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SUMMARY:  29 
Here, we demonstrate the methods for in vivo quantification of leukocyte egress from naïve, 30 
inflamed, and malignant murine skin. We perform a head-to-head comparison of two models: 31 
transdermal FITC application and in situ photoconversion. Furthermore, we demonstrate the 32 
utility of photoconversion for tracking leukocyte egress from cutaneous tumors.  33 
 34 
ABSTRACT: 35 
Leukocyte egress from peripheral tissues to draining lymph nodes is not only critical for 36 
immune surveillance and initiation but also contributes to the resolution of peripheral tissue 37 
responses. While a variety of methods are used to quantify leukocyte egress from non-38 
lymphoid, peripheral tissues, the cellular and molecular mechanisms that govern context-39 
dependent egress remain poorly understood. Here, we describe the use of in situ 40 
photoconversion for quantitative analysis of leukocyte egress from murine skin and tumors. 41 
Photoconversion allows for the direct labeling of leukocytes resident within cutaneous tissue. 42 
Though skin exposure to violet light induces local inflammatory responses characterized by 43 
leukocyte infiltrates and vascular leakiness, in a head-to-head comparison with transdermal 44 
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application of fluorescent tracers, photoconversion specifically labeled migratory dendritic cell 45 
populations and simultaneously enabled the quantification of myeloid and lymphoid egress 46 
from cutaneous microenvironments and tumors. The mechanisms of leukocyte egress remain a 47 
missing component in our understanding of intratumoral leukocyte complexity, and thus the 48 
application of the tools described herein will provide unique insight into the dynamics of tumor 49 
immune microenvironments both at steady state and in response to therapy. 50 
 51 
INTRODUCTION: 52 
Peripheral tissue immune responses are shaped not only by leukocyte recruitment to the sites 53 
of inflammation but also by mechanisms that regulate their subsequent retention. Thus, 54 
protective immunity is dictated by cumulative cellular and molecular mechanisms that 55 
determine whether a leukocyte enters, stays within, or rather migrates out of peripheral tissue 56 
via lymphatic vessels. Importantly, the propensity for leukocytes to exit tissue through 57 
lymphatic vessels (termed egress) is linked to their specialized functions. Dendritic cells (DC) 58 
acquire migratory behavior in response to maturation signals leading to antigen transport and 59 
presentation in draining lymph nodes (dLN), a process that is necessary for adaptive immunity1. 60 
Scavenging myeloid cells, such as macrophages and neutrophils, serve to clear apoptotic debris 61 
through phagocytosis. During bacterial infection, neutrophils egress tissue and ultimately 62 
undergo apoptosis in dLNs2 and in a model of DSS-induced colitis, data supports the hypothesis 63 
that macrophage egress is necessary to resolve local inflammation3. Whether neutrophil and 64 
macrophage egress occurs in all inflammatory contexts, however, is unknown. Evidence for T 65 
lymphocyte egress from steady state4-7, infected8, and inflamed4,9-12 peripheral, non-lymphoid 66 
tissues indicates that T cells actively recirculate, though the tissue-based signals that drive this 67 
exit remain poorly understood. Several studies have identified signals necessary for directional 68 
migration towards draining lymphatic capillaries and subsequent egress including chemokine 69 
(C-C motif) ligand 21 (CCL21) and its receptor CCR74,11,13, chemokine (C-X-C motif) ligand 12 70 
(CXCL12) and its receptor CXCR42,14, and sphingosine-1-phosphate (S1P)10,15,16. These 71 
mechanisms are not active in all contexts, however, and whether they determine egress of all 72 
cell types remains an open question. Importantly, further insight into the mechanisms that 73 
govern egress and its functional relevance in disease requires quantitative in vivo methods of 74 
analysis. 75 
 76 
Several methods have been used to quantify egress in multiple animal models in vivo including 77 
direct cannulation of lymphatic vessels, adoptive transfer of ex vivo labeled leukocytes, 78 
transdermal application of fluorescent tracers, injection of labeled particles, and in vivo 79 
photoconversion17,18. Direct cannulation of afferent mouse lymphatic vessels is difficult and 80 
limited in small animals by the volumes of fluid that can be collected. Thus, cannulation has 81 
largely been performed in large animals (e.g., sheep) where such surgical manipulations are 82 
practical. These studies provide direct evidence for the presence of both lymphoid and myeloid 83 
cells in lymph10,19,20. Furthermore, ovine models reveal that acute and chronic inflammation 84 
increased lymphocyte presence in lymph by nearly 100-fold10,21.  85 
 86 
Adoptive transfer of labeled and genetically manipulated lymphocytes has importantly revealed 87 
that CCR7 is required for the egress of CD4+ T cells from acutely inflamed skin5,11, while the 88 



