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SUMMARY: 
This protocol describes the essential steps for the cultivation of primary T cells, including their isolation, activation, expansion, and transient transfection by mRNA electroporation. Additionally, a workflow and antibody panel for flow cytometric analysis of phenotype, activation markers, viability, and chimeric antigen receptor (CAR) expression are proposed.

ABSTRACT:
To assess the efficacy and potency of chimeric antigen receptor (CAR) T cells, it is essential to isolate, activate, expand, characterize, and genetically engineer primary human T cells. Compared to common T cell lines, primary cells can provide a more realistic model system, since they are highly variable, capable of T cell-mediated killing, and able to differentiate. Here, we provide a step-by-step protocol for all essential steps for the cultivation of primary T cells, including their isolation from blood products, activation, in vitro expansion, and transient transfection. We describe differences in expansion kinetics and differentiation of primary T cells upon activation with two different reagents and provide an antibody panel for flow cytometric analysis of T cell phenotype and activation state. We offer detailed instructions for electroporation of human T cells with mRNA encoding a CAR and assessing CAR expression kinetics over time. This protocol provides recommendations on ideal timepoints for downstream potency and efficacy assays of CAR T cells and the influence of different amounts of mRNA on signal intensity. Given the transient nature of this method, it provides a rapid and easy-to-implement possibility to test and compare many CAR constructs in parallel.

INTRODUCTION: 
Primary human T cells represent a physiologically relevant and versatile model for studying T cell biology and for the development and evaluation of cell therapies, including CAR engineering. Unlike immortalized cell lines, T cells derived from healthy donors closely reflect the functional diversity, activation states, phenotypic diversity, and signaling dynamics of T cells in vivo, providing a more accurate representation of immune responses and therapeutic performance1,2. Moreover, the most commonly used Jurkat T cell line, which is derived from a lymphoblastic leukemia, was reported to exhibit genomic instability upon prolonged culture, a common phenomenon with cell lines.3 While T cell lines, including reporter cell lines4, can be valuable tools for early screening and enable a fast read-out. In general, the use of primary T cells from patients more closely reflects the final application. However, the limited availability and suboptimal quality of patient-derived T cells often restrict their applicability, particularly during early stages of preclinical product development5-7. Using cells from healthy donors further minimizes variability introduced by disease-related immune alterations and previous treatments and allows reproducible assessment of T cell function, activation, and transgene expression across multiple donors.

Given that primary T cells are available, protocols for isolation, activation and expansion of primary T cells are critical prerequisites for their genetic manipulation and functional assays. Common activation strategies employ either magnetic beads coated with antibodies, polymeric reagents containing T cell agonists, or soluble antibody formulations. Usually, activation reagents mimic physiological T cell receptor (TCR) activation through the CD3 complex and co-stimulatory signaling through CD28, which resembles a stronger activation than solely via CD38. Activation with CD3/28 beads allows for precise control of activation strength and bead-to-cell ratio. After an initial stimulation phase, beads can either be removed or kept in the culture for continuous activation. T cells typically expand rapidly for three to four weeks before cell growth slows down. In contrast, TransAct contains a colloidal polymeric matrix, and excess reagent can simply be removed by centrifugation and exchange of the supernatant. Therefore, it provides an alternative that enables homogeneous activation in culture and resembles T cell activation with a lower stimulus compared to CD3/28 beads. However, proliferation is induced for approximately two weeks, and re-stimulation is required for longer expansion periods. After initial T cell activation with an activation reagent, T cells are cultured and expanded in vitro for one to four weeks before they can be used for experiments. Notably, the type of activation reagent, the choice of cytokines9-11, and the expansion period influence the absolute T cell numbers, phenotype and activation state. Typically, optimal conditions such as reagent concentration, culture density, cytokine supplementation, and expansion time should be initially tested and empirically determined to achieve robust proliferation without causing activation-induced cell death or T cell exhaustion. Here, we give a side-by-side comparison of two different activation protocols and their effect on the differentiation and activation profile of primary human T cells to support the decisions on the choice of activation reagent and timing of experiments. 

Additionally, we suggest a flow cytometric panel useful for analyzing phenotypic composition and activation status of T cells, supporting experimental planning. For genetic modification of primary T cells, transient transfection using electroporation of messenger ribonucleic acid (mRNA) represents a safe, efficient, and flexible alternative to viral transduction12. While lentiviral vectors enable stable and long-term expression of transgenes, they require complex biosafety measures, involve integration into the host genome, and can lead to variable expression depending on the integration site. In addition, the production of lentiviral supernatants, followed by T cell transduction and selection of transduced cells is time-consuming. In contrast, mRNA electroporation allows rapid and transient expression of target genes without genomic integration or viral components, thereby reducing regulatory burden and enabling fast and iterative testing of constructs. This is particularly advantageous for early development stages, in which multiple CAR candidates are screened and evaluated. In recent publications, transfection with mRNA is explored as a therapeutic platform13-15. We suggest that transient transfection with mRNA16 is an approach that is easy to implement, especially for laboratories without the possibility to conduct lentiviral work in a biosafety level 2 (BSL-2) environment. A side-by-side comparison of different activation regiments prior lentiviral transduction is available elsewhere17. 

This protocol describes the isolation, activation, cultivation, expansion, and transient transfection of primary human T cells using either anti-CD3/28 beads or TransAct for activation and mRNA electroporation for transient CAR expression. The outlined workflow enables reproducible generation of functional CAR T cells suitable for downstream applications such as cytotoxicity assays, phenotypic characterization, or in vitro modeling of adoptive T cell therapies.

