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SUMMARY: 25 
We describe here a flow cytometry-based in vivo killing assay that enables examination of 26 
immunodominance in cytotoxic T lymphocyte (CTL) responses to a model tumor antigen. We 27 
provide examples of how this elegant assay may be employed for mechanistic studies and for 28 
drug efficacy testing.      29 
 30 
ABSTRACT:  31 
Carboxyfluorescein succinimidyl ester (CFSE)-based in vivo cytotoxicity assays enable sensitive 32 
and accurate quantitation of CD8+ cytolytic T lymphocyte (CTL) responses elicited against tumor- 33 
and pathogen-derived peptides. They offer several advantages over traditional killing assays. 34 
First, they permit the monitoring of CTL-mediated cytotoxicity within architecturally intact 35 
secondary lymphoid organs, typically in the spleen. Second, they allow for mechanistic studies 36 
during the priming, effector and recall phases of CTL responses. Third, they provide useful 37 
platforms for vaccine/drug efficacy testing in a truly in vivo setting. Here, we provide an 38 
optimized protocol for the examination of concomitant CTL responses against more than one 39 
peptide epitope of a model tumor antigen (Ag), namely, simian virus 40 (SV40)-encoded large T 40 
Ag (T Ag). Like most other clinically relevant tumor proteins, T Ag harbors many potentially 41 
immunogenic peptides. However, only four such peptides induce detectable CTL responses in 42 
C57BL/6 mice. These responses are consistently arranged in a hierarchical order based on their 43 
magnitude, which forms the basis for TCD8 “immunodominance” in this powerful system. 44 
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Accordingly, the bulk of the T Ag-specific TCD8 response is focused against a single 45 
immunodominant epitope while the other three epitopes are recognized and responded to only 46 
weakly. Immunodominance compromises the breadth of antitumor TCD8 responses and is, as 47 
such, considered by many as an impediment to successful vaccination against cancer. Therefore, 48 
it is important to understand the cellular and molecular factors and mechanisms that dictate or 49 
shape TCD8 immunodominance. The protocol we describe here is tailored to the investigation of 50 
this phenomenon in the T Ag immunization model, but can be readily modified and extended to 51 
similar studies in other tumor models. We provide examples of how the impact of experimental 52 
immunotherapeutic interventions can be measured using in vivo cytotoxicity assays.      53 
 54 
INTRODUCTION:  55 
Conventional CD8+ T cells (TCD8) play important parts in anticancer immune surveillance. They 56 
primarily function in the capacity of cytolytic T lymphocytes (CTLs) that recognize tumor-specific 57 
or -associated peptide antigens (Ags) displayed within the closed cleft of major histocompatibility 58 
complex (MHC) class I molecules. Fully armed CTLs utilize their cytotoxic arsenal to destroy 59 
malignant cells. Anticancer TCD8 can be detected in the circulation or even inside primary and 60 
metastatic masses of many cancer patients and tumor-bearing animals. However, they are often 61 
anergic or exhausted and fail to eradicate cancer. Therefore, many immunotherapeutic 62 
modalities are designed to increase anticancer TCD8 frequencies and to restore and boost their 63 
functions. 64 
 65 
Tumor proteins harbor many peptides, some of which can be immunogenic and potentially 66 
immunoprotective. However, quantifiable TCD8 responses are elicited with varying magnitudes 67 
against few peptides only. This creates an “immunodominance hierarchy” among TCD8 clones1. 68 
Accordingly, immunodominant (ID) TCD8 occupy prominent hierarchical ranks, which is commonly 69 
judged by their abundance. In contrast, TCD8 cells whose T cell receptor (TCR) is specific for 70 
subdominant (SD) epitopes occur in lower frequencies. We and others have identified some of 71 
the factors that dictate or shape immunodominance in TCD8 responses. These include, among 72 
others, the mode of Ag presentation to naïve TCD8 (i.e., direct presentation, cross-presentation, 73 
cross-dressing)2-4, the type of Ag-presenting cells (APCs) participating in TCD8 activation5, the 74 
abundance and stability of protein Ags6,7 and the efficiency and kinetics of their degradation by 75 
proteasomes7,8, the relative selectivity of transporter associated with Ag processing (TAP) for 76 
peptides9, the affinity of liberated peptides for MHC I molecules9,10, the presence, precursor 77 
frequencies and TCR diversity of cognate TCD8 in T cell pools11-13, cross-competition among T cells 78 
for access to APCs14,15, and the fratricidal capacity of TCD8 clones16. In addition, TCD8 79 
immunodominance is subjected to immunoregulatory mechanisms mediated by several 80 
suppressor cell types such as naturally occurring regulatory T (nTreg) cells17, the cell surface co-81 
inhibitory molecule programmed death-1 (PD-1)16, and certain intracellular enzymes such as 82 
indoleamine 2,3-dioxygenase (IDO)18 and the mammalian target of rapamycin (mTOR)19. It is 83 
important to note, however, that the above factors do not always fully account for 84 
immunodominance. 85 
 86 
Apart from the basic biology of TCD8 immunodominance, the examination of this intriguing 87 
phenomenon has important implications in cancer immunology and immunotherapy. First, an ID 88 



   

 
 