   

pretreatment of lymphocytes with the small molecule S1P receptor agonist, FTY720, only 89 
partially inhibits their egress10. Interestingly, the egress of transferred lymphocytes from 90 
chronically inflamed skin is CCR7-independent10, but may partially require CXCR49. Adoptive 91 
transfer experiments, however, deliver non-physiological numbers of ex vivo activated and 92 
labeled lymphocytes into tissue through injection, which alters the biomechanical environment 93 
of tissues and elevated interstitial fluid pressures that open initial lymphatic capillaries and alter 94 
their transport properties22. As an alternative, transdermal application of fluorescein 95 
isothiocyanate (FITC) in the presence or absence of dermal irritants (e.g., dibutyl phthalate, 96 
DBP) or infection23,24 allows for the tracking of phagocytic cells that accumulate tracer and 97 
migrate to dLNs. Similarly, fluorescently labeled tumors provide a means to track phagocytic 98 
cells that have engulfed tumor material25. These methods have provided important insight into 99 
the mechanisms that govern DC egress13,14,17,26,27 but are unable to track non-phagocytic 100 
lymphocytes and, interpretation can be complicated by free lymphatic drainage of soluble FITC 101 
thus labeling non-migratory, LN resident DCs.  102 
 103 
Alternatively, intravital microscopy is a powerful tool that allows for in vivo tracking of 104 
physiologically relevant leukocyte populations in real time28,29. Used in combination with the 105 
reporter mice and antibody-based in vivo immunofluorescent labeling, intravital microscopy 106 
has revealed the complex spatial and temporal dynamics of immune cell trafficking, including 107 
interstitial migration30, transmigration across the lymphatic endothelium, passage within the 108 
lymphatic lumen, and migration upon LN entry28,31. Broad adoption of intravital imaging 109 
techniques is limited by expense, necessary expertise for set up, and limited throughput for 110 
quantifying multiple cell types. Still, coupling quantitative methods that analyze population 111 
dynamics tissues with intravital imaging will provide additional and important mechanistic 112 
insight with respect to the mechanisms of motility and migration toward and within lymphatic 113 
capillaries18,31,32. 114 
 115 
Consequently, in vivo photoconversion has emerged as a method that allows for in situ labeling, 116 
independent of phagocytic activity, and for the quantification of physiological leukocyte egress 117 
(when coupled with flow cytometry) in the absence or presence of challenge. Kaede-Tg mice 118 
constitutively express a protein isolated from stony coral that exhibits green fluorescence 119 
(Kaede green) until exposed to violet light, after which it irreversibly converts to red 120 
fluorescence (Kaede red)33. Photoconverted cells can be tracked as they egress from peripheral 121 
tissue sites and accumulate in dLNs. This and other similar photoconvertible mouse models34,35 122 
have revealed important biology including constitutive egress of regulatory T cells from skin36, 123 
CXCR4-dependent B cell egress from Peyer’s patches37, mobilization of resident memory T cells 124 
upon peptide re-challenge38, and broad leukocyte egress from tumor microenvironments39. 125 
Herein, we perform a head-to-head comparison of photoconversion with transdermal FITC 126 
application in the context of cutaneous inflammation and infection to allow for direct 127 
comparison of existing data with the photoconvertible method. Furthermore, we demonstrate 128 
photoconversion in implanted tumors and describe the conversion efficiency and selective 129 
egress from tumor microenvironments. As such, we argue that further application of these 130 
methods is needed to elucidate the critical biology of leukocyte egress from tumors, which will 131 
have significant implications for interpreting intratumoral leukocyte complexity, anti-tumor 132 



   

