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SUMMARY: 
This protocol describes the essential steps for investigating the kinetics of activation and deactivation of drug-regulated CAR T cells via measurement of cytokine secretion after co-culture with target cells.

ABSTRACT: 
Although the adoptive transfer of T cells expressing chimeric antigen receptors (CARs) has revolutionized the treatment of many hematologic malignancies, the efficiency of this cell-based therapy towards solid tumors remains subpar. CAR T cells with boosted potency are thus necessary; however, their activity should be regulatable to prevent toxicities linked to their massively improved proliferation, persistence, and cytotoxic potential. 

An exciting option is the use of drug-regulated switches that enable the control of CAR T cell activity directly in the patient. In this case, the kinetics of activation or deactivation of the cellular product upon administration or removal of the drug are important to investigate for proper clinical translation.

Here, we describe a step-by-step protocol to assess the kinetics of activation (ON) and deactivation (OFF) of drug-regulated CAR T cells as measured via cytokine secretion. We focus on the use of split CARs where the addition of a small molecule drug reconstitutes a full receptor and thus turns ON the CAR. However, this method can be adapted to any type of small-molecule-regulated CAR T cells.

INTRODUCTION: 
Drug-regulatable chimeric antigen receptor (CAR) T cells have emerged in the last few years as powerful alternatives to traditional products1–3. On the one hand, being able to control the activity of the therapeutics enables the safer development of next-generation CAR Ts with boosted functions4. On the other hand, it allows targeting new antigens that are not solely present on tumor tissues, since the CAR T cell function could be turned off upon signs of on-target/off-tumor toxicity5. 

Existing regulatable modules differ vastly, with some controlling the expression, correct assembly, or stability of the CAR4,6–16. Small molecule or antibody-mediated induction of apoptosis is another example that even made its way into clinical trials17–21.

With any drug-regulated CAR T cells, it is crucial to understand the kinetics of activation and deactivation of the cells to ensure proper use in the clinics11. For example, when using CAR T cells that are turned “OFF” upon drug administration, it is important to know how fast their function is abolished after drug delivery, and how long it takes them to resume their function upon drug withdrawal. It is the opposite for CAR T cells that are turned “ON” upon drug administration. Here, it is necessary to investigate how long it takes for the cells to reach their full activity after drug delivery, and how long they stay active when the drug is no longer present.

We propose a protocol to investigate the kinetics of activation and deactivation of CAR T cells whose activity is turned ON by the administration of a small molecule. 

As an example, we made use of a split CAR where the receptor is separated into two different polypeptide chains7. The first one contains a FLAG-tag for detection, the antigen-binding domain, in this case the CD19-targeting FMC63 single chain variable fragment, followed by a CD8α hinge and transmembrane domain, the 4-1BB costimulatory signaling domain, and a dimerization domain. The second chain involves a StrepII-tag for detection, a CD8α hinge and transmembrane domain, 4-1BB, the complementary dimerization domain, and the CD3ζ signaling domain. The drug induces heterodimerization of the two dimerization domains, which reconstitutes the full receptor and leads to signaling via CD3ζ upon antigen recognition. Therefore, in the presence of an antigen, CAR function is turned ON in the presence of the small molecule and turned OFF upon drug withdrawal. 

For the kinetics of deactivation (“OFF” kinetics), the split CAR T cells are cultivated in the presence of the drug, which is then washed out at different time points before setting up a co-culture with target cells. The goal is to determine how long the CAR T cells need to spend in the absence of the small molecule to lose their function. 

For the kinetics of activation (“ON” kinetics), the split CAR T cells are cultivated without the small-molecule, and the drug is added at different time points before setting up a co-culture with target cells to investigate how long the cells need to be in the presence of the drug to reach their full activity.

In both cases, the readout for CAR T cell activity is the release of cytokines by the T cells upon co-culture with target cells. 

PROTOCOL: 
Buffy coats from healthy donors were purchased from the Austrian Red Cross, Vienna, Austria, for isolation of human T cells.

1. Thawing and stimulating primary human T cells

NOTE: Perform all steps in a laminar flow hood using aseptic techniques. 

1.1. Thaw frozen primary human T cells in a warm water bath.

1.2. Add the thawed cells to 20 mL of pre-warmed RPMI in a conical tube and centrifuge at 300 x g for 5 min.

1.3. Decant the supernatant and resuspend the T cell pellet in 1 mL of T cell medium (AIM V supplemented with 2% human plasma, 1% L-glutamine, and 200 U/mL IL-2; Table 1).