status does not necessarily confer upon a given TCD8 clone the ability to prevent tumor initiation 89 
or progression20. Whether and how ID and SD TCD8 contribute to antitumor immunity may be 90 
dependent upon the type and the extent of malignancy and the experimental system employed. 91 
Second, it is thought that ID TCD8 clones may be ‘too visible’ to the immune system and 92 
consequently more prone to central and/or peripheral tolerance mechanisms16,21. Third, 93 
heterogeneic tumors may contain neoplastic cells that avoid detection by many, if not most, CTLs 94 
by displaying only a narrow spectrum of peptide:MHC complexes. Under these circumstances, 95 
TCD8 responses of insufficient breadth are likely to afford such tumor cells a survival advantage, 96 
thus potentiating their outgrowth22. It is for the above reasons that many view 97 
immunodominance as a hurdle to successful TCD8-based vaccination and therapies against cancer. 98 
 99 
Inoculation of C57BL/6 mice with simian virus 40 (SV40)-transformed cells that express large 100 
tumor Ag (T Ag) provides a powerful preclinical system to study TCD8 immunodominance. This 101 
model offers several benefits. First, the peptide epitopes of this clinically relevant oncoprotein 102 
are well-characterized in this mouse strain23 (Table 1). Second, T Ag epitopes, which are called 103 
sites I, II/III, IV, and V, trigger TCD8 responses that are consistently arranged in the following 104 
hierarchical order: site IV >> site I ≥ site II/III >> site V. Accordingly, site IV-specific TCD8 mount the 105 
most robust response to T Ag. In contrast, sites I and II/III are subdominant, and site V-specific 106 
TCD8 are least abundant and usually only detectable in the absence of responsiveness to other 107 
epitopes23,24. Third, the T Ag+ tumor cell line utilized in the protocol described herein, namely 108 
C57SV fibrosarcoma cells, and those used in our previous investigations16-19,25,26, are transformed 109 
with subgenomic SV40 fragments25. Therefore, they are unable to assemble and release SV40 110 
virions that could potentially infect host APCs. In addition, C57SV cells are devoid of classic 111 
costimulatory molecules such as CD80 (B7-1), CD86 (B7-2), and CD137 ligand (4-1BBL)16. The 112 
above attributes make these lines ideal for examination of in vivo TCD8 activation via cross-113 
priming. Cross-priming is a major pathway in inducing TCD8 responses, especially those launched 114 
against tumor cells of non-hematopoietic origin that fail to directly prime naïve T cells25. 115 
 116 
Antitumor TCD8 frequencies and/or functions can be monitored by MHC I tetramer staining, 117 
intracellular staining for effector cytokines (e.g., interferon [IFN]-γ) or lytic molecules (e.g., 118 
perforin), enzyme-linked immunospot (ELISpot) assays and ex vivo cytotoxicity assays. Since their 119 
inception in the 1990s27,28, carboxyfluorescein succinimidyl ester (CFSE)-based in vivo killing 120 
assays have enabled evaluation of cytotoxic responses mediated by antiviral CTLs29-31, antitumor 121 
CTLs16,32, natural killer (NK) cells33, glycolipid-reactive invariant natural killer T (iNKT) cells34, and 122 
preexisting and de novo donor-specific alloantibodies26. Therefore, their applications can be of 123 
interest to a wide readership, including but not limited to investigators working in the areas of 124 
tumor immunology and immunotherapy, anti-pathogen immunity, and preventative and 125 
therapeutic vaccine design.    126 
 127 
To assess cell-mediated cytotoxicity in typical scenarios, two populations of naïve splenocytes 128 
that display either an irrelevant Ag or a cognate Ag(s) are labeled with two different doses of 129 
CFSE, mixed in equal numbers and injected into naïve (control) or killer cell-harboring mice. The 130 
presence/absence of each target population is then examined by flow cytometry.                                               131 
 132 



   

 
 

We have optimized and employed in vivo killing assays in our studies on immunodominance in 133 
both antiviral and antitumor TCD8 responses12,16,17. Here, we provide a detailed protocol for the 134 
simultaneous assessment of ID and SD TCD8 responses to T Ag epitopes, which can be readily 135 
adopted for similar investigations in other experimental systems. We also provide representative 136 
results demonstrating that nTreg cell depletion and PD-1 blockade can selectively enhance ID 137 
TCD8- and SD TCD8-induced cytotoxicity, respectively. At the end, we will discuss multiple 138 
advantages of in vivo killing assays as well as some of their inherent limitations.            139 
 140 
PROTOCOL:  141 
The experiments described here follow animal use protocols approved by institutional entities 142 
and adhered to established national guidelines. 143 
 144 
1. Inoculation of C57BL/6 Mice with T Ag-expressing Tumor Cells 145 
 146 
1.1. Grow the SV40-transformed fibrosarcoma cell line C57SV (or a similar T Ag+ adherent cell 147 
line) in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/L D-glucose and L-glutamine (1x) 148 
and supplemented with 1 mM sodium pyruvate and 10% heat-inactivated fetal bovine serum 149 
(FBS) in tissue culture-treated flasks at 37 °C in humidified atmosphere containing 10% CO2.  150 
 151 
1.2. Once the cells become fully confluent or slightly overconfluent, gently remove and discard 152 
the medium and rinse the monolayer with pre-warmed sterile phosphate-buffered saline (PBS). 153 
 154 
NOTE: Maximal T Ag expression is achieved when T Ag+ cells reach 100% confluency.   155 
 156 
1.3. Inside a biological safety cabinet, add pre-warmed trypsin-EDTA (0.25%) to cover the 157 
monolayer at room temperature until the cells are dislodged in patches. Tap the sides of the 158 
culture flask(s) several times to release the remaining adherent cells.  159 
 160 
NOTE: If necessary and to expedite the trypsinization process, transfer the flask(s) into a 37 °C 161 
incubator. Dislodged cells will quickly adopt a rounded shape under a light microscope. This step 162 
should last approximately 5 min. 163 
 164 
1.4. Add 5 mL of DMEM medium and dissociate clumps to prepare a single-cell suspension by 165 
pipetting the content of each flask up and down. 166 
 167 
1.5. Transfer the cell suspension through a cell strainer with 70-µm pores into a tube.  168 
 169 
1.6. Spin down the tube at 400 x g for 5 min at 4 °C.  170 
 171 
1.7. Discard the supernatant. Resuspend pelleted cells in 10 mL of sterile cold PBS. 172 
 173 
1.8. Repeat steps 1.6 and 1.7 twice.    174 
 175 



   

 
 