immunity, and response to therapy.  133 
 134 
PROTOCOL:  135 
All animal protocols have been approved by the Institutional Animal Care and Use Committee 136 
at the Oregon Health & Science University. 137 
 138 
1. Induction of Inflammation and FITC Painting of Mouse Pinna 139 
 140 
1.1. In a laminar flow hood, anesthetize a C57Bl/6 mouse using vaporized isofluorane 141 
(induce at 3-5% isofluorane and maintain at 1-3% isofluorane; oxygen flow rate at 0.5-1.0 142 
L/min). Ensure proper anesthetization by monitoring the loss of pedal reflex, involuntary 143 
movements and reduced respiratory rate.  144 
 145 
1.2. Lay an ear flat with the ventral side of the ear facing upwards. Pipet 20 µL of 5% FITC 146 
solution dissolved in 1:1 acetone:dibutyl phthalate (DBP) to the ventral side of ear pinna. Allow 147 
the ear to dry for a few seconds. 148 
 149 
1.3. 24 h after FITC application, euthanize the mice via carbon dioxide exposure followed by 150 
cervical dislocation. Collect the ear pinnae into PBS by separating the ears from the head using 151 
scissors. Collect the cervical dLNs and inguinal non-draining LNs into PBS using tweezers to 152 
separate the LNs from surrounding tissues. Inguinal non-draining LNs will serve as negative 153 
controls for the presence of FITC+/Kaede red+ leukocytes. Dispose of carcasses per institutional 154 
protocol.  155 
 156 
Note: The optimal time post photoconversion for analysis will depend on the cell type and 157 
known migratory behaviors. Dendritic cells, for example, can be detected in dLNs as early as 6 h 158 
post DBP application.  159 
 160 
2. Induction of Inflammation and Photoconversion of Mouse Pinna 161 
 162 
2.1. In a laminar flow hood, anesthetize a Kaede-Tg mouse (background C57Bl/6) by 163 
intraperitoneal injection of 80 mg/kg ketamine and 10 mg/kg xylazine dissolved in saline. 164 
Ensure proper anesthetization as described in Step 1.1.  165 
 166 
2.2. Lay an ear flat with the ventral side of the ear facing upwards. Pipet 20 µL of a 1:1 167 
acetone:DBP to the ventral side of the ear pinna. Allow the ear to dry for a few seconds.  168 
 169 
2.3. After DBP application, cut a slit in a piece of aluminum foil and pull the ear through the 170 
slit to expose the ear to the violet light source. Lay the ear flat with the dorsal side facing 171 
upward using double-sided tape to secure the ear to the foil.  172 
 173 
2.4. Position the ear directly under the light source, and photoconvert for 3 min using a 405 174 
nm light source at 100 mW power.  175 
 176 



   

2.5. 24 h after photoconversion, euthanize the Kaede-Tg mice and harvest the ear pinnae, 177 
cervical LNs, and inguinal LNs as described in Step 1.3.  178 
 179 
Note: In addition to considerations cited in Step 1.3, the rates of proliferation will determine 180 
the timing of analysis as the loss of Kaede red will occur in rapidly dividing cells. 181 
 182 
3. Vaccinia Infection of Mouse Pinna and FITC Application 183 
 184 
3.1. Anesthetize a C57Bl/6 mouse with vaporized isofluorane as described in Step 1.1. 185 
 186 

3.2. Lay the ventral side of the ear flat. Pipet 5  106 plaque-forming units (PFU) of vaccinia 187 
virus (VacV) diluted in 10 µL of PBS onto the ear pinna. Using a 29-gauge needle, poke the pinna 188 
25 times40.  189 
 190 
3.3. 24 h post-infection, anesthetize VacV-infected mice with isofluorane as described in 191 
Step 1.1 and pipet 20 µL 5% FITC dissolved in acetone onto the ventral side of the ear pinna. 192 
Allow the ear to dry for a few seconds. 193 
 194 
3.4. 24 h after FITC application, euthanize the mice and collect the ear pinnae, cervical LNs 195 
and inguinal LNs as described in Step 1.3.  196 
 197 
Note: FITC may be applied at any time point post infection to determine DC trafficking at 198 
various 24 h intervals. We previously reported that DC migration to dLNs is maintained at 199 
similar levels from day 1 to 3 post infection41. 200 
 201 
4. Vaccinia Infection of Mouse Pinna and Photoconversion.  202 
 203 
4.1. Anesthetize a Kaede-Tg mouse with vaporized isofluorane as described in Step 1.1. 204 
 205 
4.2. Infect the ear pinna with VacV as described in Step 3.2. 206 
 207 
4.3. 24 h post-infection, anesthetize VacV-infected Kaede mice as described in Step 2.1 and 208 
perform photoconversion as described in Steps 2.3-2.4. 209 
 210 
4.4. 24 h after photoconversion, euthanize the mice and harvest the ear pinnae, cervical LNs, 211 
and inguinal LNs as described in Step 1.3.  212 
 213 
Note: As mentioned above in Step 3.4, photoconversion can be administered at any time point 214 
post infection. 215 
 216 
5. Ear and Lymph Node Processing for Flow Cytometry 217 
 218 
5.1. Create single cell suspensions of ear pinnae: peel apart the ventral and dorsal sides of 219 
the ear pinna using two pairs of tweezers and place with the inside of the ear facing down into 220 