PROTOCOL: 

This protocol follows the ethical guidelines of the Medical University of Vienna. The ethic proposals were approved by the ethics committee of the Medical University of Vienna (1087/2025 and 1198/2025). 

1. Isolation of primary T cells from blood products 

NOTE: The starting material can be whole blood, apheresis product or leukocyte reduction chambers. Keep the sample at 4 °C until processing and start the isolation as early as possible, but at the latest within 24 h after sample collection. Different isolation strategies are available for T cell isolation, including negative and positive selection. Sections 1.1 and 1.2 introduce two different protocols to provide options for T cell isolation.  Handling blood products should be performed in a biological safety cabinet, keeping the sample at room temperature (RT) during processing. 

Isolation of T cells by negative selection using density gradient centrifugation
According to the kit instructions, add the required amount of the antibody cocktail per mL of sample. Incubate for the given time at RT. For the proposed human T cell enrichment kit: Use 50 µL of antibody cocktail per mL of sample and incubate for 20 min at RT (e.g., for 5 mL of sample, add 250 µL of antibody cocktail).

NOTE: For this specific kit, a minimum amount of red blood cells (RBCs) needs to be present for successful T cell isolation (the recommended minimum ratio is 100 RBCs per nucleated cell). This is typically the case when whole blood or leukocyte reduction chambers are used as starting material. For the use of apheresis product, this isolation strategy might not be successful as the RBC ratio is typically too low. Therefore, previous isolation of peripheral blood mononuclear cells (PBMCs) followed by a T cell isolation step as described in section 1.2 is recommended.

[bookmark: _Ref211944876]Prepare density medium (Ficoll, Pancoll or similar) in an appropriate tube. For sample volumes below 3 mL, use 3 mL of density medium (in a 15 mL centrifugation tube). For sample volumes of 4 mL and above, use 15 mL of density medium (in a 50 mL centrifugation tube). 

At the end of the incubation time, dilute the sample with an equal volume of phosphate buffered saline (PBS) containing 2% fetal bovine serum (FBS) and mix by pipetting. This corresponds to a 1:2 dilution (e.g., dilute 3 mL of sample with 3 mL of PBS with 2% FBS). Carefully layer the diluted sample on top of the density medium using a serological pipette and pipetting aid with the pipetting speed set to a minimum. 

Hold the tube at a 45° angle to increase the surface area of the density medium and support layering.

[bookmark: _Ref211944888]Centrifuge the sample at 1,200 x g, RT, for 20 min. Turn off the brake of the centrifuge or set it to a minimum. After centrifugation, a white layer should be visible between the interface of the density medium and the plasma. This white cloudy ring contains the desired T cells.

Harvest the T cells by carefully collecting the layer using either a sterile transfer pipette or a 2 mL serological pipette and transferring them to a fresh tube. Disturb the layers as little as possible to avoid carrying over the density medium or plasma.

Continue with the section 1.3.

Isolation of T cells by positive selection using a gravity flow kit
Perform a density gradient isolation step to extract PBMCs from the sample: Prepare density medium according to section 1.2.2. Dilute the sample with an equal volume of PBS with 2% FBS. This corresponds to a 1:2 dilution (e.g., dilute 3 mL of sample with 3 mL of PBS + 2% FBS). 

Carefully layer the diluted sample on top of the density medium using a serological pipette and pipetting aid with the pipetting speed set to a minimum. Hold the tube at a 45° angle to increase the surface area of the density medium and support layering.

Centrifuge at 400 x g, RT, for 30 min with the break switched off or set to a minimum. After centrifugation, a white layer should be visible at the interface of the density medium and the plasma. This white cloudy ring contains the PBMCs, as their density is lower than the RBC.

Harvest PBMCs by carefully collecting the white cloudy layer and transferring them to a fresh tube. Use a sterile transfer pipette or a 2 mL serological pipette for this step and disturb the layers as little as possible.

Wash the collected cells: Add 20 mL of PBS with 2% FBS. Count the cells and calculate the total cell number. Centrifuge at 300 x g, 4 °C, for 10 min, with the break turned on. From now on, keep the cells on ice and work with cooled reagents.

Pipette off the supernatant. The following calculations are used for up to 1 x 107 cells and can be scaled up accordingly. Resuspend the cell pellet in 80 µL of PBS with 0.5% bovine serum albumin (BSA) and 2 mM ethylenediaminetetraacetic acid (EDTA). 

Mix 10 µL of CD4 microbeads with 10 µL of CD8 microbeads. Add the bead mixture to the resuspended PBMCs. Mix well and incubate for 15 min at 4 °C in the dark.

In the meantime, place the gravity flow column in the magnetic field of an appropriate separation device. Prepare the column by rinsing it with 3 mL of PBS with BSA and EDTA.

After the incubation step, wash cells by adding 2 mL of PBS with BSA and EDTA. Centrifuge at 300 x g, 4 °C, for 10 min. Resuspend up to 10⁸ cells in 500 μL of PBS with BSA and EDTA.

Apply the cell suspension onto the column. The labeled cells are retained in the column by the magnetic separation device. The flowthrough contains unlabeled cells (CD4 and CD8 double-negative PBMCs) and can be collected if desired. Wash the column 3x by rinsing it with 3 x 3 mL of PBS with BSA and EDTA. Add a new buffer as soon as the column is empty. 

To elute labeled cells, remove the gravity flow column from the magnetic separator and place its outlet above a fresh collection tube. Pipette 5 mL of PBS containing BSA and EDTA onto the column, then push the plunger firmly into the column to elute the cells. Continue with section 1.3.

