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SUMMARY:  30 
Metabolic adaptation is fundamental for T cells as it dictates differentiation, persistence, and 31 
cytotoxicity. Here, an optimized protocol for monitoring mitochondrial respiration in ex vivo 32 
cytokine-differentiated human primary T cells is presented.  33 
 34 
ABSTRACT: 35 
During activation, the metabolism of T cells adapts to changes that impact their fate. An increase 36 
in mitochondrial oxidative phosphorylation is indispensable for T cell activation, and the survival 37 
of memory T cells is dependent on mitochondrial remodeling. Consequently, this affects the long-38 
term clinical outcome of cancer immunotherapies. Changes in T cell quality are often studied by 39 
flow cytometry using well-known surface markers and not directly by their metabolic state. This 40 
is an optimized protocol for measuring real-time mitochondrial respiration of primary human T 41 
cells using an Extracellular Flux Analyzer and the cytokines IL-2 and IL-15, which differently affect 42 
T cell metabolism. It is shown that the metabolic state of T cells can clearly be distinguished by 43 
measuring the oxygen consumption when inhibiting key complexes in the metabolic pathway and 44 
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that the accuracy of these measurements is highly dependent on optimal inhibitor concentration 45 
and inhibitor injection strategy. This standardized protocol will help implement mitochondrial 46 
respiration as a standard for T cell fitness in monitoring and studying cancer immunotherapies. 47 
 48 
INTRODUCTION: 49 
Correct T cell development and function are essential for the ability of the immune system to 50 
recognize and respond to antigens. Mitochondrial oxidative phosphorylation (OxPhos) changes 51 
according to the state of the T cell. Naïve T cells predominantly use OxPhos to produce ATP, 52 
whereas activated T cells undergo a metabolic transition where glycolysis becomes dominant1. 53 
After the effector phase, the small remaining subset of memory T cells reverts to a metabolic 54 
state dominated by OxPhos2,3. The changes of OxPhos follow the differentiation of T cells to such 55 
a degree that even subsets of T cells can be differentiated by their specific is OxPhos properties1. 56 
Conversely, OxPhos is important for T cells’ function, and inhibition of OxPhos has been 57 
demonstrated to block proliferation and cytokine production of T cells4. Therefore, the ability to 58 
quantify the properties of T cell OxPhos in a precise and reproducible manner is a powerful tool 59 
for anyone working with T cells.  60 
 61 
In this protocol, properties of T cell OxPhos are measured using an extracellular flux analyzer. The 62 
core function of this analyzer is to continuously measure the oxygen content of the growth media 63 
of the cells to be analyzed. Oxygen removed from the growth media is assumed to be taken up 64 
by the cells. By treating the cells with a variety of OxPhos inhibitors or modifiers, a drop in oxygen 65 
uptake is associated with the inhibited or modulated function. For example, inhibition of the ATP 66 
synthase will lead to a reduced cellular uptake of oxygen that would otherwise be used to 67 
produce ATP by oxidative phosphorylation. Other equipment, including the Clark electrode and 68 
the Oroboros instrument, offers similar functionality, and each instrument has different 69 
advantages and shortcomings. A wide array of cell types can be used for studies in these devices, 70 
but one particularly challenging cell type is human primary T lymphocytes5. Due to their small 71 
size, poor survival ex vivo, and non-adherent properties, human primary T cells can be challenging 72 
to study. 73 
 74 
This is a protocol for studying the mitochondrial respiration of human primary T cells by an 75 
extracellular analyzer. The protocol is divided into an Optimization run, where optimal 76 
concentrations of cell number per well, as well as the optimal concentration of oligomycin and 77 
FCCP, are determined. Furthermore, an Assay run, where the optimized conditions are used. 78 
 79 
Using blood-derived human PBMCs and ex vivo primary T cell cultures, this protocol 80 
demonstrates the importance of optimal inhibitor concentration and the relevance of using 81 
separate instead of a sequential injection of mitochondrial inhibitors when working with sensitive 82 
cell types. Finally, it is demonstrated that this assay can robustly detect subtle differences in 83 
mitochondrial respiration upon polarization with cytokines IL-2 and IL-15.  84 
 85 
PROTOCOL: 86 
 87 
Experiments were carried out under the guidelines from Herlev Hospital and the Capital Region 88 