   

the wells of a 24-well plate containing 1 mg/mL collagenase D and 80 U/mL DNase diluted in 221 
Hank’s Buffered Saline Solution (HBSS) (containing Ca2+ and Mg2+). Incubate at 37 °C for 30 min. 222 
Press the digested tissue through a 70 µm nylon cell strainer.  223 
 224 
5.2. Create single cell suspensions from LNs: place LNs in wells of a 24-well plate containing 225 
1 mg/mL collagenase D and 80 U/mL DNase diluted in HBSS. Tease open the lymph node 226 
capsule using two 29-gauge needles, and then incubate the lymph nodes at 37 °C for 30 min. 227 
Press the digested tissue through a 70 µm nylon cell strainer. 228 
 229 
6. Intradermal Melanoma Tumor Implantation and Photoconversion. 230 

 231 
6.1. Shave the fur from the center of the back of a Kaede-Tg mouse using an electric razor. 232 
 233 
6.2. Position a 29-gauge needle in the center of the back between the left and right upper 234 

scapulae, and intradermally inject 5  105 tumor cells (diluted in 50 µL of saline) into the skin of 235 
Kaede-Tg mice. Tumors must be carefully positioned to ensure lymphatic drainage to specified 236 
lymph nodes (i.e., left and right brachial LNs for tumors placed in the middle of the upper back). 237 
Avoid placing the tumor above dLN as this can result in direct photoconversion of the LNs 238 
through the skin/tumor. 239 
 240 
6.3. Allow the tumors to grow to desired size (100-650 mm3).  241 
 242 
6.4. One day prior to tissue collection, anesthetize a Kaede-Tg mouse as described in 2.1 and 243 
shave any newly regrown fur around the tumor.  244 
 245 
6.5. Cut a circular hole in aluminum foil and pull the tumor through to expose the tumor to 246 
the light source. Cut the hole slightly smaller than the tumor to prevent the tumor from falling 247 
back through the hole and minimize the conversion of adjacent, non-tumor skin.  248 
 249 
6.6. Position the tumor directly below the light source and photoconvert for 5 min using a 250 
405 nm light source at 200 mW power. 251 
 252 
6.7. 24 h after photoconversion, euthanize the mice as described in Step 1.3. Collect the 253 
tumors, brachial dLNs, and inguinal non-draining LNs into PBS. Cut the tumors away from the 254 
surrounding skin using scissors and remove LNs as described in Step 1.3.  255 
 256 
7. Tumor and Lymph Node Processing for Flow Cytometry 257 
 258 
7.1. Create single cell suspensions from the tumors: mince the tumors with scissors into 259 
wells of a 24-well plate containing 1 mg/mL collagenase D and 80 U/mL DNase diluted in HBSS. 260 
Incubate at 37 °C for 1 h. Press the digested tissue through a 70 µm nylon strainer.  261 
 262 
7.2. Create single cell suspension of lymph nodes as described in Step 5.2.  263 
 264 



   

8. Antibody Staining for Flow Cytometry 265 
 266 
8.1. After digesting the tissues into single cell suspensions, perform standard flow cytometry 267 

staining techniques to label the cells with markers of interest. Briefly, pipet 2  106 cells into a 268 
96-well plate. Incubate the samples with Fc block (1 µg/mL) for 20 min on ice; wash twice with 269 
FACs buffer (1% bovine serum albumin in PBS). Add live/dead stain (diluted in PBS) to the 270 
samples and incubate for 15 min on ice; wash twice with FACs buffer. Incubate with primary 271 
antibodies (Table of Materials) diluted in FACs buffer for 30 min on ice; wash twice with FACs 272 
buffer.  273 
 274 
Note: Kaede green and Kaede red fluorescence overlaps with FITC and PE fluorophores; thus, 275 
FITC and PE-conjugated antibodies cannot be used in combination with Kaede proteins.  276 
 277 
8.2. After staining, run the samples on a flow cytometer. Alternatively, fix the cells with 2% 278 
PFA.  279 
 280 
9. Flow Cytometry Analysis 281 
 282 
9.1. Set the FITC (Kaede green) and PE (Kaede red) channel PMT voltages to 70-80% of the 283 
total range (center population at approximately 104) using ex vivo Kaede green or Kaede red 284 
single-color splenocytes or blood.  285 
 286 
Note: Do not compensate for the Kaede green (FITC) and Kaede red (PE) channels as this will 287 
result in greater signal spread. 288 
 289 
9.1.1. To create single-color Kaede controls, collect a spleen or blood from a Kaede-Tg mouse. 290 
Lyse the red blood cells with ACK buffer, then divide the cells into two groups: unconverted 291 
Kaede green and converted Kaede red.  292 
 293 
9.1.2. For single color Kaede red controls, suspend the cells in 1 mL of PBS and photoconvert in 294 
a 24-well plate for 5 min using a 405 nm light sources at a power of 100 mW. Use these cells to 295 
set the Kaede green (FITC) and Kaede red PMT voltages on the flow cytometer (Step 9.1).  296 
 297 
9.2. Once the voltages for the Kaede proteins has been set, compensate for all other primary 298 
antibody stains using single-fluorophore labeled compensation beads per manufacturer’s 299 
instructions.  300 
 301 
9.3. Run the samples on a flow cytometer to collect data.  302 
 303 
Note: The Kaede protein is continually being produced by the cells. This means that 24 h after 304 
photoconversion, converted cells will be double positive for Kaede green and Kaede red as 305 
newly synthesized Kaede (green) protein has accumulated in the cell.  306 
 307 
9.4. Analyze the data using FlowJo software or a similar software.  308 