1.9. Count cells using a hemocytometer. Prepare a uniform suspension containing 4 x 107 cells/mL 176 
sterile PBS. 177 
 178 
1.10. Inject 500 µL of the above suspension intraperitoneally (i.p.) into each adult (6-12-week-179 
old) male or female C57BL/6 mouse. 180 
 181 
2. Treatment Regimens  182 
 183 
2.1. Treatment Regimen to Examine the Contribution of nTreg Cells to TCD8 Immunodominance  184 
 185 
2.1.1. Four days before in vivo priming of C57BL/6 mice with C57SV cells (step 1.10), inject each 186 
animal once i.p. with 0.5 mg of a low-endotoxin, azide-free anti-CD25 monoclonal antibody 187 
(mAb) (clone PC-61.5.3), which depletes nTreg cells, or with a rat IgG1 isotype control (e.g., clone 188 
KLH/G1-2-2, clone HRPN, or clone TNP6A7). 189 
 190 
2.2. Treatment Regimen to Test the In Vivo Significance of PD-1-PD-L1(2) Interactions in 191 
Shaping TCD8 Immunodominance 192 
 193 
2.2.1. Inject C57BL/6 mice i.p. with 100 µg of the PD-1-blocking mAb (clone RMP1-14) 2 h before 194 
as well as 3 and 6 days after inoculation of mice with C57SV cells (step 1.10). Follow the same 195 
timeline to inject control animals with a rat IgG2a isotype control (e.g., clone 2A3).  196 
 197 
NOTE: The engagement of PD-1 by PD-L1 often, but not always, mediates the co-inhibition and/or 198 
exhaustion of Ag-specific TCD8. Therefore, treatment with anti-PD-1 can be performed in parallel 199 
with administration of anti-PD-L1 and anti-PD-L2 mAbs to reveal the exact intercellular 200 
interaction involved in a biological phenomenon.  201 
 202 
3. Preparation of Target Splenocytes  203 
 204 
3.1. Euthanize sex-matched naïve C57BL/6 mice (6-12 weeks of age) that will serve as splenocyte 205 
donors by cervical dislocation.   206 
 207 
3.2. Position each mouse with its abdomen facing up inside a biological safety cabinet. Spray the 208 
skin with 70% (v/v) EtOH. Using sterile forceps and scissors, lift the skin and make a small ventral 209 
midline incision. Then, cut the skin in a cross-like fashion to expose the peritoneum.  210 
 211 
3.3. Using forceps, pull up the peritoneum in a tent-like fashion without snatching any of the 212 
internal organs. Cut the peritoneum open to expose the peritoneal cavity and gently remove the 213 
spleen. 214 
 215 
3.4. Place the spleen(s) inside a 15 mL Dounce tissue grinder containing 5 mL of sterile PBS. Apply 216 
manual pressure using the grinder’s glass plunger until the splenic tissue dissipates into a red 217 
homogenous cell suspension.  218 
 219 



   

 
 

NOTE: Depending on the number of recipient animals per experimental group, several donor 220 
mouse spleens may be needed for target cell preparation. Up to 3 spleens can be homogenized 221 
together inside a 15 mL grinder. 222 
 223 
3.5. Transfer the homogenate into a 15 mL tube. Spin down the tube at 400 x g for 5 min at 4 °C. 224 
 225 
3.6. Discard the supernatant. Resuspend pelleted cells in 4 mL of ammonium-chloride-potassium 226 
(ACK) lysing buffer for 4 min to eliminate erythrocytes. 227 
 228 
NOTE: This is a time-sensitive step. Overexposing splenocytes to ACK lysing buffer will increase 229 
their fragility and render them susceptible to non-specific cell death.   230 
 231 
3.7. To each tube, add 8 mL of RPMI 1640 medium containing 10% heat-inactivated FBS, L-alanyl-232 
L-glutamine, 0.1 mM minimum essential media (MEM) nonessential amino acids, 1 mM sodium 233 
pyruvate, 10 mM HEPES, and 1x penicillin/streptomycin, which will hereafter be referred to as 234 
complete RPMI medium (Table of Materials).   235 
 236 
3.8. Transfer the content through 70 µm pores of a cell strainer into a new 15 mL tube.   237 
 238 
3.9. Spin down the tube at 400 x g for 5 min at 4 °C.  239 
 240 
3.10. Discard the supernatant. Resuspend pelleted cells in 12 mL of complete RPMI.  241 
 242 
3.11. Split the splenocyte suspension into 3 equal portions (4 mL each) in 3 separate tubes.  243 
 244 
4. Coating Target Splenocytes with Irrelevant and Cognate Peptides  245 
 246 
4.1. Label the tubes according to the peptides that will be used to pulse target splenocytes. 247 
Control splenocytes will be pulsed with an irrelevant peptide, and each population of cognate 248 
target splenocytes will be pulsed with a synthetic peptide corresponding to the T Ag-derived 249 
immunodominant epitope (site IV) or a subdominant T Ag epitope (site I or site II/III) (Table 1). 250 
 251 
NOTE: The choice of irrelevant peptides depends on the experimental set-up and the mouse 252 
strain used in each investigation. The authors often use gB498-505 (an H-2Kb-restricted 253 
immunodominant peptide epitope of herpes simplex virus [HSV]-1) and/or GP33-41 (an H-2Db-254 
restricted immunodominant peptide epitope of lymphocytic choriomeningitis virus ([LCMV]) in 255 
C57BL/6 mice (Table 1). These peptides are optimal choices because: (i) they are derived from 256 
pathogens not previously encountered in the mouse model described here; (ii) similar to T Ag-257 
derived peptides, gB498-505 and GP33-41 are restricted by and binds to H-2b molecules. In ‘three-258 
peak’ in vivo killing assays, each of the two peaks that correspond to cognate target cells may 259 
represent splenocytes pulsed with an immunodominant or subdominant peptide. The choice of 260 
each peptide set varies according to the objectives of each experiment. See Figure 1 and Figure 261 
2 as examples of such variation. For the remainder of this protocol, T Ag-derived sites I and IV 262 
will represent subdominant and immunodominant peptides, respectively.             263 



   

 
 

 264 
4.2. Pulse the content of each labeled tube with 1 µM of the respective peptide for 1 h at 37 °C 265 
and 5% CO2. 266 
 267 
4.3. Use a separate cell strainer (with 70-μm pores) for each tube to remove clumps and debris 268 
if necessary.      269 
 270 
4.4. Spin down the tube at 400 x g for 5 min at 4 °C. Discard the supernatant.  271 
 272 
4.5. Resuspend pelleted cells in 12 mL of sterile cold PBS and repeat step 4.4 once more.  273 
 274 
NOTE: It is important to remove as much FBS as possible because FBS can bind CFSE in the next 275 
step. 276 
 277 
5. Labeling target splenocytes with CFSE 278 
 279 
5.1. Resuspend peptide-pulsed splenocytes in 4 mL of sterile PBS. 280 
 281 
5.2. Add CFSE at 0.025 μM, 0.25 μM, and 2 μM into the tubes containing irrelevant peptide-, site 282 
I-, and site IV-pulsed splenocytes, respectively. 283 
 284 
NOTE: To achieve uniform CFSE labeling, hold each tube at a 45° angle before adding CFSE to the 285 
side slightly above the cell suspension followed immediately by gentle vortexing. This will ensure 286 
the appearance of smooth histograms at the end. Batch-to-batch and age-dependent variations 287 
in CFSE intensities are not uncommon. Therefore, one may need to experiment with differential 288 
CFSE doses before deciding on optimal concentrations to be used. 289 
 290 
CAUTION: CFSE is toxic at concentrations that are higher than 5 μM. 291 
 292 
5.3. Place the tubes inside a 37 °C incubator for 15 min and invert them once every 5 min.   293 
 294 
5.4. Add 3 mL of heat-inactivated FBS to each tube to stop the CFSE reaction. Top up the content 295 
with sterile PBS. 296 
 297 
5.5. Spin down the tube at 400 x g for 5 min at 4 °C. Discard the supernatant. 298 
 299 
5.6. Resuspend pelleted cells in 12 mL of sterile PBS and repeat step 5.5.   300 
 301 
6. Examination of Adequate/Equal CFSE Labeling of Target Splenocyte Populations  302 
  303 
6.1. Resuspend pelleted cells in 3 mL of PBS. 304 
 305 