NOTE: Magnetic antibody kits are available as pan T cell kits as well as for specific T cell subsets and can be either positive or negative selection kits. In each case, labelled cells are retained by the magnetic separation device. For positive selection, T cells (or their subsets) are labelled with magnetic beads via their cognate antibody. For negative selection, all cells that do not belong to the specified T cell population are labelled with magnetic beads. T cells are therefore found in the flow-through. 

[bookmark: _Ref206507028]Freezing of isolated T cells
Wash T cells with 20 mL of PBS with 2% FBS. Centrifuge at 300 x g, RT, for 10 min. The break can be turned on again. Discard the supernatant.

Resuspend cells in 5–10 mL of PBS with 2% FBS. To use cells directly for cultivation, proceed with the section 2.4. To freeze cells, proceed with the following section.

NOTE: Freezing of cells is not required if the isolated T cells are used immediately for activation and cultivation.

Count the resuspended cells and centrifuge at 300 x g, 4 °C, for 10 min. In the meantime, calculate the number of cells to be frozen. One T cell aliquot should contain 5–20 x 106 cells. Prepare the required number of labelled cryo-vials as well as the freezing medium (see Table 1).

After centrifugation, discard the supernatant and pipette off the remaining liquid. Work quickly from now on.

Resuspend the cell pellet in 1 mL of pre-cooled freezing medium for each aliquot (e.g., if five aliquots are prepared, resuspend the pellet in 5 mL of freezing medium). Aliquot 1 mL cell suspension into each cryo-vial. Freeze the cryo-vials immediately at -80 °C.

NOTE: Freezing at a controlled rate is recommended. To achieve this, use appropriate freezing containers. Transfer the cells to liquid nitrogen after freezing at -80 °C (e.g., on the next day or within two weeks). 

                                                                     [Place Table 1 here]

Thawing, activation, and expansion of primary T cells
Perform all steps under sterile working conditions using a biological safety cabinet. 

Pre-warm Roswell Park Memorial Institute (RPMI) 1640 medium without additives at 37 °C and transfer 20 mL into a centrifuge tube. Thaw an aliquot of frozen T cells by quickly subjecting the tube to warm water. Stop thawing when a small ice pellet is still visible within the cryo-vial.

Immediately add 1 mL of pre-warmed RPMI to the cell suspension and carefully transfer it to the centrifuge tube. Rinse the cryo-vial with 1 mL of RPMI. Avoid additional resuspension steps, which would subject the cells to shear stress.

Centrifuge cells at 300 x g, RT, for 5 min. Discard the supernatant. Resuspend the cell pellet in full T cell medium. Full T cell medium consists of RPMI 1640 with 10% FBS, 1% Penicillin/Streptomycin, 5 ng/mL Interleukin 7 (IL-7), and 10 ng/mL Interleukin 15 (IL-15) (see Table 2).

[bookmark: _Ref206507204]Count the resuspended cells. Seed cells in full T cell medium at a density of 1 x 106 cells/mL in an appropriate well plate. Add the required amount of activation reagent, as indicated in the respective manual. For example, to activate 1 x 106 cells, seed cells in 1 mL of full T cell medium in a 24-well plate. Add either 25 µL of CD3/28 beads or 10 µL of TransAct reagent.

NOTE: If cells are not dense enough (i.e., the cell count is below 1 x 106 cells/mL), centrifuge again with the same conditions as before. Resuspend pellet in the appropriate amount of full T cell medium to reach a density of 1 x 106 cells/mL.

Incubate cells at 37 °C in an incubator with a 5% CO2 environment for up to three weeks. Count cells every 2–3 days and adjust the density to 0.3–0.5 x 106 cells/mL by adding fresh full T cell medium. Cell density should not exceed 1.5 x 106 cells/mL, since primary T cells might not return to the exponential growth phase if they are cultured to high densities.

NOTE: Especially in the first days after activation, macroscopic cell clusters might be visible. This is expected, as cells cluster around the activation reagent when proliferation is initialized. Generally, cells will be ready to use approximately one week after activation. However, the timing depends on the experimental setup and the required number of cells. It is recommended to use T cells always within the same range after activation for biological replicates (i.e., 9–12 days post activation). 

                                                              [Place Table 2 here]

Staining for phenotype and activation markers
Count T cells. Use 0.1 x 106 cells per staining reaction. Calculate the required volume of cell suspension and transfer it to an appropriate polystyrene round-bottom tube. 

NOTE: The number of stained cells can be decreased to a minimum of 50,000 cells if needed. Staining more cells than the required amount is possible, as long as the antibodies are in molar excess, as described previously18,19.

Wash cells once by directly adding 1 mL of staining buffer, consisting of PBS with 0.5% FBS. Centrifuge at 300 x g, 4 °C, for 5 min. From now on, keep cells on ice and work with cooled reagents.

In the meantime, prepare one antibody master mix for all tubes as described in Table 3. Dilute the antibodies to the final concentration in staining buffer. Staining is performed at a volume of 50 µL per tube. Mix well, for example, by vortexing.

NOTE: This protocol may be combined with other staining experiments, such as the staining for CAR expression as described in section 6. A live/dead staining dye can be added to aid in gating for live cells. In this case, the emission spectra need to be picked accordingly to avoid overlap with the other fluorophores used.

After centrifugation, discard the supernatant and pipette off the remaining liquid. Resuspend each pellet in 50 µL of the antibody master mix.

Incubate the tubes at 4 °C in the dark for at least 30 min. This incubation step can be prolonged up to several hours.