   

 309 
REPRESENTATIVE RESULTS: 310 
We first sought to replicate photoconversion results published in the literature to evaluate the 311 
efficiency and determine the associated inflammation in the mouse skin. The ear pinna was 312 
exposed to 100 mW violet light (405 nm) for 3 min as previously described33. Single cell 313 
suspensions generated from the ear skin or cervical dLNs immediately following the exposure 314 
revealed a 78% conversion efficiency of all CD45+ leukocytes in the skin with no converted cells 315 
observed in dLNs (Figure 1A). To evaluate the inflammatory response associated with 316 
photoconversion, we quantified the numbers of infiltrating CD45+ leukocytes in converted ears 317 
0 and 24 h post conversion (Figure 1B) and acute changes in vascular permeability as measured 318 
by Mile’s Assay42 (Figure 1C). Briefly, 200 µL of 0.5% Evans Blue was intravascularly injected 2 h 319 
after photoconversion. The ears were collected 30 min after the injection and Evans Blue was 320 
extracted with formamide for 24 h at 55°C (absorbance read at 610 nm42). Both CD45+ 321 
infiltrates (24 h) and vascular leak (2 h) were significantly increased following the 322 
photoconversion, indicating that even at this short exposure, photoconversion itself may 323 
impact the tissue-specific inflammatory response. Comparison to CD45+ infiltrates (Figure 1B) 324 
and vascular leak (1.4 µg/ear ±0.75) in VacV infected ears 24 h post infection41 provides context 325 
for the extent of the inflammation caused by violet light (0.08 µg/ear ± 0.01). 326 
 327 
While several models have been used in various studies to track the leukocyte egress from non-328 
lymphoid, peripheral tissues, it is unclear how these methods compare in their ability to track 329 
specific populations as they exit the skin. Consequently, we decided to perform a direct head-330 
to-head comparison of two commonly used methods to track DC egress to LNs, FITC paint and 331 
in vivo photoconversion, in order to evaluate the efficiency and specificity of each method for 332 
quantitative analysis of DC egress at steady state, during cutaneous inflammation, and from 333 
infected skin. For each analysis, the skin was subjected to transdermal FITC application or 334 
exposed to 100 mW 405 nm light for 3 min. LN DC populations were defined as CD3ε-CD19-335 
MHCII+CD11c+ and further stratified into 1) MHCIIhiCD11cint DCs, which enriches for migratory 336 
DCs (mDCs) both CD103+ BATF3-dependent cross-presenting DCs, and CD11b+ dermal DCs; and 337 
2) MHCIIintCD11chi DCs, which enriches for resident DCs (rDCs) including CD8α+ BATF3-338 
dependent cross-presenting DCs (Figure 2A). 24 h after either FITC application or 339 
photoconversion, the labeled cells were readily detectable in draining but not non-draining LNs 340 
(Figure 2B). To quantify the extent of DC migration to LNs and simultaneously determine the 341 
specificity of the method for labeling migrating populations and not resident LN populations, 342 
we quantified labeled mDCs and rDCs at steady state, 24 h following the application of DBP, and 343 
48 h following VacV scarification (Figure 2C). While both photoconversion (Kaede) and FITC 344 
labeled mDCs in all conditions, we observed more FITC-labeled than Kaede-labeled mDCs in 345 
dLNs, with the exception of VacV infection where the two methods quantified a similar level of 346 
egress. Furthermore, in the context of DBP, FITC additionally labeled rDC populations where 347 
photoconversion remained specific to mDCs (Fig. 2C). Using both of these methods, we 348 
observed the egress of approximately 200 DCs from VacV infected skin and importantly noted 349 
that this level of egress recapitulates previously published findings using transdermal FITC 350 
application by Loo et al.41. Thus, depending on inflammatory context, transdermal FITC 351 
application may increase the numbers of labeled DCs detected in dLNs and result in non-352 