   

of Denmark. 89 
 90 
NOTE: This protocol contains instructions for both an Optimization run and an Assays run. It is 91 
clearly written in the text when instructions are for an Optimization run or an Assay run. Run an 92 
Optimization run before continuing with the Assay runs 93 
 94 
1. Human peripheral blood mononuclear (PBMC) isolation from buffy coats 95 
 96 
1.1. PBMC isolation 97 
 98 
1.1.1. Collect buffy coats from the appropriate institution (collected in blood collection bags). 99 
Buffy coats originate from healthy donors. Exclude donors that have recently used painkillers.  100 
 101 
1.1.2. Spray the blood collection bag containing the buffy coat with 70% ethanol before 102 
transferring to a laminar flow cabinet. Always use sterile techniques and sterile hardware for all 103 
steps 104 
 105 
NOTE: Ensure that the correct authorizations for the handling of human blood samples are 106 
obtained.  107 
 108 
1.1.3. Transfer the blood to a sterile 50 mL centrifuge tube. 109 
 110 
1.1.4. Dilute the blood at least 10% with non-supplemented RPMI 1640. 111 
 112 
1.1.5. Pour 20 mL of the preferred density gradient medium in a 50 mL centrifuge tube. 113 
 114 
1.1.6. Aspirate 25 mL of the diluted blood into a serological pipette. Set the electric pipette 115 
controller to the lowest speed. 116 
 117 
1.1.7. Hold the tube with density gradient medium at a 45° angle and rest the serological pipette 118 
tip on the inner side of the 50 mL centrifuge tube. Slowly release 25 mL of the diluted blood from 119 
the serological pipette.  120 
 121 
1.1.8. Make sure the diluted blood and the density gradient medium do not mix. Ensure that the 122 
diluted blood rests on top of the density gradient medium. 123 
 124 
1.1.9. Repeat this with subsequent density gradient medium tubes until all diluted blood is 125 
processed.  126 
 127 
1.1.10. Carefully move the tubes to a centrifuge and centrifuge at 1000 x g for 30 min in a swing-128 
out rotor at room temperature (RT). Ensure that the acceleration and break are at a minimum. 129 
 130 
NOTE: After centrifugation, various layers should be visible. The top, clear pink-to-orange layer 131 
consists of the blood plasma and platelets. The middle white layer consists of the PBMCs followed 132 



   

by a clear layer that consists of the density gradient medium, and finally a dark red layer at the 133 
bottom with red blood cells. 134 
 135 
1.1.11. Using a sterile Pasteur pipette, carefully aspirate the PBMC-containing white layer to a 50 136 
mL centrifuge tube.  137 
 138 
NOTE: Make sure not to transfer the density gradient medium as this will affect downstream 139 
purification. Excess plasma will not affect the results. 140 
 141 
1.1.12. Pool all collected PBMCs in the same 50 mL centrifuge tube and top up to 50 mL with 142 
RPMI 1640.  143 
 144 
1.1.13. Centrifuge the cells at 500 x g for 5 min at RT (perform the remaining centrifugation steps 145 
at this setting unless specified otherwise). 146 
 147 
1.1.14. Aspirate the supernatant and resuspend the cells in 30 mL of RPMI 1640. Count the cells 148 
using a hemocytometer or automated cell counter. 149 
 150 
1.1.15. For cryopreservation, resuspend a maximum of 30 million cells per 1 mL of freezing 151 
medium.  152 
 153 
1.1.16. Transfer the cells to cryotubes and freeze until -80 °C using a rate-controlled freezing 154 
container (-1 °C per min). For long-term storage, move the PBMCs to -140 °C. 155 
 156 
NOTE: Limit the time cells are in the freezing medium at RT. At RT, DMSO is highly toxic to cells. 157 
 158 
2. Culturing of activated human primary T lymphocytes 159 
 160 
2.1. Thawing of cells (Day 1) 161 
 162 
2.1.1. Pre-warm 10 mL of RPMI 1640 per sample to around 37 °C. 163 
 164 
2.1.2. Take the desired number of cell ampules and store them temporarily on dry ice. 165 
 166 
2.1.3. Resuspend the frozen cells in 10 mL of pre-warmed RPMI 1640. 167 
 168 
2.1.4. Centrifuge the cells for 5 min at 500 x g at RT.  169 
 170 
2.1.5. Discard the supernatant and wash the cells again by resuspending in 10 mL of RPMI 1640 171 
and centrifuge as described in 2.1.4. 172 
 173 
2.1.6. Discard the supernatant and resuspend the cells at 2 x 106 cells per mL of X-VIVO 15 174 
medium + 5% human serum (hereafter: T cell medium).  175 
 176 



   