1.4. Count the T cells on a flow cytometer.

NOTE: Freshly thawed, non-activated primary human T cells are small and, therefore, counting them with a flow cytometer is more accurate than with normal cell counters.

1.4.1. Prepare a fluorescence-activated cell sorting (FACS) tube for T cell counting by adding 250 µL of PBS, 50 µL of well-vortexed counting beads, and propidium iodide at a final concentration of 1 µg/mL.

1.4.2. Add 10 µL of T cell suspension to the prepared FACS tube.

1.4.3. Vortex the FACS tube immediately before counting the T cells on a flow cytometer.

1.4.4. Determine viable T cell number according to manufacturer’s instructions, using the formula:

 

NOTE: For example, 1,023 viable T cells were counted in a 10 µL sample volume, and 1,020 beads were detected. Counting bead concentration is 52,000 in 50 µL.  



1.5. Activate the T cells with CD3/CD28 beads.

1.5.1. Place 1,000,000 T cells in 1.5 mL T cell medium in a 24-well plate.

1.5.2. Wash the magnetic CD3/CD28 activation beads by adding 25 µL of beads to 900 µL of bead wash buffer (Table 1) in a 1.5 mL tube.

1.5.3. Place the beads on a magnet for 2 min.

1.5.4. Completely remove the wash buffer.

1.5.5. Remove the tube from the magnet and resuspend the washed beads in 50 µL of T cell medium.

1.5.6. Add 50 µL of beads to the T cells. Mix thoroughly with a P1000 pipette.

1.6. Place the T cells overnight in an incubator at 37 °C and 5 % CO2.

2. Lentiviral transduction and cultivation of primary human T cells with CAR constructs

NOTE: Perform all steps in a laminar flow hood using aseptic techniques. Viral transduction requires at least a biosafety level 2 laboratory, which may also depend on local requirements and guidelines.

2.1. Coat a 96-F bottom well plate with 30 µg/mL retronectin in 100 µL of PBS. Seal the plate closed with its lid with parafilm and incubate overnight at 4 °C.

2.2. The next day, remove the retronectin. Block the plate for 30 min at room temperature with 100 µL of T cell medium.

2.3. Remove the T cell medium, wash the wells with 100 µL of PBS, and remove the PBS.

2.4. Add 100 µL of activated T cells per well.

NOTE: Thoroughly mix the cells with a P1000 before transferring them to ensure even distribution of the CD3/CD28 activation beads.

2.5. Co-transduce chain 1 and chain 2 of the CAR constructs by adding 50 µL of concentrated lentivirus of each construct. Mix well to ensure distribution of viral particles. Incubate the T cells at 37 °C and 5% CO2. 

NOTE: This step and all remaining steps need to be carried out in at least a biosafety level 2 laboratory.

2.6. The next day, carefully remove 100 µL of the supernatant, avoiding disruption of the T cells. Add 100 µL of fresh T cell medium. Incubate the T cells at 37 °C and 5% CO2.

2.7. Split the T cells 1:4 (250 µL of T cells + 750 µL of T cell medium) 48 h after transduction. If puromycin selection is performed, add 1 µg/mL puromycin. Selection takes 48–72 h.

2.8. Keep the CAR T cells in an incubator at 37 °C and 5% CO2.

2.9. Count and split the CAR T cells every 2–3 days. Keep cell densities between 0.3 and 1.2 million cells per milliliter.

NOTE: As soon as the cells are virus-free, they can be transferred to a biosafety level 1 laboratory, provided that the source of T cells in step 1.1 was confirmed to be free of human pathogens.

3. Determination of CAR-positive cell frequency (%) via flow cytometry

3.1. Place 100,000 T cells in a FACS tube. Add 1 mL of FACS buffer (Table 1), vortex, and centrifuge at 500  g for 5 min at 4 °C. 	

3.2. Completely remove the supernatant. Add 50 µL of blocking solution (Table 1), vortex, and incubate for 10 min at 4 °C.

3.3. Add 1 mL of FACS buffer, vortex,  and centrifuge at 500 x g for 5 min at 4 °C. Completely remove the supernatant.

3.4. Prepare a master mix containing αCD3-Viogreen (1:50), αCD4-PerCP (1:50), αCD8-BVU496 (1:100), as well as αFlag-APC (1:150) and αStrepII-FITC (1:25) for the detection of the CAR chain 1 and 2, respectively. Add 50 µL of master mix per tube, vortex, and incubate for 25 min at 4 °C. 