   

 
 

6.2. Vortex the tubes gently. Transfer 10 μL, each, of CFSElow, CFSEintermediate (int), and CFSEhigh cell 306 
suspensions into a 5 mL round-bottom polystyrene fluorescence-activated cell sorting (FACS) 307 
tube containing 200 μL OF PBS.  308 
 309 
6.3. Interrogate cells using a flow cytometer equipped with a 488 nm laser. Draw a lymphocyte 310 
gate based on forward scatter (FSC) and side scatter (SSC) properties of the cells before acquiring 311 
5000 events falling within the lymphocyte gate in the FL-1 channel.   312 
 313 
6.4. Within the ‘parent’ CFSE+ population, draw additional histogram gates to identify CFSElow, 314 
CFSEint, and CFSEhigh subpopulations. 315 
 316 
6.5. Confirm equal or near-equal event numbers within the three gates. If necessary, adjust cell 317 
numbers in the ‘source’ tubes (step 6.1) before mixing and injecting target splenocytes into naïve 318 
and primed mice in section 7.   319 
 320 
7. Injection of CFSE-labelled Target Cells into Naïve and T-Ag-primed Recipients 321 
 322 
7.1. Gently vortex the source tubes. Transfer the three CFSE-labeled cell suspensions in equal 323 
ratios into a new tube.  324 
 325 
7.2. Top up the content with sterile PBS.  326 
 327 
7.3. Spin down the tube at 400 x g for 5 min at 4 °C. Resuspend pelleted cells with sterile PBS.   328 
 329 
7.5. Count cells in trypan blue by a hemocytometer to ensure cellular viability of at least 95%.  330 
 331 
7.6. Adjust the volume in order to inject 1 x 107 mixed target cells/200 μL PBS intravenously (i.v.), 332 
via tail vein, into each recipient C57BL/6 mouse.  333 
 334 
NOTE: Store the cells on ice in between injections. Gently mix target cells prior to each injection. 335 
Record the exact time of injection for each mouse, which will determine when the animal will 336 
need to be euthanized. It is important to keep the duration of in vivo cytotoxicity consistent 337 
among all animals in the same experiment. 338 
   339 
8. Data Acquisition 340 
 341 
8.1. Two or four hours after the injection of CFSE-labeled target cells, euthanize the recipient 342 
mice by cervical dislocation. 343 
 344 
NOTE: The duration of in vivo cytotoxicity can vary depending on the experimental system 345 
employed, the immunogenicity of target Ags, the anticipated abundance of peptide antigen-346 
specific TCD8 in the spleen, and the robustness of their lytic function among other factors.     347 
 348 
8.2. Remove and process each spleen separately as in steps 3.2−3.9. 349 



   

 
 

 350 
8.3. Discard the supernatant and resuspend the pelleted cells in 3 mL of PBS.       351 
 352 
NOTE: Take extra care to handle the splenic tissue and cell preparations at 4 °C or on ice before 353 
cytofluorimetric analyses. This is to prevent continued cytotoxicity ex vivo. 354 
 355 
8.4. Transfer approximately 1 x 107 cells from each processed spleen into a clean FACS tube.   356 
 357 
8.5. Interrogate cells immediately using a flow cytometer equipped with a 488-nm laser. Draw a 358 
lymphocyte gate based on FSC and SSC properties of the cells. 359 
 360 
8.6. Identify CFSE- recipient’s splenocytes and CFSE+ transferred target cells. Draw additional 361 
gates accommodating distinct CFSElow, CFSEint, and CFSEhigh target cell populations.  362 
 363 
8.7. Acquire a total of 2000 CFSElow events in the FL-1 channel.  364 
 365 
NOTE: Acquiring a constant number of CFSElow target cells, as opposed to a constant number of 366 
total CFSE+ cells, will help avoid inconsistencies in shapes and heights of control histograms. 367 
Therefore, naïve and T Ag-primed mice shall have similar histograms corresponding to irrelevant 368 
peptide-pulsed target cells regardless of whether and to what extent cognate (CFSEint/high) target 369 
cells may have been destroyed.         370 
 371 
9. Data Analysis 372 
 373 
9.1. Calculate the specific lysis of each cognate target cell population using the following formula: 374 
 375 

% Specific cytotoxicity  [1 − {((𝑥 ∕ 𝑦) ∕ (𝑎
𝑏⁄ ))} ] × 100 376 

 377 

where x  CFSEint/high event number in T Ag-primed mouse, y  CFSElow event number in T Ag-378 

primed mouse, a  CFSEint/high event number in naïve mouse, and b  CFSElow event number in 379 
naive mouse. 380 
 381 
NOTE: In ‘three-peak’ cytotoxicity assays in which the specific lysis of more than one cognate 382 
target population is evaluated, it is not appropriate to use target cell frequencies. This is simply 383 
because the frequency of a cognate target cell population is influenced not only by the 384 
percentage of the irrelevant controls but also by that of the other cognate target splenocytes. 385 
Therefore, event numbers within each gate should be used in the above formula to accurately 386 
calculate the lysis of each cognate target cell population (either CFSEint or CFSEhigh cells) against 387 
CFSElow controls.  388 
 389 
REPRESENTATIVE RESULTS:  390 
The goal of the experiment whose results are depicted in Figure 1 was to determine whether the 391 
presence and functions of nTreg cells shape or alter the immunodominance hierarchy of T Ag-392 



