 3 344 

CAR T cells should be infused (0.5 x 106) to compare equivalently to day 9. Accordingly, we apply 345 

the “stress test” approach to compare the bioactivity, efficacy, and persistence of infused CAR T 346 

cells. Decreasing the number of infused CAR T cells from 3 x 106 to 0.5 x 106 reveals differences 347 

that would otherwise be masked by saturation of numbers. Mechanistically, tumor control relies 348 



on the accumulation of sufficient effector cells to lyse their corresponding target cells. At high 349 

numbers of infusion, both day 3 and day 9 CAR T cells exhibit functional competence. 350 

 351 

Another challenge in working with day 3 CAR T cells is their firm attachment to the stimulatory 352 

surface. Displacing them from the magnetic beads requires repetitive pipetting to mechanically 353 

dissociate them and enhance their recovery from culture. In contrast, day 9 cells have 1) already 354 

detached from the beads, and 2) diluted the beads to such an extent that they can be harvested 355 

with relative ease. 356 

 357 

Another important variable in the CAR T cell manufacturing process is the choice of cell culture 358 

medium. RPMI-based medium which has been supplemented with FBS is commonly used for 359 

experimental purposes. In contrast, either X-VIVO 15 or OpTmizer, supplemented with human 360 

serum are preferred in clinical applications. While these are less characterized, they may contain 361 

components that facilitate T cell expansion in a shorter time period. Their impact on 362 

differentiation is unknown. Additionally, the addition of cytokines influences growth, survival, 363 

and phenotype. While IL-2 drives rapid proliferation and differentiation into effector cells, IL-7 364 

and IL-15, which originate in the lymph node and have known roles in homeostatic persistence, 365 

improves expansion of T cells and promote a memory stem/central memory phenotype22-25. 366 

 367 
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Name of Material/ Equipment Company Catalog Number

Anti CD3/CD28 dynabeads Thermo Fisher 40203D

APC Mouse Anti-Human CD8 BD Biosciences 555369

APC-H7 Mouse anti-Human CD8 Antibody BD Biosciences 560179

BD FACS Lysing Solution 10X Concentrate BD Biosciences 349202

BD Trucount Absolute Counting Tubes BD Biosciences 340334

Brilliant Violet 510 anti-human CD4 Antibody BioLegend 317444

Brilliant Violet 605 anti-human CD3 Antibody BioLegend 317322

CellTrace CFSE Cell Proliferation Kit Life Technolohgies C34554

CountBright Absolute Counting Beads, Invitrogen C36950

FITC anti-Human CD197 (CCR7) Antibody BD Pharmingen 561271

FITC Mouse Anti-Human CD4 BD Biosciences 555346

HEPES Gibco 15630-080

Human AB serum Valley Biomedical HP1022

Human IL-2 IS, premium grade Miltenyi 130-097-744

L-glutamine Gibco 28030-081

Liquid scintillation counter,  MicroBeta trilux Perkin Elmer

LIVE/DEAD Fixable Violet Molecular Probes L34964

Multisizer Coulter Counter Beckman Coulter

Na2
51CrO4 Perkin Elmer NEZ030S001MC

Pacific Blue anti-human CD14 Antibody BioLegend 325616

Pacific Blue anti-human CD19 Antibody BioLegend 302223

PE anti-human CD45RO Antibody BD Biosciences 555493
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PE/Cy5 anti-human CD95 (Fas) Antibody BioLegend 305610

PE/Cy7 anti-human CD27 Antibody Beckman Coulter A54823

Phenol red-free medium Gibco 10373-017

UltraPure SDS Solution, 10% Invitrogen 15553027

Via-Probe BD Biosciences 555815

X-VIVO 15 Gibco 04-418Q

XenoLight D-Luciferin - K+ Salt Perkin Elmer 122799
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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-
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sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may 
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Massachusetts corporation and the publisher of The Journal 
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“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.
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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. 
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We thank all reviewers for their thorough critiques and constructive suggestions to 
strengthen this manuscript. Below we provide a point-by-point response to each 
editor/reviewer comment.  
 