2.1.7. Plate 2 mL of the cells per well in a 24-well cell culture plate and incubate overnight at 37 177 
°C and 5% CO2.  178 
 179 
2.2 Activation of cells (Day 0) 180 
 181 
2.2.1. Wash CD3/CD28 beads by transferring 12.5 µL of beads per 1 million cells to a 182 
microcentrifuge tube. Add 12.5 µL of PBS per 12.5 µL of beads.  183 
 184 
NOTE: It is important to vortex the vial of beads before use.  185 
 186 
2.2.2. Place the microcentrifuge tube on a suitable magnet for 1 min. 187 
 188 
2.2.3. Discard the buffer and resuspend the beads in the original volume of T cell medium (12.5 189 
µL of T cell medium per 12.5 µL of the original volume of beads). 190 
 191 
2.2.4. Add 12.5 µL of beads per million of cells corresponding to a ratio of 1:2 (beads: cells). 192 
 193 
2.2.5. Divide the cells into two conditions with around 5 million cells in each.    194 
 195 
2.2.6. Add the correct volume of cytokines to the conditions as mentioned in Table 1. 196 
 197 
2.2.7. Incubate the cells for 3 days at 37 °C and 5% CO2. 198 
 199 
2.3. Culturing of cells (Day 3 and 5) 200 
 201 
2.3.1. Resuspend the cells and split them by transferring half the volume from each well into a 202 
new well. Add the same volume of fresh T cell medium to each well. 203 
 204 
2.3.2. Add new cytokines to each condition as mentioned in Table 1. 205 
 206 
3. Extracellular flux assay 207 
 208 
3.1. Hydration of the sensor cartridge (Day 0) 209 
 210 
3.1.1. Unpack the sensor cartridge and carefully remove the sensor cartridge from the utility 211 
plate.  212 
 213 
3.1.2. Place the sensor cartridge upside-down, taking care not to touch the sensor probes. 214 
 215 
3.1.3. Fill the utility plate with 200 μL of calibrant (see Table of Materials for details) and carefully 216 
replace the sensor cartridge back into the utility plate.  217 
 218 
3.1.4. Alternatively, to eliminate any bubble formation, incubate the sensor cartridge in sterile 219 
ultrapure water overnight and replace it with a pre-warmed calibrant on the morning of the 220 



   

assay. 221 
 222 
3.1.5. Incubate the sensor cartridge plate at 37 °C in a non-CO2-regulated heating cabinet 223 
overnight. 224 
 225 
NOTE: It is very important to use a non-CO2 regulated cabinet since excess CO2 will influence the 226 
sensor cartridge. Make sure that the Flux analyzer (see Table of Materials for details) is turned 227 
on at least a day before use to allow it to warm up to 37 °C.  228 
 229 
3.2. Cell coating and preparation of mitochondrial inhibitors (Day 1) 230 
 231 
3.2.1. Prepare a coating solution (see Table of Materials) containing NaHCO3 (pH 8.3, 0.1 M, 1128 232 
µL), Cell-Tak (1 mg/mL, 48 µL) and NaOH (1.0 M, 24 µL). 233 
 234 
NOTE: Coating solution should always be made and used fresh. 235 
 236 
3.2.2. Open a fresh XF cell culture plate and add 12 μL of the freshly prepared coating solution to 237 
each well. Ensure even distribution of coating solution in the bottom of all the wells. 238 
 239 
3.2.3. Incubate the plate at RT with the lid on for 30 min and discard the remaining liquid solution 240 
from all the wells. 241 
 242 
3.2.4. Wash the plate with 200 μL of sterile water and discard the liquid. 243 
 244 
3.2.5. Wash the plate with 200 μL of cell culture grade sterile PBS and discard the liquid. 245 
 246 
3.2.6. Leave the plate at RT and let it dry for at least 30 min. 247 
 248 
3.3. Plate T cells in the XF cell culture plate (Day 1) 249 
 250 
3.3.1. Prepare 50 mL of assay media by mixing suitable XF RPMI media with glucose, pyruvate, 251 
and glutamine according to experimental setup (Recommended levels: 4 mM glucose, 1 mM 252 
pyruvate and 3 mM glutamine).  253 
 254 
3.3.2. Heat to 37 °C in a non-CO2 regulated incubator and set pH at 7.4. Ensure that there is 255 
enough media for plating cells and preparing oligomycin and FCCP solutions (section 3.4). 256 
 257 
3.3.3. Design a plate layout with an increasing number of cells per well for Optimization run or 258 
Assay run. Use four 4 wells, filled with media and injected with media, for background 259 
measurements. 260 
 261 
3.3.4. Count T cells prepared in section 2.3 (by the preferred method) and pipette the correct 262 
number of cells to each well of the XF cell culture plate coated with the coating solution, 263 
according to the plate layout.  264 



   