Wash cells by adding 1 mL of staining buffer directly to the staining reaction. Centrifuge at 300 x g, 4 °C, for 5 min and discard the supernatant. Repeat this section with the same conditions. After the second washing step, discard the supernatant, leaving a small amount of residual buffer in the tubes to prevent the cells from drying.

Keep the stained cells pelleted and on ice until measurement. Resuspend the pellet in 100 µL of staining buffer just before measurement. 

NOTE: This protocol is optimized for staining conducted in 5 mL round-bottom tubes. Staining in 96-well plates is also possible using a slightly adapted protocol. Since plates have a lower working volume, two 200 µL washing steps before staining are advised. If more than 50 µL cell suspension is seeded per well, pellet cells and discard supernatant before proceeding to the washing steps. Staining is also performed in 50 µL per well. After staining, conduct three instead of two washing steps with 200 µL staining buffer. Centrifugation is performed with the same settings as described above.

                                                            [Place Table 3 here]

In vitro transcription of CAR-encoding DNA to generate mRNA
Design a suitable DNA template for in vitro transcription (IVT) into mRNA. Include a T7 promoter for the T7 RNA polymerase, a Kozak sequence, a start codon, a signal peptide sequence, the desired CAR sequence, and a stop codon (Figure 1). 

NOTE: The Kozak sequence is a recognition motif that is critical for the initiation of protein translation by supporting correct assembly of a start codon by the ribosome. The signal peptide is required for the correct processing of the CAR in the Golgi and incorporation into the plasma membrane. To detect CAR expression, it is helpful to include a tag on the extracellular portion of the CAR (e.g., a DYKDDDDK tag or a MAP tag). Some CARs might also be detected using their soluble cognate antigen conjugated with a fluorophore, or antibodies against other common structures, such as the scFv linker domain (e.g., anti-G4S linker antibody or anti-Whitlow linker antibody).

                                                           [Place Figure 1 here]

Amplify DNA by polymerase chain reaction (PCR) using primers flanking the CAR construct, including the T7 promoter. For the IVT, 1 µg of the CAR-DNA is needed. Verify the correct length of the PCR product by performing analytical agarose gel electrophoresis. Purify the PCR product by column purification using a PCR and DNA cleanup kit before proceeding to IVT. DNA can be stored at -20 °C.

NOTE: It can be beneficial to include 5–10 random nucleotides in the primer regions before and after the transcript to achieve better binding of the polymerase. Since a large amount of DNA is needed for the IVT, the volume of the PCR reaction can be scaled up accordingly.

Use an IVT kit including a poly-A tailing step to generate polyadenylated mRNA. Perform IVT in a biological safety cabinet and clean surfaces thoroughly with disinfectant. Follow the kit instructions to conduct the IVT.

NOTE: Elongating the transcription step up to several hours may increase mRNA yield. The duration of the polyadenylation step should be kept constant across samples, as it directly influences the length of the poly (A) tail. This can, in turn, influence mRNA stability and expression efficiency in vivo20.

Purify mRNA using a column-based RNA cleanup kit and determine the concentration of purified mRNA using an appropriate device.

NOTE: There are several ways to assess the quality of transcribed mRNA, including analytical gel electrophoresis before and after the poly (A) tailing step and absorbance ratio-based methods for determining mRNA concentration. The recommended A260/230 ratio is 2.0–2.2; values below 1.8 indicate contamination and potential poor performance in expression tests. The importance of mRNA modifications and purification prior to electroporation is described elsewhere21-23.

Aliquot 3–5 µg of purified mRNA (the final amount of mRNA that will be used in experiments for one electroporation) and store aliquots at -80 °C. Avoid repeated freeze-thaw cycles.

Transient transfection of primary T cells by mRNA electroporation 
One day prior to the transfection, dilute T cells to a density of 0.3 x 106 cells/mL in full T cell medium (see Table 2). The cells should be in the exponential growth phase on the day of transfection (i.e., at a density below 1 x 106 cells/mL) for efficient CAR expression. 

On the day of the transfection, pre-warm all required media at 37 °C.

Count the T cells and calculate the required volume. Use 1–5 x 106 cells for each CAR-mRNA.

NOTE: It is advised to always include a “MOCK” transfection (i.e., T cells that undergo the transfection procedure, but without adding mRNA). These cells can also be used as negative controls for staining and experiments. Keep the cell number constant within an experiment.

Transfer the required volume of T cell suspension into a conical centrifuge tube. Centrifuge at 300 x g, RT, for 5 min. Discard the supernatant. All centrifugation steps in the following sections are repeated under these conditions.

NOTE: If the required volume exceeds the capacity of a single conical centrifuge tube, it can be split into equal parts across two or more tubes. In this case, resuspend all pellets in a total volume of 20 mL RPMI medium and pool them during the first washing step (section 5.6).

Prepare a full T cell medium in an appropriate well plate for the recovery of the T cells after the electroporation. 

Use these considerations for calculation: The cells should be seeded at a density of approximately 0.5–1.0 x 106 cells/mL after electroporation. Approximately 1/3 to 1/2 of the cells die during or after electroporation. For example, if 2 x 106 cells are used per electroporation, a minimum of 1 x 106 cells is expected to remain. To reach the required cell density, use 2.0 mL of full T cell medium (in a 12-well plate). Pre-warm the plate containing the T cell medium at 37 °C until electroporation is performed. 

Perform the first washing step with 20 mL of RPMI with phenol red and without supplements. Pipette RPMI on top of the cells, centrifuge at 300 x g, RT, for 5 min, and discard supernatant.

Perform the second washing step with 20 mL of RPMI without phenol red and without supplements as described above. 