3.5. Wash the T cells by adding 1 mL of FACS buffer, vortex, and centrifuge at 500  g for 5 min at 4 °C. Decant the supernatant.

3.6. Repeat step 3.5.

3.7. Analyze the T cells on a flow cytometer to determine the percentage of CD3+, CD4+, CD8+, and CAR+ cells.

4. OFF kinetics 

NOTE: Perform all steps in a laminar flow hood using aseptic techniques. OFF kinetics are assessed by pre-incubating CAR T cells with the drug, then washing it out at different time points before setting up a co-culture with target cells. The duration of the co-culture should be chosen so that it is possible to properly distinguish between conditions where the CAR T cells are completely inactivated versus incompletely and therefore still release low levels of cytokines that would only be detectable after sufficient accumulation. In the case of co-cultures with Raji lymphoma cells, harvesting the co-culture supernatants only after 24 h is recommended. 

4.1. Drug pre-incubation

4.1.1. Start by seeding 5 mL of CAR T cells at 0.3 million cells/milliliter into a 6-well plate and add the drug to the desired concentration (“ON”). 

4.2. Timed drug washout

4.2.1. At the desired time point, take 0.5 mL of cells into a 1.5 mL tube.

NOTE: This will be the first time point of the OFF kinetics. For example, this could be 24 h after adding the drug, 30 h before setting up the co-culture with target cells (T-30 h). That is, this time point would show how much split CAR activity is maintained 30 h after withdrawal of the drug. 

4.2.2. Centrifuge at 300  g for 5 min and resuspend in 1 mL of T cell medium. 

4.2.3. Repeat step 4.2.3.

4.2.4. Centrifuge one last time at 300  g for 5 min, resuspend in 1 mL of T cell medium, and seed into a 24-well plate.

4.2.5. Repeat this process for every desired time point. For example, 6 h later (T-24 h before the co-culture), then 16 h later (T-8 h), etc.

NOTE: If the cells are growing too fast or if longer time periods need to be investigated, feed the cells by simply adding some medium containing either the drug (in the 6 well plate) or no drug (in the 24-well plate). Cell density matters little; the cells should remain viable until the co-culture is set up.

4.3. Preparation for the co-culture

4.3.1. At T = 0 h, set up the co-culture. 

4.3.2. Prepare the T cells. 

4.3.2.1. Transfer all the T cell culture conditions into 1.5 mL tubes (the cultures in the 24-well plate that were washed and the remaining cells of the ”ON” condition with drug in the 6-well plate). Centrifuge at 300  g for 5 min.

4.3.2.2. Resuspend the cells in 1 mL of assay medium (RPMI phenol-free with 2% human plasma and 1% penicillin/streptomycin; Table 1). Centrifuge at 300  g for 5 min and decant the supernatant.

4.3.2.3. Repeat step 4.3.2.2.

4.3.2.4. Resuspend the cells in 400 µL of assay medium and count them.

4.3.2.5. Prepare the T cell dilutions according to the desired effector:target (E:T) ratio, knowing that the T cells will be added in 50 µL per well, and that 10,000 target cells will be seeded per condition, in triplicate.

NOTE: When comparing different CAR constructs, spike in mock (untransduced) T cells to have the same number of CAR+ but also of total T cells per condition. For example, for an E:T of 2:1, 20,000 CAR+ T cells per well will be needed. If construct A shows 25% CAR positivity, 80,000 total T cells should be seeded to obtain 20,000 CAR+ T cells. If construct B shows 50% CAR positivity, only 40,000 total T cells are needed. In this case, add 40,000 mock T cells to reach 80,000 total T cells, as for construct A, to enable proper comparison. 

4.3.3. Prepare the target cells.

4.3.3.1. Take enough target cells for the assay (here Raji lymphoma cells), knowing that 10,000 target cells will be seeded per co-culture condition in triplicate. Centrifuge at 300  g for 5 min and decant the supernatant.

4.3.3.2. Wash the cells with assay medium. Centrifuge at 300  g for 5 min.

4.3.3.3. Resuspend the cells in assay medium and count them.

4.3.3.4. Prepare the target cell dilutions, knowing that 10,000 target cells will be seeded in 50 µL per condition, in triplicate.