 265 
NOTE: The final volume of each well may vary but must be enough to cover the bottom of the 266 
well. 267 
 268 
3.3.5. Centrifuge the XF cell culture plate at 1000 x g at RT for 10 min to adhere the T cell to the 269 
coated surface.  270 
 271 
3.3.6. Wash the cells with 200 µL of assay media, discard the media and add 180 µL of assay 272 
media. 273 
 274 
NOTE: Visually inspect the wells using an inverted light microscope to ensure that the cells are 275 
attached and evenly distributed across the well surface. 276 
 277 
3.3.7. Incubate the XF cell culture plate in the non-CO2 regulated heating cabinet for 30 min to 278 
ensure that the plate’s temperature is 37 °C.  279 
 280 
3.4. Loading sensor cartridge with oligomycin and FCCP for Optimization run (Day 1) 281 
 282 
NOTE: If oligomycin and FCCP concentrations were already optimized, continue at section 3.5. 283 
 284 
3.4.1 Prepare working solutions of oligomycin and FCCP in assay media (prepared in step 3.3.1) 285 
as described in steps 3.4.2 and 3.4.3. 286 
 287 
3.4.2. Oligomycin working solutions: prepare 5 µM solution (2 mL of assay media + 10 µL of 1 mM 288 
oligomycin stock) and 3 µM solution (8 mL of assay media + 24 µL of 1 mM oligomycin stock). 289 

 290 
3.4.3. FCCP working solution: Prepare 2 µM solution (2 mL of assay media + 13.2 µL of 300 µM 291 
FCCP stock) and a 1.3 µM solution (8 ml of assay media + 34.6 µL of 300 µM FCCP stock) 292 
 293 
3.4.4. Load the working solutions of either oligomycin or FCCP into the injection ports of the 294 
sensor cartridge (Table 2). 295 
 296 
NOTE. It is important that no injection ports contain air only. If, for any reason, not all injection 297 
ports are used, empty ports need to be filled with assay media. 298 
 299 
3.4.5. Gently knock the edges of the plate on the table to remove potential bubbles in the 300 
injection ports. 301 
 302 
3.5. Loading sensor cartridge with oligomycin, FCCP, and antimycin A for Assay run (Day 1) 303 
 304 
3.5.1 Prepare solutions of oligomycin, FCCP in assay media (prepared in step 3.3.1) according to 305 
the optimal concentrations identified in a previous Optimization run. Also, prepare a 20 µM 306 
antimycin A  solution. 307 
 308 



   

3.5.2. Load 20 µL of either oligomycin or FCCP into injection port A of the sensor cartridge 309 
according to plate layout. Add 22 µL of 20 µM antimycin A to injection port B of all wells. The 310 
resulting concentration of antimycin A once injected into the well will be 2 µM. 311 
 312 
3.6. Setting up experimental protocol in Flux analyzer software. 313 
 314 
3.6.1. Assign the groups and plate map for each condition per plate layout. 315 
 316 
3.6.2. Design the protocol according to the injection strategy (Table 3 and Figure 1). 317 
 318 
NOTE: When running Assay runs, injection C and D can be omitted. 319 
 320 
3.6.3. Save the assay set up, fill out the information required to be included for the assay, and 321 
press Start. 322 
 323 
3.6.4. The flux analyzer will ask for the sensor cartridge prepared in section 3.5. Remove the lid 324 
and insert the sensor cartridge as directed by the analyzer. 325 
 326 
NOTE: The assay will calibrate and check sensors indicated by checkmarks. After successful 327 
calibration, the analyzer will request for the XF cell culture plate prepared in section 3.3. The 328 
utility plate is ejected from the analyzer and replaced with the XF cell culture plate to start the 329 
assay. 330 
 331 
REPRESENTATIVE RESULTS:  332 
A correct determination of OxPhos properties is an indispensable tool when studying T cells. 333 
However, if the assay conditions have not been optimized, there is a substantial risk of misleading 334 
or erroneous results. In this protocol, there is a strong focus on the optimization of cell number 335 
per well and concentrations of oligomycin and FCCP to be used. In the described setup, 336 
oligomycin and FCCP are added incrementally to the same well, increasing the concentration of 337 
the mitochondrial modulators. The optimal concentration of oligomycin and FCCP can be 338 
determined from the resulting OCR curves of the wells as the concentration where a plateau is 339 
reached.  340 
 341 
In the representative run, oligomycin is added in an increasing concentration and inhibiting ATP 342 
synthase (Complex V of the electron transport chain), resulting in decreased mitochondrial 343 
respiration. A plateau in OCR is reached after the accumulative concentration of the wells 344 
reached 1 µM. From this concentration and increasing concentrations OCR was not reduced 345 
further (Figure 1A). For wells treated with an incremental concentration of the uncoupler FCCP, 346 
OCR levels increased as expected until reaching a plateau after 0.2 µM of FCCP was added, 347 
indicating that at this concentration full uncoupling was obtained (Figure 1B). An optimization of 348 
cells plated per well is important for a correct and reproducible assay. If the used cell number is 349 
too low, then the level of oxygen removed from the assay media by the cells is too low to be 350 
correctly measured by the analyzer. On the other hand, if the number of cells per well is too high, 351 
the oxygen consumption of the cells can become so high that the system cannot replenish the 352 