Editorial comments: 
Changes to be made by the Author(s): 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there 
are no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and 
any errors in the submitted revision may be present in the published version. 
CAR-T vs CART vs CAR T cells? Please be consistent. 
 
All prose have been proofread and corrected.  
 
2. Please do not abbreviate journal titles in the References. 
 
This has been rectified.  
 
3. Please sort the Materials Table alphabetically by the name of the material. Please 
remove the TM and © symbols as well. 
 
This has been rectified.  
 
4. Please shorten the title to be more concise. 
 
Title has been modified.  
 
5. JoVE cannot publish manuscripts containing commercial language. This includes 
trademark symbols (™), registered symbols (®), and company names before an instrument 
or reagent. Please remove all commercial language from your manuscript and use generic 
terms instead. All commercial products should be sufficiently referenced in the Table of 
Materials and Reagents. 
For example: Dynabeads, etc. 
 
This has been rectified in Material Table.   
 
6. Please add more details to your protocol steps. Please ensure you answer the “how” 
question, i.e., how is the step performed? Alternatively, add references to published 
material specifying how to perform the protocol action. 
 
More details added when necessary. 
 
7. Please provide all volumes and concentrations used throughout. 
 
This has been rectified.  
 
8. Much of the protocol is very generalized. Please provide specific values for specific 
instructions. We need these details so others can replicate the protocol. 

rebuttal letter Click here to access/download;Rebuttal Letter;Jove-
rebuttal_03282019.docx
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We explained the details so that it is straightforward to replicate the protocol. Please 
specify any additional changes needed.    
 
9. How was harvesting specifically done? 
The word harvest has been replaced with “collected” to provide clarity. 
 
10. What are the flow cytometry parameters used? 
 
This will be specific to each flow cytometer machine and meaningless to add it.  
 
11. Please provide RRIDs for the antibodies. What dilutions are used? What are their 
concentrations? 
 
RRIDs for the antibodies have been included. All antibodies have to be titrated based on the 
specific LOT number and cell type. It is a value that must be determined.  
 
12. How many cells are centrifuged? 
 
This information has been added.  
 
13. Please highlight 2.75 pages or less of the Protocol (including headings and spacing) 
that identifies the essential steps of the protocol for the video, i.e., the steps that should be 
visualized to tell the most cohesive story of the Protocol. Remember that non-highlighted 
Protocol steps will remain in the manuscript, and therefore will still be available to the 
reader. 
14. Please ensure that the highlighted steps form a cohesive narrative with a logical flow 
from one highlighted step to the next. Please highlight complete sentences (not parts of 
sentences). Please ensure that the highlighted part of the step includes at least one action 
that is written in imperative tense. 
 
This information has been added.  
 
15. Please revise the text to avoid the use of any personal pronouns (e.g., "we", "you", "our" 
etc.). 

 
 
 
Reviewer #1: 
Manuscript Summary: 
Drs. Ghassemi and Milone present a technical manuscript describing their methodology for 
preparing engineered "CAR-T cells" intended for in vitro and in vivo functional study. The 
topic will be of interest to others and the manuscript is well written with sufficient detail. 
There are minor changes that would strengthen the manuscript prior to publication. 
 
General points: 
-in the introduction, the authors state that "CARs are synthetic receptors containing 3 
distinct modules". This statement is incorrect. As defined, Chimeric antigen receptors are 
synthetic receptors that bind an antigen target. The precise composition is variable.  



 
Response:  
We appreciate the reviewer’s comment. We have modified the main text.    
 
-Please highlight that the phenotypic and functional characteristics of individual donors 
impacts the functionality and polyclonal subsets present at end-expansion. Donor to donor 
variability is not discussed, and should at least be mentioned, particularly as all the data 
displayed arises from the use of a single T cell donor. 
 
Response:  
We agree with the reviewer regarding the effect of donor to donor variability on the final 
product. We now included this in the text.   
“The composition of the collected T cells in the premanufactured product is variable across 
patients and correlates with the therapeutic potential of CAR T cells. 