NOTE: If T cells from several donors are used for electroporation, the cells can be prepared in parallel until section 5.8. Use only one T cell batch to perform the last washing step (section 5.8). Leave the other cells pelleted without discarding the supernatant and proceed with the last washing step when the first round of electroporation is finished. 

[bookmark: _Ref206507496]Perform the third washing step with 20 mL of reduced serum medium as described above. 

During the last centrifugation step, collect all required mRNA aliquots from the freezer and keep them on ice. Label the electroporation cuvettes and the plate with the pre-warmed media.

[bookmark: _Ref206507443]Set up the conditions on the electroporation device. Here, a Gene Pulser Xcell total system is used. The protocol settings for primary T cells should be:

Square Wave Protocol: Voltage: 500 V, number of pulses: 1, Pulse length: 5 ms, Pulse interval: 0, Cuvette diameter: 4 mm

NOTE: This protocol is optimized for primary T cells. Other cell types might require adaptation of the settings, especially the pulse length.

Discard supernatant thoroughly by pipetting off remaining liquid without disturbing the pellet. Resuspend the cell pellet in 100 µL of reduced serum medium per electroporation (e.g., if five electroporations are performed, resuspend the pellet in a total volume of 500 µL).

[bookmark: _Ref206507469]Use 100 µL of the T cell suspension and 3–5 µg of the mRNA per electroporation. Only prepare one electroporation at a time. Add the T cell suspension to the mRNA-containing tube, mix gently. Avoid pipetting up and down. Work swiftly from now on.

NOTE: The volume of the added mRNA should not exceed 10 µL. The amount of mRNA can be adjusted if necessary. When comparing CARs or experiments, always use the same number of cells and mRNA for each electroporation. This is important, since the amount of mRNA is directly linked to CAR expression levels (see Figure 5).

Transfer the mRNA/T cell mix to an electroporation cuvette. Ensure that the suspension covers the bottom of the cuvette. Do not pipette up and down.

Quickly transfer the cuvette containing the mRNA/T cell mix to the electroporation device and perform electroporation with the settings as prepared in section 5.11. 

[bookmark: _Ref206507476]After electroporation, carefully recover the T cells in pre-warmed full T cell medium by adding 100 µL of medium from the well plate to the cuvette, then transferring the cells back to the plate. Rinse cuvette with 100 µL of medium. 

NOTE: Cells are sensitive to shear stress after electroporation. Avoid repeated resuspension steps.

Repeat sections 5.12 to 5.15 for all mRNA constructs.

Incubate transfected T cells at 37 °C with 5% CO2. If another T cell batch is prepared, continue with section 5.8 with this batch now.

Perform the respective experiment within 24 h.

NOTE: CAR expression will be detectable as early as 3-6 h after electroporation. Peak expression levels and kinetics may depend on the mRNA construct and should be tested in preliminary experiments. Detailed protocols describing possible downstream potency assays, such as the analysis of CAR T cell cytotoxicity or cytokine secretion levels upon co-culture with tumor target cells, are available elsewhere23-27.

Analysis of CAR expression after electroporation

NOTE: 6-24 h after electroporation, resuspend and count T cells. Use 50,000-100,000 cells per staining reaction. Transfer the required volume of cell suspension to an appropriate polystyrene round-bottom tube. The following sections may be performed outside of a biological safety cabinet.

Wash cells by adding 1 mL of staining buffer, consisting of PBS with 0.5% FBS. Centrifuge at 300 x g, 4 °C, for 5 min. From now on, keep cells on ice and work with cooled reagents.

Prepare a master mix with all antibodies used in the staining panel. Include an antibody that enables CAR-detection (for example, through an incorporated peptide-tag such as a DYKDDDDK-tag). Dilute the antibodies as recommended in a final staining volume of 50 µL (e.g., to obtain a 1:50 dilution, 1 µL of antibody is added to 49 µL of buffer for each tube). 

NOTE: Staining for CAR expression may be performed solely with a CAR-detection antibody or combined with phenotypic and activation marker staining. The antibody, as well as the conjugated fluorophore, can be adjusted. When exchanging antibodies and/or fluorophores, consider the respective excitation and emission spectra. APC is compatible with the proposed 7-aminoactinomycin D (7-AAD) dye for concurrent viability staining.

After centrifugation, discard the supernatant thoroughly by pipetting off residual liquid without disturbing the cell pellet. Resuspend each pellet in 50 µL of the prepared antibody mix.

Incubate the tubes at 4 °C in the dark for at least 30 min. This incubation step can be prolonged up to several hours.

Wash the cells by adding 1 mL of staining buffer directly to the tube. Centrifuge at 300 x g, 4 °C, for 5 min and discard the supernatant thoroughly by pipetting off residual liquid. Resuspend the cell pellets in 100 µL of staining buffer per tube.

Before starting the measurement, add 2 µL of 7-AAD solution to the tubes and mix well. Incubate for 10 min at RT in the dark. Proceed to measurement immediately.

NOTE: Do not incubate cells with 7-AAD for more than 15 min, as this may skew the results. To achieve homogeneous incubation times, consider adding 7-AAD either sequentially or in batches. This protocol is optimized for staining conducted in 5 mL round-bottom tubes. Staining in 96-well plates can also be performed using a slightly modified protocol. Since plates have a lower working volume (a maximum of 250 µL), two washing steps with 200 µL of buffer before staining are advised. If more than 50 µL of cells are seeded per well, pellet the cells and discard the supernatant before proceeding to the washing steps. Staining is also performed in 50 µL per well. After incubation, perform three washes with 200 µL staining buffer. Centrifugation is performed with the same settings as described above.