   

specific labeling of non-migratory LN-resident DC populations, while photoconversion 353 
specifically identifies DCs falling into a mDC population. 354 
 355 
Kaede-Tg mice have been used to quantify the leukocyte retention in5,33,43 and egress 356 
from5,6,35,38 cutaneous, mucosal, and lymphoid tissues under steady state and inflamed 357 
conditions and applied to tumors only in a single publication where the tumors were implanted 358 
intradermal into the mouse ears and photoconverted at small volumes39. Thus, we sought to 359 
evaluate the utility of in vivo photoconversion for the quantification of leukocyte egress from 360 
established, large primary tumors to enable further immunological hypothesis testing. First, we 361 
implanted MC38 tumor cells intradermally into Kaede-Tg mice between the left and right 362 
scapulae. Implantable tumor models enable precise positioning of the tumors to ensure 363 
lymphatic drainage to known LNs; tumors placed in the skin of the upper back primarily drain to 364 
left and right brachial LNs. After reaching 100 – 150 mm3, the tumors were photoconverted (10 365 
min, 200 mW) and the tumors and dLNs harvested immediately after photoconversion. Analysis 366 
by flow cytometry revealed significant conversion of intratumoral CD45+ cells from Kaede 367 
green+ to Kaede red+ (69%; Figure 3A), while importantly, dLNs remained negative for Kaede 368 
red+ cells. Immunofluorescence microscopy of photoconverted YUMM 1.7 tumors revealed that 369 
photoconversion penetrates deep into the tumor tissue (>1 mm; Figure 3B). Interestingly, the 370 
skin and vascular cells express high levels of the Kaede protein leading to high photoconversion 371 
efficiency of these cell types as seen in Figure 3B. This high Kaede red expression makes it 372 
difficult to identify the immune cells (both unconverted and converted) using 373 
immunofluorescence microscopy. 374 
 375 
Given our particular interest in melanoma immunology, we next evaluated the effect of both 376 
tumor size and melanin on photoconversion efficiency using various implantable murine tumor 377 
cell lines: MC38 (unpigmented colorectal cancer line), B16.F10 (melanin-producing melanoma 378 
line), YUMM 1.1 (unpigmented melanoma line), and YUMM 1.7 (unpigmented melanoma 379 
line)44. Each of these lines were implanted intradermal into Kaede-Tg mice and photoconverted, 380 
as described above at various tumor volumes (50 – 650 mm3). The tumors were harvested 381 
immediately following the photoconversion and evaluated for the presence of Kaede red CD45+ 382 
leukocytes by flow cytometry. Interestingly, the photoconversion efficiency of CD45+ leukocytes 383 
varied significantly across the tumor types and sizes (Figure 3C). CD45+ leukocytes within small 384 
(50 – 150 mm3) YUMM 1.7 and YUMM 1.1 tumors demonstrated the most efficient 385 
photoconversion at 80% and 60%, respectively. As the volumes increased for these tumors, the 386 
conversion efficiencies decreased to around 50% for large tumors (> 600 mm3). Melanin had a 387 
striking impact on photoconversion efficiency: maximum photoconversion for CD45+ cells 388 
within melanin-producing B16.F10 tumors was only about 30% and dropped to 10% as the 389 
tumors reached volumes of 400 mm3. Interestingly, analysis of intratumoral CD8+ T cells 390 
revealed photoconversion efficiency for these cells at nearly 80 – 90% in small tumors 391 
regardless of melanin production (Figure 3D). For unpigmented tumors, CD8+ T cell conversion 392 
remained high even as the tumors reached large volumes, but decreased significantly with the 393 
size when the melanin was present. As such, the utility of B16.F10 murine melanomas, and 394 
other melanin-producing melanoma lines, may be limited to small tumors (50 mm3), which is 395 
consistent with the biological function of melanin in absorbing light. To evaluate the 396 