4.3.4. Pipette 50 µL of Raji target cells into a 96-well U-bottom plate, yielding 10,000 cells per well. 

4.3.5. Pipette 50 µL of assay medium containing the three-fold concentrated drug or drug-free assay medium into each well. Add the drug only in the positive control wells (“ON”). 

4.3.6. Add 50 µL of T cells of the correct concentration to each well.

4.3.7. Centrifuge the plate at 300  g for 2 min, slow deceleration.

4.3.8. Incubate the plate for 24 h at 37 °C, 5% CO2.

5. ON kinetics 

NOTE: Perform all steps in a laminar flow hood using aseptic techniques. ON kinetics are assessed by administering the drug to the CAR T cells at different time points before setting up a co-culture with target cells. To improve the resolution and prevent reaching an activation plateau, the duration of the co-culture should be kept short. Here, it is recommended to harvest the co-culture supernatants already after 4 h. 

5.1. Timed drug administration

5.1.1. Start by seeding 1 mL of split CAR T cells at 0.3 million cells/milliliter into a 24-well plate. Seed as many wells as time points to be investigated, an additional one where the drug will be only added upon the start of the co-culture (0 h), and another one where the drug will never be added (“OFF”) to be used as a negative control.

5.1.2. At the desired time point, add the drug to the culture.

NOTE: If the cells are growing too fast or longer time periods need to be investigated, feed the cells with medium with or without drug, depending on the wells. The cell density matters little; the cells should stay viable until setting up the co-culture.

5.2. Preparation for the co-culture

5.2.1. At T = 0 h, set up the co-culture. 

5.2.2. Prepare the T cells as for the OFF kinetics, with the exception that the drug should be present in the assay medium used for all the washing steps for the conditions where the drug was added. For the “OFF” and “0 h” condition, use assay medium without drug.

5.2.3. Prepare the Raji target cells as for the OFF kinetics, in assay medium without drug.

5.2.4. Pipette 50 µL of Raji target cells into a 96-well U-bottom plate, yielding 10,000 cells per well. 

5.2.5. Pipette 50 µL of assay medium containing the three-fold concentrated drug or drug-free assay medium into each well. Add the drug to all wells except the negative controls (“OFF”).

5.2.6. Add 50 µL of T cells to each well.

5.2.7. Centrifuge the plate at 300 x g for 2 min, slow deceleration.

5.2.8. Incubate the plate for 4 h at 37 °C, 5% CO2.

6. Cytokine secretion measurements via enzyme-linked immunosorbent assay (ELISA) 

6.1. After the co-cultures (ON or OFF kinetics), centrifuge the plate at 300 x g for 5 min and collect the supernatant. Pool supernatants from triplicate wells.

6.2. Measure the concentration of the desired cytokine. This study chose to measure IFN-γ and IL-2 using ELISA according to the supplier’s instructions: 

6.2.1. Prepare the capture antibody solution (capture antibody 1:200 in coating buffer, 8 mL per plate) and add 100 µL to the inner wells (60 wells) of a 96-well ELISA plate. Pipette 100 µL of water into the outer wells to reduce evaporation in the inner wells. Seal the plate and incubate overnight at 4 °C.

6.2.2. Prepare the ELISA wash buffer (1 x PBS + 0.4% Tween-20, Table 1).

6.2.3. The next day, prepare 1x diluent buffer A by diluting the 5x buffer in 1x PBS. For 2 plates, 90 mL is sufficient, 120 mL for 3 plates, and 150 mL for 4 plates. 

NOTE: All solution volumes that are and will be indicated are enough to comfortably pipette with a multichannel pipette the 60 inner wells of a 96-well plate.

6.2.4. Discard the liquid from the coated plate. Tap the plate vigorously on a paper towel to remove the leftover liquid.

NOTE: Each washing step includes this vigorous tapping on a paper towel and will not be indicated anymore.

6.2.5. Wash four times with 200 µL of ELISA wash buffer.

NOTE: For an easier and faster washing procedure, a 96-multiwell pipetter was used. 

6.2.6. Add 200 µL of 1x buffer A per well of interest to block the plate and prevent non-specific binding of subsequent antibodies. Seal the plate, incubate 1 h at RT on a plate shaker.