REPRESENTATIVE RESULTS: 
Activation and expansion of primary human T cells
Primary T cells were thawed and activated on day 0 with either CD3/28 beads or TransAct, expanded for 23 days, and counted every 2–3 days (Figure 2A). On counting days, cell densities were adjusted to 0.3–0.5 x 106 cells/mL. On days 0/2/5/9/14/20, T cells were used for flow cytometric analysis to assess the phenotype and expression of activation markers. Within the first week after activation, T cells proliferated and expanded rapidly with both activation reagents (Figure 2B), with a slightly lower fold-expansion for the following days for T cells activated by TransAct (Figure 2C). Notably, activation of T cells was also visible by microscopic analysis, with T cell clusters forming around the activation reagents (Figure 2D). 

                                                               [Place Figure 2 here]

Staining of T cell phenotype and activation markers
For flow cytometric analysis, the following gating strategy was applied (Figure 3): A first gate (FSC-Height vs. SSC-Height) was applied to remove cell debris and beads, followed by gating for single cells (FSC-Width vs. SSC-Area). The percentage of CD3+ cells should be in the range of 98–100%. Further sub-gating yielded the percentage of CD4+ (helper) T cells and CD8+ (cytotoxic) T cells, which were further gated for different phenotypic T cell subsets using the markers CD45RA and CD62L. CD3+ T cells were additionally analyzed for the expression of activation markers (CD25/CD69/CD134/CD137/CD154). 

                                                               [Place Figure 3 here]

After activation with CD3/28 beads, the percentage of CD4+ T cells compared to CD8+ T cells decreased over time, with 74.3% (± 7.4%) of CD4+ T cells on day 5, which decreased to 14.6% (± 3.4%) on day 20 after activation. CD8+ T cells increased from 20.7% (± 6.4%) on day 5 to 82.4% (± 3.1%) on day 20 (Figure 4A). Similar trends were detected after activation with TransAct, with slightly lower percentages of CD8+ T cells on day 20 (72.5% ± 0.7%). Therefore, the slightly slower T cell expansion that was observed after activation with TransAct corresponded to a lower percentage of CD8+ and a higher percentage of CD4+ cells during the expansion period. The differences in T cell phenotypic composition were similar with both activation reagents (Figure 4B). However, the frequencies of T effector memory cells re-expressing CD45RA (TEMRA) were overall higher for CD8+ cells than for CD4+ cells. Concordantly, CD4+ T cells showed higher percentages of central memory T cells (TCM) and stem-cell-like memory T cells (TSCM) (Figure 4B).

CD134 was the only activation marker that was already upregulated after thawing of T cells, with 37.6% (± 4.1%) CD134+ T cells activated with CD3/28 beads and 36.1% (±4.4%) CD134+ T cells for TransAct-activated T cells (Figure 4C). In both activation strategies, CD25, CD69, and CD134 were highly upregulated by day 2. For CD3/28 beads, CD69 and CD134 expression reached their peak on day 2, while CD25 peaked on day 5. Similar results were seen for TransAct-activated T cells. CD134 and CD154 were upregulated only on day 14 for both CD3/28 beads and TransAct-activated cells. Overall, the observed trends were very similar between the two activation reagents. However, CD69 expression on day 14 was slightly higher in CD3/28-activated T cells than their TransAct counterparts (97.1% ± 0.9% versus 86.5% ± 5.1%). This corresponds to the prolonged high expansion rate seen with CD3/28 bead-activated cells. To sum up, the proposed activation marker panel includes markers that are upregulated both at early and later timepoints after activation, with varying sensitivity between the different activation markers, but overall, similar trends for both activation reagents. 

                                                                   [Place Figure 4 here]

Transient transfection of primary T cells and analysis of CAR expression
Primary T cells were transfected with mRNA by electroporation on day 7 after activation with either CD3/28 beads or TransAct. As a template, mRNA encoding for a second-generation CAR targeting chondroitin sulfate proteoglycan 4 (CSPG4) with a CD28 co-stimulatory and a CD3ζ signaling domain was used. A DYKDDDDK-tag (flag-tag) was included to enable flow-cytometric detection. T cell viability and CAR expression were assessed 3, 6, 24, and 48 h after electroporation. Staining was performed as described in protocol section 6.

Although the viability of both CD3/28 bead- and TransAct-activated T cells was low 3 h after electroporation, overall, the viability of transfected CAR T cells ranged from 51–85% and did not differ significantly between the two activation strategies (Figure 5A). The CAR was detectable already at this early point after electroporation. Although the percentage of CAR+ cells gradually decreased over time, the highest frequency of CAR+ cells was detectable within 24 h after electroporation (Figure 5B, left panel). Notably, the signal intensity was stable within the first 6 h after electroporation and gradually decreased afterwards (Figure 5B, right panel). CAR expression was almost absent after 48 h, demonstrating the transient nature of cell manipulation and the importance of choosing an early time window for downstream assays. Representative dot plots for CAR-expression of one donor are shown in Figure 5C. For both activation reagents, the CD4/CD8 ratio did not differ between CAR and MOCK-transfected cells (Figure 5D). Consistent with our previous results, T cells activated with CD3/28 beads showed a slightly higher frequency of CD8+ T cells than cells activated with TransAct. For the phenotypic analysis, one representative donor is shown due to large donor-dependent variations (Figure 5E). While both the activation reagent and CD4/CD8 state influence the T cell phenotype, CAR expression does not cause a change in phenotype compared to MOCK-transfected cells. 