   

oxygen levels of the assay media after each measurement, leading to an increasingly hypoxic 353 
environment and erroneous OxPhos characterization.  354 
 355 
In the representative run, cells were seeded at a density of 200,000 and 400,000 cells per well 356 
(Figure 2A–C). For a run with 200,000 cells, the initial OCR is approximately half of a run with 357 
400,000 cells per well. For FCCP treatment, maximal OCR is 61.6 pmol/min (200,000 cells) versus 358 
190,4 pmol/min (400,000 cells). Following oligomycin treatment, the OCR in the run with 200,000 359 
cells collapses into single-digit OCR (6.4 pmol/min). This is lower than the OCR of the run, with 360 
400,000 cells per well treated with oligomycin (25.8 pmol/min, respectively).  361 
 362 
Therefore, from the optimization run, it is clear that a cell number of 400,000 cells per well was 363 
required for future assays, using 1 µM oligomycin and 0.2 µM FCCP. In the classical setup 364 
recommended by the manufacturer, oligomycin and FCCP are added sequentially with the final 365 
addition of antimycin A. For T cells, this is not the optimal approach as the oligomycin treatment 366 
can be seen to limit the uncoupling after FCCP treatment (Figure 3A,B). In this presented method, 367 
it is recommended to run each condition in duplicate wells and treat one well with oligomycin 368 
and the other with FCCP, with a final addition of antimycin A for both wells. By using this 369 
approach, the oligomycin treatment does not affect OCR after FCCP treatment. This approach 370 
allows for the determination of the same mitochondrial properties as the classical setup, where 371 
drugs are added in sequence (Figure 3C) 372 
 373 
Finally, it was investigated whether the effects of cytokines IL-2 and IL-15 could be differentiated 374 
on the metabolism of ex vivo cultured human primary T cells. Indeed, IL-15 cultured cells 375 
possessed higher maximal respiration and spare respiratory capacity, as has been shown before1 376 
(Figure 4A–E). Basal respiration and ATP production were not affected. Taken together, this data 377 
shows that the mitochondrial respiration of ex vivo cultured human primary T cells can 378 
successfully be analyzed using the extracellular flux analyzer.  379 
 380 
FIGURE AND TABLE LEGENDS:  381 
Figure 1: Oxygen consumption rate (OCR) measured during titration of inhibitors oligomycin 382 
and FCCP in ex vivo cultured human primary T cells. (A) OCR during stepwise titration of 383 
oligomycin from 0–1.25 μM final concentration. (B) OCR during stepwise titration of FCCP from 384 
0–0.5 μM final concentration.  385 
 386 
Figure 2: The influence of cell concentration on OCR measurements in ex vivo cultured human 387 
primary T cells. OCR measurements of ex vivo cultured human primary T cells with 200,000 or 388 
400,000 cells per well after injection of either (A) FCCP or (B) Oligomycin. (C) Basal respiration, 389 
maximal respiration, ATP production, and spare respiratory capacity of human primary T cells 390 
using 200,000 or 400,000 cells per well. Representative of three independent experiments. 391 
 392 
Figure 3: Single or sequential injection of mitochondrial modulators. (A) Representative OCR 393 
measurements during baseline and after injection of oligomycin and FCCP (a,b), or antimycin A 394 
(c) as single individual injections or as sequential injections. (B) OCR values before injection (basal 395 
respiration) or after injection of oligomycin or FCCP as single injections or sequential injections. 396 



   