   

 
 

specific TCD8. C57BL/6 mice were injected i.p. with PBS or with 0.5 mg of an anti-CD25 mAb (clone 393 
PC-61.5.3 [PC61]) four days before they received 2 x 107 C57SV tumor cells i.p. In separate 394 
experiments, a rat IgG1 isotype control was used in lieu of PBS. Successful nTreg cell depletion 395 
by PC61 was confirmed by flow cytometry17.  396 
 397 
Nine days after C57SV cell inoculation, a time point at which T Ag-specific TCD8 responses reach 398 
their maximum23, each animal received an i.v. injection of a cell suspension containing 3 distinct 399 
populations of CFSE-labeled target cells. Control target cells were syngeneic naïve splenocytes 400 
concomitantly pulsed with two irrelevant peptides (GP33-41 and gB498-505) and labeled with a low 401 
dose of CFSE (0.02 μM). To prepare cognate target cells, syngeneic naïve splenocytes were pulsed 402 
with either T Ag-derived site I peptide or site IV peptide (Table 1), and subsequently labeled with 403 
CFSE at 0.2 μM and 2 μM, respectively. Control and cognate target cells were washed and mixed 404 
in equal numbers (at a 1:1:1 ratio) before they were injected into naïve (control) and T Ag-primed 405 
C57BL/6 mice. Two hours after target cell injection, mice were sacrificed for their spleen in which 406 
the presence/absence of CFSE-labeled target cells was determined by flow cytometry. Target 407 
cells were distinguished based on their differential CFSE staining intensities.  408 
 409 
As expected, near-equal peaks corresponding to control and cognate target cells were detectable 410 
in naïve mice (Figure 1, left panel). In contrast, site IV-displaying target cells were almost 411 
completely absent in T Ag-primed mice regardless of their prior treatment with PC61 or PBS 412 
(Figure 1). Interestingly, nTreg cell depletion by PC61 augmented in vivo CTL-mediated lysis of 413 
site I-pulsed target cells17. These results prompted us to conclude that nTreg cells selectively 414 
inhibit site I-specific cytotoxicity. Therefore, nTreg cell-depleting/inactivating agents may 415 
enhance the cytolytic effector function of CTLs recognizing certain tumor-derived epitopes.  416 
 417 
The above set-up provides an example of how in vivo cytotoxicity assays can be employed to 418 
simultaneously test the lytic function of ID and SD CTL clones in the same animal.            419 
 420 
[Insert Figure 1 here].  421 
 422 
In a more recent investigation, we asked whether blocking PD-1 affects the ‘breadth’ of the TCD8 423 
response to T Ag16 (Figure 2). This was a clinically relevant question in light of the observed 424 
therapeutic benefits of PD-1-based ‘checkpoint inhibitors’ in several malignancies. Although such 425 
inhibitors are thought to work primarily by reversing T cell exhaustion, we were curious to know 426 
whether interfering with PD-1-PD-L1 interactions may additionally widen (or narrow) anticancer 427 
TCD8 responses. In our T Ag recognition model, intracellular cytokine staining (ICS) experiments 428 
revealed that treatment with either anti-PD-1 or anti-PD-L-1 selectively expands IFN-γ-producing 429 
TCD8 recognizing sites I and II/III16. We then extended our study to examine the in vivo cytolytic 430 
effector function of these SD CTLs. C57BL/6 mice were injected i.p. with 100 μg of an anti-PD-1 431 
mAb (clone RMP1-14) or a rat IgG2a isotype control (clone 2A3) two hours before C57SV cell 432 
inoculation. Mice received two additional doses of anti-PD-1 or isotype three and six days after 433 
tumor cell injection. On day 9 post-priming, cohorts of naïve and primed mice were given, via 434 
lateral tail veins, a cell mixture containing equal numbers of CFSElow (CFSE labeling dose: 0.025 435 
μM), CFSEint (CFSE labeling dose: 0.25 μM), and CFSEhi (CFSE labeling dose: 2 μM) syngeneic naïve 436 



   

 
 

splenocytes pulsed with gB498-505, site II/III, and site I, respectively. Four hours later, animals were 437 
euthanized, and CFSE-labeled target cells were tracked cytofluorimetrically in their spleen. 438 
Representative FACS plots (Figure 2A) and data from 3 animals per cohort (Figure 2B) are 439 
illustrated. While PD-1 blockade did not affect the ID TCD8 response against site IV16, sites I- and 440 
II/III-specific SD responses were invigorated. We thus concluded that interfering with PD-1-PD-441 
L1 interactions may induce ‘epitope spreading’ in anticancer TCD8 responses. 442 
 443 
The above set-up represents in vivo killing assays that enable quantitation of cytotoxicity elicited 444 
by two SD CTL clones in the same animal.               445 
 446 
[Insert Figure 2 here].  447 
 448 
FIGURE AND TABLE LEGENDS:  449 
 450 
Figure 1: Representative cytofluorimetric analysis of TCD8-mediated cytotoxicity against T Ag-451 
derived epitopes in the presence or absence of nTreg cells. Target splenocytes pulsed with 452 
control peptides, site I or site IV, which were differentially labeled with CFSE, were tracked by 453 
flow cytometry in the spleen of a naïve mouse (left panel), a PBS-injected T Ag-primed mouse 454 
(middle panel), and a PC61 (nti-CD25)-injected (nTreg-depleted) T Ag-primed mouse (right 455 
panel). Percent specific killing of target cells was calculated using the formula described in the 456 
protocol, and representative numbers are shown. This figure is adopted, with permission, from 457 
Haeryfar et al.17. Copyright 2005. The American Association of Immunologists, Inc.         458 
          459 
Figure 2: In vivo cytotoxicity of T Ag-specific TCD8 in anti-PD-1-treated mice. (A) Representative 460 
histogram plots demonstrate CFSE peaks corresponding to target splenocytes pulsed with an 461 
irrelevant peptide (CFSElow), site II/III (CFSEint), and site I (CFSEhigh) in T Ag-primed mice that 462 
received an isotype (left panel) or a PD-1-blocking mAb (right panel). (B) Percent specific killing 463 
of each cognate target cell population was calculated using CFSE+ event numbers in T Ag-primed 464 
mice (n = 3 per group) and naïve recipients (not shown) and the formula described in the 465 
protocol. Error bars represent standard errors of the mean (SEM), and ** denotes a statistical 466 
difference with p < 0.01 by unpaired Student’s t-tests. This figure is adopted, with permission, 467 
from Memarnejadian et al.16. Copyright 2017. The American Association of Immunologists, Inc.      468 
 469 
DISCUSSION:  470 
CFSE-based in vivo cytotoxicity assays offer several advantages over traditional killing assays such 471 
as radioactive chromium (51Cr) release and colorimetric lactate dehydrogenase (LDH) release 472 
assays. First, they permit the monitoring of CTL function within an architecturally intact 473 
secondary lymphoid organ.  474 
 475 
Second, the specific killing of target cells in in vivo cytotoxicity assays reflects the absolute 476 
number of Ag-specific TCD8, which is usually, but not always, a function of TCD8 frequencies present 477 
in the spleen. This is in contrast with 51Cr/LDH release assays in which a constant number of cells 478 
are employed as a source of effector TCD8. Consequently, 51Cr/LDH release assays fail to reliably 479 
estimate the total number of Ag-specific TCD8 that may be available to the host to eliminate tumor 480 