To assess the influence of mRNA concentration on expression levels, primary T cells were transfected with mRNA encoding for a mutant version of GFP (muGFP) using 0.1, 0.3, 1, 3 or 6 µg of mRNA. The GFP signal was measured by flow cytometry 24 h after electroporation. As expected, already as little amounts of mRNA as 0.1 µg led to a detectable GFP signal, with a gradual increase of signal intensity with increasing mRNA amounts. In our experiments, 1 µg of mRNA was already saturating, and larger amounts (3 and 6 µg of mRNA) did not lead to an increased GFP signal (Figure 5F). This highlights the possibility of using varying amounts of mRNA to titrate expression levels, which can be beneficial for testing the influence of different CAR- or even target antigen expression levels28.

                                                                 [Place Figure 5 here]

FIGURES AND TABLE LEGENDS: 
Figure 1: Schematic representation of the DNA template components needed for the generation of an mRNA for T cell transfection. The template DNA for IVT should contain a T7 promoter, the Kozak sequence, a start codon followed by a signal peptide to enable secretion of the protein to the extracellular space, the desired CAR sequence, and a stop codon. Abbreviations; mRNA = messenger ribonucleic acid; DNA = deoxyribonucleic acid; CAR = chimeric antigen receptor; IVT = in vitro transcription.

Figure 2: Activation and expansion of primary T cells using two different activation reagents. (A) Schematic representation of the experimental timeline. Cells were activated either with CD3/28 beads or TransAct on day 0 and cultured for 23 days. Blue dots depict days where the cells were counted, red dots depict days where the cells were analyzed by flow cytometry, and purple dots depict days where both analyses were performed. (B) and (C) Expansion of primary T cells during (B) the first week or (C) within 16 days of culture. Values depict the mean ± standard deviation of 4 (CD3/28 beads) or 3 (TransAct) different healthy T cell donors. (D) Representative microscopic images of activated T cells with visible cell clustering on days 1 and 2 after activation. Images were taken with an inverted microscope. The ruler corresponds to 200 µm.

Figure 3: Gating strategy for flow cytometric analysis. Representative dot plots of one T cell donor activated with CD3/28 beads on day 5 are shown (n = 4). Abbreviations; TEMRA = T effector memory cells re-expressing CD45R; TSCM = stem cell-like memory T cells; TEM = effector memory T cells; TCM = central memory T cells.

Figure 4: Analysis of T cell phenotype and activation marker expression with different activation reagents during a cultivation period of 20 days. (A) Percentages of CD4+/CD8+ T cells during cultivation after activation with CD3/28 beads (left) or TransAct (right). (B) T cell differentiation after activation with CD3/28 beads (two left panels) or TransAct (two right panels), each for either CD4+ or CD8+ cells. The phenotype was assessed using the markers CD45RA and CD62L. TEMRA: CD45RA+ CD62L-, TEM: CD45RA- CD62L-, TCM: CD45RA- CD62L+, TSCM: CD45RA+ CD62L+. (C) Expression of activation markers after activation with CD3/28 beads or TransAct and during the expansion period. Frequencies [%] of the parent population CD3+ T cells are shown (mean ± standard deviation of 4 [CD3/28 beads] or 3 [TransAct] different healthy T cell donors). Abbreviations; TEMRA = T effector memory cells re-expressing CD45RA; TSCM = stem cell-like memory T cells; TEM = effector memory T cells; TCM = central memory T cells.

Figure 5: Expression kinetics of CARs and phenotype analysis of transfected CAR T cells. (A) Viability of CAR T cells after electroporation with CAR-encoding mRNA. 2 µL of (7-AAD) in 100 µL of staining buffer was used to assess viability after 10 min incubation. n = 2–3 individual donors (B) Staining for CAR expression with an anti-DYKDDDDK antibody (conjugated with APC, 1:50 final dilution). After gating on viable cells, either the percentage of CAR-positive cells in relation to MOCK-transfected controls (left panel) or the geometric median fluorescence intensity (GeoMean, right panel) of the whole population was analyzed. Shown are averages of n = 3 individual donors ± S.D. (C) Representative dot plots of one donor from (B) demonstrating the kinetics of CAR expression over time. (D) Analysis of CD4+/CD8+ T cells and comparison of MOCK-transfected with CAR-transfected T cells and two different activation strategies 24 h after electroporation. Shown are averages of n = 3 individual donors ± S.D. (E) Phenotypic analysis of MOCK-transfected and CAR-transfected T cells shown in (B) 24 h after electroporation. Shown is one representative donor of n = 3. (F) Analysis of muGFP expression 24 h after electroporation with different amounts of mRNA. Gating for live cells was performed before the GeoMean for GFP was quantified. Shown are averages of n = 3 donors ± S.D. Abbreviations; CAR = chimeric antigen receptor; mRNA = messenger ribonucleic acid; 7-AAD = 7-aminoactinomycin; RT = room temperature; muGFP = mutant green fluorescent protein; S.D. = standard deviation.

Table 1: Composition of the freezing medium. The freezing medium is used to preserve cell integrity and viability during freezing and storage.

Table 2: Composition of full T cell medium. Medium used for the cultivation of primary human T cells after activation.

Table 3: Overview of the antibody panel and proposed fluorophores for analysis of primary T cell expression of phenotype and activation markers. A flow cytometer with at least 4 lasers and the corresponding filter setup is needed to perform this experiment. If the device setup differs, fluorophores need to be adjusted accordingly.