(C) Schematic representation of injection and measurement strategy. Representative of one 397 
independent experiment  398 
 399 
Figure 4: Differences in mitochondrial respiration in cytokine-differentiated human primary T 400 
cells. (A–D) Basal respiration, maximal respiration, ATP production, and spare respiratory 401 
capacity of human primary T cells cultured with IL-2 or IL-15 for seven days (n = 3). (E) 402 
Representative plots of (A–D), with injections of Oligomycin or FCCP (a) or antimycin A (b). 403 
 404 
Table 1: Preparation of cytokine cultures used to guide metabolic changes in T cells. 405 
 406 
Table 2: Strategy for preparation of mitochondrial inhibitors and modulators. Preparation 407 
concentrations, working concentrations, and injection strategies for an Optimization run. 408 
 409 
Table 3: Protocol design of an Optimization run with titration of mitochondrial inhibitors and 410 
modulators using 4 injections with 3 measurements in each. 411 
 412 
Table 4: Explanation of the various components of mitochondrial respiration that are studied 413 
using the flux analyzer 414 
 415 
DISCUSSION: 416 
Detailed and correct quantification of oxidative phosphorylation is an indispensable tool when 417 
describing the energy states of T cells. The state of mitochondrial fitness can be directly related 418 
to T cell activation potential, survival, and differentiation1,5. With this protocol, it is possible to 419 
determine the various properties of oxidative phosphorylation (see Table 4 for a detailed 420 
explanation). Precise quantification of these properties of oxidative phosphorylation offers a 421 
detailed insight into the energy states of T cells. However, to obtain reliable results, great care 422 
must be taken when setting up the experiment.  423 
 424 
In this protocol, the three following optimization steps are advised—first, optimization of cell 425 
numbers. The ability of a flux analyzer to correctly measure oxygen concentrations follows a 426 
sigmoid curve; changes in oxygen that are too small or too large will fall outside the operating 427 
interval of the machine and will therefore not be measured correctly. This necessitates an 428 
optimization of cell numbers to be used throughout the entire experiment. If too few cells are 429 
assayed, the changes in oxygen consumption are too low to be correctly measured. If too many 430 
cells, there is a risk of oxygen depletion in the assay media. An initial run is therefore 431 
recommended, with cell numbers ranging from 100,000–400,000 cells per well. When plotting 432 
cell number versus basal respiration, the optimal cell count will be in the linear range of the curve. 433 
When optimizing the setup, please be aware that there can be an exponential difference in 434 
mitochondrial activity between resting and activated cells, and therefore needs to be optimized 435 
accordingly.  436 
 437 
Second, titration of inhibitor concentrations. When treating the cells with oligomycin and FCCP, 438 
it is important to identify the optimal concentrations of the inhibitors to be used. A too low 439 
concentration will result in a suboptimal inhibition and an incorrect measurement of 440 



   

mitochondrial respiration. It is common that people use the highest recommended 441 
concentrations of the inhibitors to ensure that a full inhibition is obtained. This is also problematic 442 
as too high concentrations of the inhibitors can have pleiotropic effects. Uncouplers like FCCP 443 
also exert their effects on membranes other than the mitochondrial, resulting in a range of 444 
undesired effects, including plasma membrane depolarization, mitochondrial inhibition, and 445 
cytotoxicity. In this protocol, titration of oligomycin and FCCP is done simultaneously with cell 446 
number optimization. During an optimization run, increasing concentrations of oligomycin or 447 
FCCP are added using the four available substrate ports. In the resulting OCR diagram, the optimal 448 
concentration can be visually determined as the concentration at which the OCR reaches a steady 449 
plateau. Once the concentration of oligomycin and FCCP have been titrated, these 450 
concentrations are to be used throughout the experiment. 451 
 452 
Third, sequential versus single individual addition of inhibitors. Classical Seahorse assays are 453 
typically conducted with the sequential addition of the first oligomycin followed by the addition 454 
of FCCP. In T cells and other sensitive cells, such a sequential addition can result in an erroneous 455 
quantification of maximal respiration. In turn, the measured levels of spare respiratory capacity 456 
will report lower than they are. Grave examples of this include values of spare respiratory 457 
capacity that are negative. This is, of course, not biologically possible and is caused by a pre-458 
sensitization of the mitochondria by oligomycin treatment. In this protocol, it is instead 459 
recommended that cells are only treated with either oligomycin or FCCP (see Figure 3C for 460 
illustrative comparison).  461 
 462 
Finally, this optimized protocol is used to show how IL-15-supplemented human primary T cell 463 
cultures can be clearly distinguished from IL-2-supplemented cells based on their mitochondrial 464 
respiration. IL-15-cultured cells possess higher maximal respiration and spare respiratory 465 
capacity, a metabolic state linked to memory T cells1,6. These observations are in line with 466 
previous studies which link IL-15 to memory T cell subsets8. In addition, a difference in basal 467 
respiration but not in ATP production when compared to IL-2-cultured cells was observed. This 468 
indicates that these cells use their glycolytic capacity to comply with basal metabolic demands, a 469 
pathway associated with more differentiated cells.  Taken together, it is shown that a human 470 
memory T cell model can be established in vitro by using IL-15 supplementation. Using an IL-15-471 
rich environment to promote the development of memory cells has previously been 472 
demonstrated and further supports the findings8.  473 
 474 
In this method, oligomycin, FCCP, and antimycin A have been used to quantify the properties of 475 
OxPhos. Other compounds exist with similar effects, which potentially would be better suited for 476 
T cells. An example would be to use the uncoupler BAM15 instead of FCCP to decrease 477 
depolarization of the mitochondrial membrane and to avoid cytotoxicity9. In this method, these 478 
compounds have not been considered, as oligomycin, FCCP, and antimycin A have been the 479 
recommended mitochondrial modulators for Seahorse experiments for the last decade. The use 480 
of these compounds is therefore recognized by reviewers and other researchers working with 481 
OxPhos. More experienced users of the Seahorse flux analyzer are encouraged to use these 482 
alternative compounds, but the use of these is outside the scope of this paper. 483 
 484 