   

 
 

cells or to combat infections. This is important since in many cases and conditions, the size and 481 
the cellularity of secondary lymphoid organs/tissues that accommodate Ag-specific TCD8 are 482 
altered. For instance, a hypothetical scenario can be envisaged in which a viral infection elevates 483 
the total number of TCD8 specific for peptide X while also expanding multiple other TCD8 clones 484 
harboring other specificities. As a result, the frequency of X-specific TCD8 among total splenic TCD8 485 
may not increase, in which case a 51Cr/LDH release assay will not be helpful. As another example, 486 
we recently demonstrated that certain bacterial superantigens expand memory TCD8 specific for 487 
NP147-155, an immunodominant peptide epitope of influenza A viruses in BALB/c mice, which 488 
correlated well with increased in vivo lysis of NP147-155-pulsed target cells31. Since exposure to 489 
superantigens provokes T cell proliferation non-specifically, it would have been highly unlikely to 490 
demonstrate substantial NP147-155-specific cytotoxicity using 51Cr/LDH release assays.  491 
 492 
Third, target cells pulsed with peptides that bind to the same MHC class I molecule can be labeled 493 
with different doses of CFSE, mixed and used in in vivo cytotoxicity assays. The concomitant 494 
analysis of CTL functions towards such peptides is not an option in 51Cr/LDH release assays.         495 
 496 
Fourth, in vivo cytotoxicity assays allow for mechanistic studies during priming, effector and recall 497 
phases of CTL responses. For example, tumor cell inoculation or antitumor vaccination can be 498 
conducted in genetically altered mice for the assessment of CTL induction. Moreover, 499 
splenocytes from gene knock-in and knock-out mice can be used as target cells during the 500 
effector phase. Finally, various agents (e.g., pharmacological inhibitors and drug candidates) can 501 
be administered before priming, during the effector phase, or both. Therefore, in vivo 502 
cytotoxicity assays provide a powerful platform for drug/vaccine efficacy testing in a truly in vivo 503 
setting. In this body of work, we have provided examples of immunological interventions that 504 
boost in vivo CTL responses (Figure 1 and Figure 2). 505 
 506 
Like other routinely used killing assays, in vivo cytotoxicity assays do not provide any direct 507 
information regarding the ability of CTLs to recycle from one target to another before they 508 
become exhausted. In addition, we have tested several tumor cell types as potential target cells 509 
in in vivo cytotoxicity assays, albeit to no avail so far. This is simply because tumor cells do not 510 
reach the spleen at least in detectable numbers after they are injected i.v. Therefore, relying on 511 
mouse splenocytes as target cells may be considered an inherent limitation of in vivo cytotoxicity 512 
assays. It is noteworthy, however, that adoptively transferred target splenocytes can be easily 513 
found in several other organs (in addition to the spleen), for instance in the liver. Therefore, Ag-514 
specific CTL function can be assessed in multiple organs or tissues.           515 
 516 
We have optimized in vivo cytotoxicity assays for the examination of immunodominance in T Ag-517 
specific TCD8 responses16,17. Numerous tools and reagents are available for studying these 518 
responses in the contexts of antitumor immunity and therapy. The fibrosarcoma cell line used in 519 
the protocol described here (i.e., C57SV cells) does not give rise to tumors in immunocompetent 520 
mice. Therefore, it is a useful tool in investigating antitumor vaccination. T Ag-driven neoplastic 521 
transformation in select tissues has generated several valuable models of autochthonous cancer. 522 
For example, SV11 mice that develop choroid plexus papillomas inside their brain ventricles35 do 523 
not harbor endogenous T Ag-specific TCD8 because these cells are selected against and deleted in 524 



   

 
 

the thymus. However, transferring C57BL/6 splenocytes into sublethally irradiated, tumor-525 
bearing SV11 mice leads to extended control of the tumors, which is reportedly associated with 526 
in vivo priming of site IV-specific TCD8

36,37. In the transgenic adenocarcinoma of the mouse 527 
prostate (TRAMP) model38, the site IV-specific response dwindles away with progression of the 528 
malignancy. However, the otherwise immunorecessive site V-specific TCD8 cells escape negative 529 
selection in the thymus and also avoid peripheral tolerance mechanisms21. This provides ample 530 
opportunities for experimental therapeutic interventions revolving around site V-specific TCD8 531 
functions. In vivo cytotoxicity assays should prove informative in studying and potentially 532 
reversing immunological tolerance in various model systems, including in the T Ag recognition 533 
model. 534 
 535 
Immunodominance is a consistent feature of TCD8 responses generated not only against tumor 536 
Ags but also towards pathogen-derived epitopes. In fact, we have previously used in vivo 537 
cytotoxicity assays to study immunodominance in anti-influenza TCD8 responses12. Therefore, the 538 
optimized assay described in this protocol can be modified and used in a broad range of 539 
immunological applications.                  540 
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Table 1. Peptides introduced in this protocol