DISCUSSION: 
The isolation and cultivation of primary human T cells provide the foundation for in vitro and in vivo studies. It is well-established that upon activation and in vitro expansion, T cells differentiate into an effector-like phenotype, and that the choice of cytokine supplements strongly impacts those differentiation fates9. CAR T cells cultured with IL-7 and IL-15 demonstrated improved persistence and better anti-tumor activity in mouse models compared to T cells expanded with IL-229. Therefore, the choice of both activation reagents and cytokine supplements is important to yield T cells with the desired phenotype. We compared two activation reagents (CD3/28 beads and TransAct), that differentially influence T cell expansion kinetics, yield, and the CD4/CD8 ratio, over an expansion period of three weeks. In general, T cells expanded after CD3/28 bead activation showed a higher percentage of CD8+ and lower frequencies of CD4+ cells than after TransAct activation. As CD8⁺ T cells preferentially differentiate towards an effector-like TEMRA phenotype, reagent selection is a key variable that should match the goals of the experiment. In addition to phenotypic surface markers, the upregulation of activation markers yields information about the T cell state and effector functions. Both CD25 and CD69 are sensitive activation markers and are typically upregulated at early time-points after activation. They are commonly used to assess activation of T cells, but also other cell types, such as natural killer (NK) cells30-32. In contrast, the activation markers CD137 and CD154 showed lower expression in expanded T cells, highlighting their potential to assess specific upregulation in CAR T cells upon co-culture with target cells. Notably, when applying the activation marker panel to assess CAR T cell activity upon co-culture with target cells (i.e., tumor cells), a careful choice of activation markers is required to avoid high background expression of those markers on T cells even in the absence of target cells.

When working with primary T cells, one should be aware that their expansion and differentiation profiles are highly donor dependent. However, storage of the initial sample at 4 °C prior to T cell isolation and a short handling time overall improve the yield and the quality of isolated cells.  Cell viability is influenced by the duration of freezing and thawing steps, since the freezing medium contains cryoprotectants such as dimethyl sulfoxide (DMSO). While DMSO is crucial for preserving cellular structures upon freezing, it is toxic to cells at room temperature. Therefore, fast handling and dilution of DMSO after thawing are required. When electroporating T cells, the cells are most sensitive after the electric pulse, which aims to make the cell wall permeable for mRNA. Handling the cells with care by avoiding additional shear stress and working with pre-warmed solutions may greatly increase cell recovery and viability. It can be beneficial to add a positive control mRNA, such as a CAR of known expression or a reporter protein such as GFP, when testing a new CAR construct. It is further recommended to include at least MOCK transfected cells (i.e., cells electroporated without mRNA) as negative control. For functional assays, mRNA encoding for a CAR directed against a different target may be used to assess CAR specific activation. 

Since expression kinetics may depend on the mRNA sequence, assessing the kinetics individually is a valuable tool for choosing the ideal time point for the conduction of downstream assays. This transfection method is primarily intended as a rapid, easy way to screen multiple CAR constructs in parallel. Due to the short timeframe during which the CAR is expressed on the T cell surface, long-term assays cannot be conducted. However, from preliminary transfection experiments, one can determine the best CAR design to proceed to viral transduction, if desired. 

Finally, antibodies or their conjugated fluorophores may be exchanged to fit the experimental setup. However, it is crucial to consider the respective excitation and emission spectra of the fluorophores to interpret the results reliably. Moreover, single staining with one antibody at a time can be conducted in preliminary experiments to assure correct compensation of a multi-color panel. While we did not require spectral compensation for the proposed antibody panel, it might be necessary to set up a compensation matrix when the panel is changed. 

The presented IVT and electroporation protocol offers a simple and flexible alternative to viral transduction for introducing CAR constructs into primary human T cells. Because it relies entirely on RNA-based delivery, it can be performed in laboratories without access to BSL-2 infrastructure, significantly lowering the barrier for CAR T cell research. Although viral transduction is very efficient and is predominantly used in the CAR field, it is accompanied by safety concerns related to genomic integration, a potential cause of secondary malignancies, as well as labor and cost-intensive production33,34. Moreover, the transient nature of CAR expression makes this approach particularly suitable for rapid, parallel screening of multiple CAR designs35, allowing researchers to compare construct performance in a high-throughput manner. The drawback of this method is the limited time of CAR expression, which typically peaks around 6-12 h after electroporation22,24,35,36. With transient transfection, long-term cultures, such as repeated stimulation assays, cannot be performed due to CAR downregulation. However, we suggest identifying the most promising CAR construct(s) with mRNA electroporation before considering moving to stable expression systems with a limited number of candidates. 

Electroporation of mRNA into primary cells is a versatile technology to express proteins such as antigens in different cell types, including PBMCs, T cells, B cells, NK cells, and dendritic cells37. Notably, another method for transient CAR delivery is lipid nanoparticles (LNPs)36,38, which allows the delivery of CAR-encoding mRNA or DNA into T cells without viral vectors and enables integration-free CAR expression. In contrast, the Sleeping Beauty transposon system39-41 achieves stable integration without the requirements of viral components. The most suitable choice of T cell transfection or transduction depends on the intended application and considerations for scalability and manufacturing. mRNA-based CAR T cells have been successfully used in preclinical and clinical studies against a variety of different entities, including hematological and solid malignancies and autoimmune diseases42-44. Transiently expressed CARs offer advantages compared to stably expressed CARs, since the limited surface expression can prevent or reduce side effects25. 

In summary, this workflow provides a straightforward, step-by-step protocol for the isolation, activation, cultivation, analysis, and transfection of primary T cells to generate CAR T cells. It is simple to implement, does not require BSL-2 laboratory facilities, and can be readily integrated into laboratories equipped with standard molecular biology and cell culture facilities.
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