   

Monitoring mitochondrial OxPhos is an essential tool for understanding T cell function and 485 
improving cancer immunotherapies. As previously mentioned, IL-15 expanded cells - with a less 486 
differentiated memory phenotype - were shown to improve responses to CAR T cell therapies, as 487 
they were less exhausted and had an increased antitumor activity10. This optimized protocol 488 
could be an effective tool to study the quality of T cells in both preclinical and clinical settings. In 489 
conclusion, this protocol implements steps for optimizing cell numbers and inhibitor 490 
concentrations for the use of ex vivo cultured human primary T cells in metabolic assays.  491 
 492 
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Table 1

Cytokine [Stock] Dilution factor [Final]

Condition 1 IL-2 3 x 10
6 

U/mL 30,000 100 U/mL

Condition 2 IL-15 2 x 105 U/mL 2,000 100 U/mL

Table 1 Click here to access/download;Table;Table 1-62984R2.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1383947&guid=d4419f6e-d915-484d-afc4-71e293c55993&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1383947&guid=d4419f6e-d915-484d-afc4-71e293c55993&scheme=1


Table 2

Working sol. Final conc. Vol. Working sol. Final conc. Vol.

Port A 5.0 μM 0.50 μM 20 μL 2.0 μM 0.2 μM 20 μL

Port B 3.0 μM 0.75 μM 22 μL 1.30 µM 0.3 μM 22 μL

Port C 3.0 μM 1.0 μM 24 μL 1.30 µM 0.4 μM 24 μL

Port D 3.0 μM 1.25 μM 27 μL 1.30 µM 0.5 μM 27 μL

Oligomycin FCCP
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Table 3

Action Details Measurement details

Baseline Baseline measurements 3 measurements

Injection Port A injection 3 measurements

Injection Port B injection 3 measurements

Injection Port C injection 3 measurements

Injection Port D injection 3 measurements

Measure Additional measurements Optional
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Element of mitochondrial oxidative phosphorylation

Basal respiration

Maximal respiration

ATP turnover
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Spare respiratory capacity



Explanation

Basal respiration is a baseline measure of the rate of oxygen 

consumed by the stimulated T cells before addition of 

mitochondrial inhibitors. It is a measure of the oxygen 

consumption used to meet cellular ATP demand resulting from 

mitochondrial proton leak. As such, it provides an overview of the 

proton current generated to supply ATP synthesis and proton leak. 

However, it is also a measure that can be altered depending on 

the substrates present in the growth media, stimulation of cells 

prior to assay and other extrinsic factors. The basal respiration is 

therefore a measure used to compare two or more different cell 

types and/or different treatments believed to affect the cellular 

metabolic state of the cells.

Basal respiration is calculated as the difference in OCR before 

adding any mitochondrial modulators (oligomycin or FCCP) and 

after adding antimycin A

This measure is the maximal rate of oxygen that can be consumed 

for oxidative phosphorylation. The rate of oxygen consumed by 

oxidative phosphorylation is determined both by the ability of the 

electron transport chain to pump protons across the inner 

mitochondrial membrane, and the ability of the ATP synthase to 

use the proton gradient to phosphorylate ATP from ADP. The 

speed of the ATP synthase is limited by free ADP substrate and 

thereby by the general energetic state of the cell. When treating 

the cells with the mitochondrial uncoupler FCCP, protons can 

freely traverse back across the inner mitochondrial membrane. 

This mimics a situation where the cells experience an unsaturable 

energy demand, and the maximal respiration is therefore a 

measure of the maximal rate of oxygen that can be consumed by 

the electron transport chain.

Maximal respiration is calculated as the difference in OCR of cells 

treated with FCCP and cells treated with antimycin A

ATP-linked respiration is measured as the difference in OCR after 

inhibition of the ATP synthase using oligomycin. The oxygen that 

would otherwise be consumed for phosphorylation of ADP by 

oxidative phosphorylation will no longer be used as this process is 

arrested. ATP-linked respiration is therefore relative to ATP 

produced by oxidative phosphorylation. Changes in AT-linked 

respiration  is a response of the mitochondria to an altered ATP 

demand of the cell

ATP-linked respiration is calculated as the difference in OCR 

before adding any mitochondrial modulators (oligomycin or FCCP) 

and after adding oligomycin



The spare respiratory capacity is a measure of a theoretical extra 

capacity to produce ATP as a response to an increased energetic 

demand. It is defined as the difference between basal respiration 

and maximal respiration. Changes in spare respiratory capacity 

can be an indicator of mitochondrial and cell fitness and flexibility.
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Dear Editor,  
 

Please find enclosed the revised version of our manuscript entitled ‘Real-time monitoring of 
mitochondrial respiration in cytokine-differentiated human primary T cells’ (62984-R1) by 
Mølgaard and colleagues that we are re-submitting for consideration in JoVE.  
 