   

inflammatory response associated with the photoconversion of tumors, we quantified the 397 
number of CD45+ cells in unconverted tumors and converted tumors 24 h post photoconversion 398 
(Figure 3E). We saw no significant difference in the total numbers of CD45+ cells detected in the 399 
tumors 24 h following the photoconversion compared to unconverted tumors.  400 
 401 
We next quantified the leukocyte egress from tumor microenvironments using Kaede-Tg mice, 402 
which allows for the interrogation of trafficking behavior of both myeloid and lymphoid cell 403 
types. MC38 or YUMM 1.7 tumor cells were intradermally implanted into Kaede-Tg mice. The 404 
tumors were photoconverted once the volumes reached between 100 – 150 mm3 (5 min, 200 405 
mW); brachial dLNs and inguinal non-draining LNs were collected 24 h after the 406 
photoconversion. Intratumoral leukocyte populations were quantified from MC38 and YUMM 407 
1.7 tumors implanted into control C57Bl/6 mice and collected once the tumors reached 100 – 408 
150 mm3. We evaluated the leukocyte complexity within the tumors and egressed populations 409 
by flow cytometry: T cells (CD3ε+CD4+/-CD8+/-), B cells (CD3ε-CD19+), DCs (CD11c+MHCII+CD11b+/-410 
), neutrophils (CD11b+MHCII-Ly6G+), macrophages (CD11b+MHCII+F4/80+), and inflammatory 411 
monocytes (CD11b+Ly6G-Ly6C+; Figure 4A). Using this same gating scheme, we evaluated the 412 
percent of each leukocyte population in dLNs that expressed Kaede red indicating previous 413 
residence in tumor microenvironments (Figure 4B). Interestingly, while both MC38 (Figure 4C) 414 
and YUMM 1.7 (Figure 4D) tumors were mainly infiltrated with the myeloid cells (monocytes, 415 
DCs, and macrophages), approximately 50% of the cells that had egressed from both tumor 416 
types were T lymphocytes (both CD4+ and CD8+). In addition to T cells, we also observed DCs, B 417 
cells, and monocytes within egressed populations from the tumors but macrophages and 418 
neutrophils were not detected from either tumor type. Altogether, this data demonstrates the 419 
utility of Kaede-Tg photoconvertible mice for tracking multiple leukocyte lineages in an 420 
endogenous setting. Furthermore, our analysis indicates that egress is a selective, active 421 
process that may have significant implications for determining intratumoral leukocyte 422 
complexity. 423 
 424 
FIGURE AND TABLE LEGENDS: 425 
Figure 1: Photoconversion efficiency and associated inflammation in murine skin. Murine 426 
dermis was photoconverted for 3 min at 100 mW (405 nm light). (A). Representative flow plots 427 
depicting photoconverted (Kaede red+) CD45+ cells from an unconverted and converted ear and 428 
cervical dLN immediately following photoconversion. Populations were pre-gated on live, CD45+ 429 
single cells. (B). Enumeration of total CD45+ cells in unconverted ears, ears collected 430 
immediately following photoconversion, ears collected 24 h after photoconversion, and ears 431 
collected 24 h after VacV infection (n = 3). (C). A Mile’s assay was performed to quantify 432 
vascular leakiness immediately following the exposure to 405 nm light (3 min, 100 mW). 433 
Representative image of leakage in ear skin (left) and quantification of extracted dye (right) 434 
(n=3). Error bars represent SEM. *p<0.05 and **p<0.01. 435 
 436 
Figure 2: DC egress from naïve, inflamed, and infected skin. (A). Gating scheme to identify 437 
migratory DCs (mDCs; MHCIIhiCD11cint) and resident DCs (rDCs; MHCIIhiCD11chi). (B). 438 
Representative flow plots indicating FITC+ or Kaede red+ DCs, pre-gated on mDCs, from the mice 439 
infected with VacV (dLN) or contralateral non-draining LN controls. (C). Quantification of the 440 



   