6.2.7. During the incubation, prepare the samples by diluting them in 1x diluent buffer A. Prepare a 250 µL sample solution, as each sample will be measured in duplicates.

6.2.8. Resuspend the provided lyophilized cytokine stock to 100 ng/mL in the kit buffer, incubate 20 min at RT, vortex, aliquot in 10 µL, and store at -80 °C until further use. 

6.2.9. Prepare 7 standard samples in 1x diluent buffer A. Start by preparing a 300 pg/mL sample for S1 in 1 mL from the 100 ng/mL stock. Perform 2-fold dilutions 6 times for S2–S7.

NOTE: The kits instruct to start the standard curve with 500 pg/mL of the desired cytokine. Some plate readers cannot reach sufficiently high optical densities (Ods) and this standard point might therefore be out of range. Starting with 300 pg/mL is suggested if this is the case.

6.2.10. After the incubation in 1x buffer A, wash the plate 4 times with ELISA wash buffer.

6.2.11. Add 100 µL of sample, standard, or blank per well in duplicates. For the blank, add 1x diluent buffer A.

6.2.12. Seal the plate and incubate 2 h at RT on a plate shaker ​.

6.2.13. Wash the plate 4 times with ELISA wash buffer.

6.2.14. Prepare the detection antibody solution (1:200 in 1x diluent buffer A, 8 mL per plate). Add 100 µL per well​. Seal the plate and incubate 1 h at RT on a plate shaker. ​

6.2.15. Wash the plate 4 times with ELISA wash buffer.

6.2.16. Prepare the Avidin-HRP solution (1:1,000 in 1 x diluent buffer A, 8 mL per plate). Add 100 µL per well​. Seal the plate and incubate 30 min at RT on a plate shaker.

6.2.17. Wash the plate 5 times with ELISA wash buffer to minimize background.

6.2.18. Add 100 µL of substrate solution to each well, incubate for 20 min protected from light. The wells containing cytokines will turn blue.

6.2.19. Add 100 µL of stop solution. The wells containing cytokines will turn from blue to yellow.

6.2.20. Measure the absorbance at 450 nm and 570 nm within 15 min with a plate reader.

6.3. Analyze the results with an online tool such as GainData ELISA data analysis.

6.3.1. Use the difference between the absorbance at 450 nm and 570 nm as input.

6.3.2. Assign the correct wells to either standard (for S1 to S7), blank, or unknown (for the samples).

6.3.3. Define the standard concentrations (300 pg for S1, then 2-fold dilutions for S2–S7).

6.3.4. Select the 4PL regression model, no normalization, and subtract the minimum OD value from all other ODs. Plot the results on a log-log scale.

6.3.5. Click on analyze and export the analysis, e.g., as a spreadsheet. The software will give the mean of the duplicates.

NOTE: To get precise results, consider samples whose concentration reaches the plateau of the standard curve out of range.

REPRESENTATIVE RESULTS: 
A schematic of the split CAR is depicted in Figure 1A. Flow cytometric analysis of CAR T cell phenotype and CAR expression was performed 7 days post-lentiviral transduction. For the phenotyping, primary human T cells were stained with αCD3-VioGreen, αCD4-PerCP, and αCD8-BUV496 antibodies (Figure 1B,C). For CAR detection, we introduced a FLAG-tag into the chain 1 and fused mCherry C-terminally to chain 2. Only double-positive cells are considered split CAR positive (here 73%, Figure 1D). The setup of OFF and ON kinetics is shown in Figure 2.

To analyze the OFF kinetics (Figure 2A), we incubated the split CAR T cells with drug (caffeine) containing medium for 24 h. Afterward, aliquots were taken, and the drug was washed out at the indicated time point: 30 h, 24 h, 8 h, 4 h, 1 h, or immediately before (0 h), setting up a 24-h co-culture with Raji target cells (E:T 2:1, 10,000 target cells). For both IFN-γ and IL-2, cytokine levels were similar between the “0 h” and the “OFF” condition, where the cells were never in contact with the drug (Figure 3A). This indicates that washing off the drug leads to rapid disassembly and inactivation of the split CAR. 

For the ON kinetics (Figure 2B), the drug (caffeine) was added to the split CAR T cell cultures at the start of a 4-h co-culture with Raji target cells (E:T 2:1, 10,000 target cells) (0 h) or 2 h, 4 h, 20 h, or 24 h before setting up the co-culture. In this case, pre-incubating the cells for 20 h seems to be necessary to reach the full activation of the CAR T cells, as measured via IFN-γ secretion (Figure 3B). The data in Figure 3 was published7.