Protein Antigen Source Peptide Epitope Designation Sequence

SV40
1
 Large T Ag

2
T Ag206-215 Site I SAINNYAQKL

SV40 Large T Ag T Ag223-231 Site II/III CKGVNKEYL

SV40 Large T Ag T Ag404-411 Site IV VVYDFLKC

SV40 Large T Ag T Ag489-497 Site V QGINNLDNL

HSV-1
3
 Glycoprotein B gB498-505* gB498-505 SSIEFARL

LCMV
4
 Glycoprotein GP33-41* GP33-41 KAVYNFATC

1
Simian Virus 40

2
Large Tumor Antigen

3
Herpes Simplex Virus type 1

4
Lymphocytic Choriomeningitis Virus

*used as an irrelevant peptide
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MHC I Restriction

H-2D
b

H-2D
b

H-2K
b

H-2D
b

H-2K
b

H-2D
b



Table of Materials

Material Commercial Source

0.25% Trypsin-EDTA (1X) Thermo Fisher Scientific

ACK Lysing Buffer Thermo Fisher Scientific

Anti-mouse CD25 (clone PC-61.5.3) Bio X Cell

Anti-mouse PD-1 (clone RMP1-14) Bio X Cell

CFSE Thermo Fisher Scientific

DMEM (1X) Thermo Fisher Scientific

Fetal bovine serum (FBS) Wisent Bioproducts

GlutaMAX (100X) Thermo Fisher Scientific

HEPES (1M) Thermo Fisher Scientific

MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific

Penicillin/Streptomycin Sigma-Aldrich

Rat IgG1 (clone KLH/G1-2-2) SouthernBiotech

Rat IgG1 (clone HRPN) Bio X Cell

Rat IgG1 (clone TNP6A7) Bio X Cell

Rat IgG2a (clone 2A3) Bio X Cell

RPMI 1640 (1X) Thermo Fisher Scientific

Sodium Pyruvate (100 mM) Thermo Fisher Scientific
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Catalog Number Comments

25200-056

A1049201

BE0012

BE0146

C34554

11965-092

080-150 Heat-inactivate prior to use

35050-061

15630080 10 mM final concentration

11140-050

P0781 Stock is 100X

0116-01 Isotype control

BE0088 Isotype control

BP0290 Isotype control

BP0089 Isotype control

11875-093

11360-070 1 mM final concentration
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teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE’s copyright in the Article is
included.  All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video – Standard Access.  This Section 5
applies if the “Standard Access” box has been checked in Item
1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 
 
11.  Indemnification.  The Author agrees to indemnify JoVE 
and/or its successors and assigns from and against any and all 
claims, costs, and expenses, including attorney’s fees, arising 
out of any breach of any warranty or other representations 
contained herein.  The Author further agrees to indemnify and 
hold harmless JoVE from and against any and all claims, costs, 
and expenses, including attorney’s fees, resulting from the 
breach by the Author of any representation or warranty 
contained herein or from allegations or instances of violation 
of intellectual property rights, damage to the Author’s or the 
Author’s institution’s facilities, fraud, libel, defamation, 
research, equipment, experiments, property damage, personal 
injury, violations of institutional, laboratory, hospital, ethical, 
human and animal treatment, privacy or other rules, 
regulations, laws, procedures or guidelines, liabilities and 
other losses or damages related in any way to the submission 
of work to JoVE, making of videos by JoVE, or publication in 
JoVE or elsewhere by JoVE.  The Author shall be responsible 
for, and shall hold JoVE harmless from, damages caused by 
lack of sterilization, lack of cleanliness or by contamination 
due to the making of a video by JoVE its employees, agents or 
independent contractors.  All sterilization, cleanliness or 
decontamination procedures shall be solely the responsibility 
of the Author and shall be undertaken at the Author’s 

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

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

 
CORRESPONDING AUTHOR: 

Name:   

Department:   

Institution:  

Article Title:  

Signature:   Date:  
 
Please submit a signed and dated copy of this license by one of the following three methods: 

1) Upload a scanned copy of the document as a pfd on the JoVE submission site; 
2) Fax the document to +1.866.381.2236; 
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139 

 
For questions, please email submissions@jove.com or call +1.617.945.9051 
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Rebuttal Letter 

 

Dear Dr. Cao, 

 

RE: JoVE59531 

 

We are pleased to learn that our manuscript was reviewed quickly and also thankful for the reviewers’ 

insightful comments. I have provided our point-by-point responses in this rebuttal document and certainly 

hope that you will find our revisions satisfactory. 

 

Sincerely, 

 

Dr. S.M. Mansour Haeryfar 

 

Editorial comments: 

 

Please include an ethics statement before your numbered protocol steps, indicating that the protocol 

follows the animal care guidelines of your institution. 

 

We have now moved our Ethics Statement to the requested position within the manuscript.   

 

In the JoVE Protocol format, “Notes” should be concise and used sparingly. They should only be used to 

provide extraneous details, optional steps, or recommendations that are not critical to a step. Any text 

that provides details about how to perform a particular step should either be included in the step itself or 

added as a sub-step. Please consider moving some of the notes about the protocol to the discussion 

section. 

 

Most of our Notes conform to their intended purpose as indicated above. We have now amalgamated 

several Notes into one (please see our revised manuscript).  

 

1.3: Is this done at room temperature? 

 

Yes. We have now revised the text to make this clear.  

 

1.7: What volume of sterile cold PBS is used? 

 

This is typically done in 10 mL of PBS. We have revised the text. 

 

1.9: Are the cells counted before this step? Please specify. 

 

Yes. We have modified the text to clarify this point.  

 

1.10, 3.1: Please specify the age and gender of the mouse. 

 

Modified as requested! 

 

9. 3.1, 8.1: Please specify the euthanasia method used. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Choi et
al.Rebuttal.rtf
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Specified as requested! 

 

4.2: Please specify the peptide used for each tube. 

 

This may complicate the manuscript and make its flow less accessible to the readership. The readers 

should be able to readily refer to previous sections specifying the peptides to be used. Sorry! 

  

4.3: What is the mesh size of the cell strainer? 

 

Consistent with the rest of the protocol, cell strainers with 70-μm pores need to be used. We have 

specified this in the text now.  

 

5.8: Is step 5.7 also repeated? 

 

We have added a short sentence to clarify this further. 

 

7.1: Please specify from which step the source tubes are prepared. 

 

We have now done this actually in an earlier step where we have referred to the ‘source tubes’. 

Accordingly, in step 6.5, we have referred to step 6.1. Please refer to our revised manuscript.    

 

Please highlight complete sentences (not parts of sentences). Please do not highlight any steps describing 

anesthetization and euthanasia. 