 
-Please indicate the perceived etiology of the non-specific cytotoxicity seen in Figure 2A 
with the d3-WT and expand upon how this may affect toxicity following adoptive transfer to 
a human patient. Please indicate at what day the UTD (which may be untransduced 
control?) was harvested from culture. If d9, is there a d3 control? 
 
Response:  
In general, there is a small degree of non-specific cytotoxicity from WT T cells co-cultured 
with targets cells in all killing assays. The underlying reason is that nutrient-rich culture 
conditions (including high serum levels) induces a global stimulus triggering T cell activation 
and signaling.  This is exacerbated in day 3 samples given their overall enhanced metabolic 
activity. UTD in this figure were generated at day 9. However, in years of killing assays, we 
see no significant differences between day 3 or day 9 (UTD).  
 
-Please discuss the possibility of non-integrants expressed at d3, and how this may impact 
functionality of cells. Was CAR expression measured on the hCD45+ cells collected from 
the mice (Figure 3B)?  
 
Response:  
Viral-mediated integration in activated T cells occurs within 12-24 hrs.  
CAR expression was measured in vitro prior to infusion. This is standard practice.  
 
-Description of representative results indicates strongly that cells harvested with limited 
expansion are functionally superior. Please include the caveat "using our method" to narrow 
this statement to expansion under the described circumstances. Other T cell activation and 
expansion protocols may obtain different results. 
 
Response:  
We agree with the reviewer’s point the phenotype and function of manufactured products 
are highly influenced by specific method of ex vivo manufacturing. We included the phrase 
“using this method” within the text.  
 
Specific to methods: 
-Within the description of the protocol, the media used for T cell expansion is not defined, 



except on D0. Is the same media maintained throughout? Is IL-2 at the indicated 
concentration used throughout? 
 
Response:  
The medium is consistent throughout T cell activation and expansion unless otherwise 
noted.100 units/mL IL-2 is used throughout T cell expansion as mentioned in method. 
We now included this on the T cell activation and expansion section.  
 
-Within "CAR-T proliferation and cytokine secretion", description of re-feeding on day 3 
does not include media type and whether cytokine is added at this step. 
 
Response:  
This has been modified in the main prose.  
 
-Luminex-based analysis of secreted cytokine is mentioned, but without data presented or a 
full description of the protocol or instrumentation used. Please remove, or add data and 
describe how these experiments are typically performed (as this is a methods paper). 
 
Response:  
This has been modified in the main prose.  
 
-Cytotoxicity assay should include centrifugation of plate prior to collection of supernatants 
to transfer to LumaPlate 
 
Response:  
This has been modified in the main prose.  
 
-When were the cells harvested from mice displayed in figure 3C? The legend indicates PB 
analysis every 2 weeks - is this data available to display? 
 
Response:  
The figure has been modified to include the date. We only included a representative graph 
due to space limitations.  

 
 
Reviewer #2:  
Manuscript Summary: 
The authors describe methods of generation of CD19 CAR T cells using lentiviral 
transduction. Some additional methods to assess the function of CD19 CAR T cells in vitro 
and in vivo are also provided 
 
Major Concerns: 
none 
 
Minor Concerns: 
1. Perhaps the authors should also discuss the possibility of preserving CAR T 
expansion/persistence potential by replacing a differentiation-inducing cytokine IL-2 with 
something milder like IL-15 and IL-21. 



 
Response:  

We appreciate the reviewer’s comment. This is discussed in the last 4 lines of the 
discussion. 
 
2. Do CART cells harvested early vs late post transduction survive freeze-thaw differently? 
Would be interesting to look or discuss, if the authors have data 
 
Response:  
A very interesting question which we have tested previously- there is no difference in 
cryopreservation quality between d3 and d9 cells. 
 
3. Legends would be helpful in Fig. 1A and B 
 
Response:  
Legends have been added accordingly.  
 
4. A few typos, should be fixed during copyediting 
 
Response:  

We appreciate the reviewer’s comment. Typographical errors have been corrected.  
 