FIGURE AND TABLE LEGENDS: 
Figure 1: Flow cytometry staining of a split CAR. (A) Schematic of the split CAR architecture. Both the CD8α hinge and transmembrane domain were used. DD1-2: dimerization domain 1-2. Chain 1 is expressed as a monomer and chain 2 as a homodimer. (B) Gating strategy for analysis of CD3+ primary human T cells. (C) Assessment of CD4+ and CD8+ populations, gated in CD3+ cells. DN: double negative. DP: double positive. (D) Evaluation of split CAR+ T cells, gated in CD3+ cells. 

Figure 2: Schematic of the method. (A) Set up for the OFF kinetics. (B) Set up for the ON kinetics. The time points indicated for both were those chosen for the experiments shown in the representative results.

Figure 3: Representative results for both OFF and ON kinetics. (A) OFF kinetics as measured via IFN-γ (left) and IL-2 (right) secretion7. The split CAR T cells were cultivated in the presence of caffeine for 24 h. The time points indicate how long before setting up a co-culture with Raji target cells the drug was washed out of the split CAR T cell culture. OFF: the drug was never added. 0 h: the drug was removed right before the co-culture. ON: the drug was never removed, and the split CAR T cells are thus activated. (B) ON kinetics as measured via IFN-γ secretion7. The split CAR T cells were cultivated without the drug. The time points indicate how long before setting up a co-culture with Raji target cells the drug was added to the split CAR T cell cultures. OFF: the drug was never added. 0 h: The drug was only added directly to the co-culture without any pre-incubation. The bars represent the mean of three individual experiments with three different T cell donors indicated by the different symbols, and the error bars indicate the standard deviation (SD).

Table 1: Medium composition.

DISCUSSION: 
We present a method to investigate the kinetics of activation and deactivation of small-molecule-regulated CAR T cells.

We used as an example a split CAR whose activity in the presence of antigen-positive target cells is turned ON by drug administration. However, this method can be used with any drug-regulated CAR T cell product where CAR function is induced by a small molecule. Furthermore, it could also be easily modified to accommodate CAR Ts with OFF switches. In this case, an experimental setup similar to the presented “ON kinetics” part of the protocol could be used to determine how fast CAR T cell function is abolished upon drug delivery. On the other hand, with the “OFF kinetics” approach, it would be possible to measure how long it takes for the cells to regain function in the absence of the drug. 

In this method, split CAR T cell activation was assessed via their release of IFN-y and IL-2 upon recognition of their target antigen. Other parameters could be investigated, for example, by staining the T cells after co-culture and measuring the expression of activation markers such as CD69, or by analyzing their cytotoxic activity against a given target cell line. However, timings should be carefully considered to be able to distinguish between the different time points, especially when measuring markers that accumulate. Moreover, in comparison to cytokine release, which is a direct readout for T cell activation, target cell killing only indirectly measures T cell activation in a two-step process, i.e., perforin and granzyme release followed by apoptosis, and very much depends on target cell intrinsic properties.

With ON kinetics, the goal is to investigate how fast the CAR T cells are activated after adding the drug. In this case, it is recommended to analyze activation based on a rapidly appearing phenomenon since measuring the expression of a late T cell activation marker, such as CD25, might decrease the temporal resolution. It is also important to avoid reaching an activation plateau. For example, measuring IFN-y secretion after a 4-h co-culture will give a better resolution than measuring after a 24-h co-culture since all conditions might reach similar levels at that point. On the other hand, for OFF kinetics, it is important to give time to the system to distinguish conditions where the CAR T cells are not activated at all, versus those that have low levels of activation. 

In this protocol, the kinetics of activation and deactivation of the cells were measured in vitro. However, another crucial parameter that should be considered for proper translation to the clinics is the half-life of the small molecule in vivo. Depending on the application and the lag phase of the switchable module, and therefore the function of the CAR T cells, drugs with different half-lives might be better suited.

While we demonstrated the method in this protocol paper by using a scFv-based split CAR against CD19 and Raji lymphoma cells, we emphasize that this experimental approach can readily be adapted to different regulatable CAR T cells, other CAR antigens, as well as CAR based on different antigen-binding domains, such as nanobodies, or engineered artificial binders22–25. 
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