We would like to thank the editor and reviewers for their constructive comments. In the revised 
manuscript, we have addressed all these points. All changes that were made to the original manuscript 

have been highlighted using tracked changes. A full address of the editorial and reviewer’s comments 
can be found in the point-by-point reply in the following pages. 
 
We hope that you will consider this revised version of our manuscript acceptable for publication. 
 
We are looking forward hearing from you.  
 
Kind regards, 
 
Marlies J.W. Peeters 
National Center for Cancer Immune Therapy  
Copenhagen University Hospital, Herlev 
Denmark 
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Editorial comments: 
1. Please note that the manuscript has been formatted to fit the journal standard. The protocol steps have been 
adjusted. Comments to be addressed are included in the manuscript itself. Please review and revise 
accordingly. 
2. Figure 1: Please revise the x-axis units to “0.5, 0.75, 1.25” instead of “0,5, 0,75, 1,25”. Replace the comma 
with a period. Please ensure that the numbers on the X-axis are correct (Figure 1B). 
3. Figure 2: Please revise the x-axis units to 200,000 and 400,000 (replace the period with  a comma). 
4. Figure 3: Please revise the x-axis units to “Time (min)” instead of “Time (minutes)” (Figure 3A and 3C). 
5. Figure 3/4: Replace the uppercase labels (A, B, C) used for defining FCCP and antimycin in the figure and 

figure legend with lowercase letters (a, b, c) to avoid getting confused with the Panel labels. 
 
Answer to editor: All mentioned revisions have been made. Changes in the manuscript are highlighted with 
tracked changes. All comments in the manuscript have been resolved.  

 
 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

Many of the reviewer comments have now been addressed however there are still a few minor issues that still 

need to be clarified and/or changed in order for some of the explanations to be scientifically correct from a 

bioenergetic perspective. 

 

Major Concerns: 

None to report 

 

Minor Concerns: 

Line 442 - wrong figure number and letter 

Line 346: do you mean 2uM or is figure 1 B incorrect? 

Line 329: see above 

Line 341: For reader clarity can you produce a figure to show the fold change? 

Answer to the reviewer: The figure number and letter have been corrected. The concentrations in the text 

have been corrected. To prevent visualizing the same data in multiple figures, we have changed ‘x-fold change’ 

to exact numbers in the text.  

 

Table 2 - Table is misleading - the final concentrations and/or working concentrations in the table do not add up 

- each time you inject there is roughly a 10-fold dilution of the working concentration. So for FCCP this would 

be 0.2uM from a stock of 2uM after port A injection, but in the table is says 0.1uM. Following injection of port B 

(22uL) the final vol in the well is 222uL (222/22 = 10), and thus a dilution factor of 10 again, so with a working 

concentration of 2uM this will add another 0.2uM to the well. Please check these concentrations and your 

calculations. 

Answer to the reviewer: Thank you for finding this. This is of course a mistake, and we have corrected the 

mistake 

 

Table at end: 

Basal respiration is a measure not only of ADP phosphorylation and this needs to be addressed. If this was the 

case then you would obtain a 100% coupling efficiency within cells, which is clearly not the case in T-cells as 

shown by the data in the manuscript. The other way of putting it is that the rate of respiration following 

oligomycin addition and after correction for non-mitochondrial respiration is not the same as the basal rate of 

respiration corrected for non-mitochondrial respiration. The difference is therefore linked to proton leak across 

the inner-mitochondrial membrane. It should also be noted that when you use oligomycin to inhibit ATP 

synthase, this results in a slight mitochondrial hyperpolarization and since the proton leak is voltage-

dependent, this approach underestimates ATP synthesis and exaggerates the proton leak prior to inhibition. In 

many cells the error is fairly small, underestimating ATP synthesis by less than 10 % and overestimating proton 

leak rate by 15-20 %.  

 

Answer to the reviewer: 

The definition of the basal respiration has been altered so it is clearer that the measure is the oxygen 



 

 

consumption to supply the proton gradient generated to supply ATP synthesis and the proton leak 

 

The calculation explanation for maximal respiratory capacity is wrong, please correct. 

The calculation explanation for ATP turnover is wrong, please correct. 

 

Answer to the reviewer:  

Calculation for maximal resp cap has been altered as the difference between FCCP treated and antimycin 

treated cells 

ATP turnover has been corrected to ATP-linked respiration 
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