 

We have removed the highlights from several section titles that do not form complete sentences. We did 

not have any highlighted texts referring to anesthetization and euthanasia to begin with.    

 

19. References: Please do not abbreviate journal titles. 

 

The manuscript is now revised as instructed! 

 

Please obtain explicit copyright permission to reuse any figures from a previous publication. Explicit 

permission can be expressed in the form of a letter from the editor or a link to the editorial policy that 

allows re-prints. Please upload this information as a .doc or .docx file to your Editorial Manager 

account.  

 

We have previously obtained such letters, which we will upload during the re-submission.  

 

Please upload each Table individually to your Editorial Manager account as an .xls or .xlsx file. 

 

We have now prepared and uploaded separate tables.  

 

Table of Materials: Please revise to include the name, company, and catalog number of all relevant 

supplies, reagents, equipment and software, and sort the items in alphabetical order according to the 

name of material/equipment. 
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Revised as instructed! 

 

Reviewer 1: 

 

“The manuscript is well written and clear.”  

 

We thank the reviewer for her/his positive feedback. 

 

“I have few minor points that needs to be clarified.”“1. In section 5, it is interesting to know if different 

dyes could be used instead of various CFSE titrations.” 

 

This is definitely a possibility. However, many factors need to be considered (e.g., toxicity and 

stability/instability of other dyes) and various conditions also need to be optimized before such dyes can 

be used. CFSE has worked well in various in vivo killing assays using different setups.      

 

“2. In section 7.6, I suggest that the splenocyte mix is checked in FACS just before injection in the 

recipient mice to ensure the ratios between differently labeled cells is the same after the washing steps 

and the vortexing (sections 7.1-7.4).” 

 

This is an important quality control measure. Steps 6.1-6.5 exactly address the reviewer’s point.    

 

“3. Figure 1.A and B are copied from a previous paper (Memarnejadian, A et al. J Immunol. 2017). I am 

not sure but some copyright issues might be concern regarding the figure. Additionally it is interesting to 

know why the authors did not performed cytofluorimetric analysis in order to recreate graphs represented 

in Figure 1.” 

 

It is our understanding, based on JoVE’s instructions, that this is an acceptable practice. We did obtain 

formal permission from The Journal of Immunology (the flagship journal of the American Association of 

Immunologists) for the reproduction of figures 1 and 2, both of which are adopted from our own 

previously published articles. Two permission letters are now uploaded with this resubmission. We 

routinely perform in vivo killing assays and are confident about the reproducibility of our results. Our 

animal use protocols stipulate that we should sacrifice additional mice only if we absolutely have to.       

 

Reviewer #2: 

 

“Minor Concerns: Can the authors discuss adaptability of this assay to draining lymph nodes (e.g. to 

derive target cells)?” 

 

This is an important question. Lymph nodes are not typically used as a source of target cells simply 

because they do not provide a sufficient cellular yield even if they are pooled.  

 

Typically, CFSE-labeled target cells are not tracked in lymph nodes either since they are injected via tail 

vein. The intravenous route of target cell injections dictates that these cells end up in the spleen among 

several other organs, but not in lymph nodes, except potentially for peri-thymic nodes. It will be 

interesting to look for intravenously injected target cells in these nodes. We fully agree that it will also be 

curious to determine whether CFSE-labeled target cells that can be potentially injected subcutaneously (in 

other settings) show up and remain in sentinel lymph nodes draining the area of injection.  
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Please note that our manuscript’s focus has been the application of in vivo cytotoxicity assays in 

evaluation of CD8+ T cell immunodominance. Therefore, we did not discuss the above possibilities in the 

interest of producing a coherent manuscript.            



 

 

 

 

 

 
 

May 4, 2018 

 

Joshua Choi 

Western University 

1151 Richmond Street 

London, Ontario, Canada, N6A 3K7 

Canada 

 

Email: jchoi443@uwo.ca 
 

Dear Dr. Choi: 

 

The American Association of Immunologists, Inc., grants permission to use 

Figure 4 from the article, “Regulatory T cells suppress CD8+ T cell responses 

induced by direct priming and cross-priming and moderate immunodominance 

disparities” published in The Journal of Immunology, vol. 174, pp. 3344-3351, 

2005, in JOVE, published by JOVE, contingent on the following conditions: 

 

1. That you give proper credit to the authors and to The Journal of 

Immunology, including in your citation the volume, date, and page 

numbers. 

 

2. That you include the statement: 

 

Copyright 2005.  The American Association of Immunologists, Inc. 

 

3. That permission is granted for one-time use only for print and electronic 

format. Permission must be requested separately for future editions, 

revisions, derivative works, and promotional pieces. Reproduction of 

any content, other than Figures and Figure Legends, from The Journal 

of Immunology is permitted in English only. 

 

Thank you for your interest in The Journal of Immunology. 

Sincerely, 

Todd D. Reitzel 

Director of Publications 

The Journal of Immunology 

Permission Letter 1 Click here to access/download;Supplemental File (Figures,
Permissions, etc.);Choi  174 3344.Copyright Permission.docx
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April 6, 2018 

 

Joshua Choi 

Western University 

1151 Richmond Street 

London, Ontario, N6A 3K7 

Canada 

 

Email: jchoi443@uwo.ca 
 

Dear Dr. Choi: 

 

The American Association of Immunologists, Inc., grants permission to use 

Figure 4 from the article, “PD-1 Blockade Promotes Epitope Spreading in 

Anticancer CD8+ T Cell Responses by Preventing Fratricidal Death of 

Subdominant Clones To Relieve Immunodomination” published in The Journal 

of Immunology, vol. 199, pp. 3348-3359, 2017, in JoVe, published by JoVe, 

contingent on the following conditions: 

 

1. That you give proper credit to the authors and to The Journal of 

Immunology, including in your citation the volume, date, and page 

numbers. 

 

2. That you include the statement: 

 

Copyright 2017.  The American Association of Immunologists, Inc. 

 

3. That permission is granted for one-time use only for print and electronic 

format. Permission must be requested separately for future editions, 

revisions, derivative works, and promotional pieces. Reproduction of 

any content, other than Figures and Figure Legends, from The Journal 

of Immunology is permitted in English only. 

 

Thank you for your interest in The Journal of Immunology. 

Sincerely, 

Todd D. Reitzel 

Director of Publications 

The Journal of Immunology 

Permission Letter 2 Click here to access/download;Supplemental File (Figures,
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