numbers of Kaede red+ and FITC+ mDCs and rDCs in dLNs of steady state, DBP-inflamed (24 h 441 
post application), and VacV infected skin (48 h post infection). Error bars represent SEM. 442 
 443 
Figure 3: Photoconversion efficiency in tumor microenvironments. Tumors were 444 
photoconverted for 10 min at 200 mW (405 nm light). (A). Representative flow plots of Kaede 445 
green and Kaede red in unconverted and converted MC38 tumors and brachial dLN 446 
immediately following photoconversion. Populations were pre-gated on live, CD45+ single-cells. 447 
(B). Immunofluorescence microcopy of frozen, OCT-embedded YUMM 1.7 tumors both 448 
unconverted and photoconverted. Scale bar = 200 µm. (C) Conversion efficiency of CD45+ 449 
leukocytes and (D) CD8+ lymphocytes in melanin-producing (B16.F10) and unpigmented (MC38, 450 
YUMM 1.1, YUMM 1.7). Each point represents a single mouse. (E). Enumeration of total CD45+ 451 
cells in unconverted tumors and photoconverted tumors collected 24 h after photoconversion 452 
(n = 3). Error bars represent SEM. 453 
 454 
Figure 4: Leukocyte egress from tumor microenvironments is selective. (A). Gating scheme for 455 
identifying myeloid and lymphoid populations in MC38 dLNs. (B). Representative flow plots 456 
identifying Kaede red+ cells among myeloid and lymphoid cells in MC38 dLNs 24 h after 457 
photoconversion. Percentages in flow plots indicate the frequency of Kaede red+ cells within 458 
the indicated parent leukocyte population in LNs. (C, D). Relative proportions of intratumoral (% 459 
of CD45+ cells) and egressed (% Kaede red+ cells; brachial dLNs) leukocytes from MC38 (C, n = 3) 460 
and YUMM 1.7 (D, n = 4) tumors.  461 
 462 
DISCUSSION:  463 
Although the leukocyte egress from peripheral, non-lymphoid tissues is critical for the initiation 464 
and resolution of immune responses, the molecular mechanisms that govern egress are poorly 465 
understood. This gap in knowledge is largely due to ready availability of tools for the 466 
quantification in vivo. Here, we describe the use of photoconvertible mice (Kaede-Tg) to 467 
quantify endogenous leukocyte egress from the skin and tumors and provide a direct head-to-468 
head comparison with FITC paint in inflammatory and infection models. We demonstrate that 469 
while both models track endogenous DC populations, free drainage of FITC and poor uptake by 470 
non-phagocytic cells limits the utility of FITC paint for broad analysis of myeloid and lymphoid 471 
egress from peripheral, non-lymphoid tissues including tumors. Moreover, we present the data 472 
that indicates the egress from the tumors is selective rather than stochastic thus confirming 473 
findings presented by Torcellan et al.39. Further investigation of the mechanisms governing 474 
leukocyte egress from tumors may reveal novel insight into tumor-associated inflammation and 475 
immunity.  476 
 477 
We first evaluated the efficiency of photoconversion in murine skin and its effect on local 478 
inflammation when using settings reported in literature. The exposure of ears to violet light for 479 
3 min at 100 mW power resulted in efficient photoconversion of CD45+ cells within the ear skin 480 
(78%) with no conversion in downstream dLNs. Reports in the literature demonstrate the 3-5 481 
min exposure is optimal for cutaneous tissues5,33,38. However, this exposure led to increased 482 
numbers of CD45+ cells in the ear pinna 24 h following the conversion and vascular leakage 483 
indicating that photoconversion at these settings in ear skin induces local inflammation, which 484 



   

should be considered when interpreting data. We next sought to directly compare DC 485 
trafficking to LNs using both Kaede photoconversion and the more broadly utilized FITC paint 486 
assay23,24 at steady-state, during DBP-induced inflammation, and from VacV infected ears. We 487 
observed elevated labeling in FITC treated as compared to photoconverted skin at steady state 488 
and following DBP treatment. Application of free FITC to skin can result in direct drainage via 489 
lymphatic vessels to draining LNs where resident DC populations, that do not migrate (e.g., 490 
CD8α+ DCs), sample FITC. Consistent with this, we observed significant numbers of rDCs with 491 
FITC label when treated with the irritant DBP. In contrast, Kaede red-labeled DCs were only 492 
observed in the mDC population following the photoconversion indicating that 493 
photoconversion provides a more specific way to label mDCs. Even within the mDC population, 494 
however, we observed quantitatively more labeled mDCs when using FITC over 495 
photoconversion. While this may also be explained by free FITC drainage, it is possible that the 496 
differences in the period of labeling, where the photoconversion can only label DCs currently 497 
resident in skin while FITC remains in the skin for the duration of the 24 h period, accounts for 498 
the differences in observed mDC egress. Interestingly, in the context of viral infection, both 499 
photoconversion and FITC application measured relatively equal levels of mDC egress and few 500 
FITC+ rDCs in the LNs draining VacV-infected ears. We recently reported that lymphatic drainage 501 
is significantly reduced following VacV infection, and thus the viral-induced reduction in 502 
lymphatic transport may improve the specificity of FITC paint and reduced labeling of LN 503 
resident DC populations31. Importantly, this work also highlights the fact that within the mDC 504 
population (CD3ε-CD19-MHCIIhiCD11cint), the number of DCs that have actively migrated within 505 
24 h is a minor population and thus total mDC numbers are not a good surrogate for active 506 
migration41. Finally, it is interesting to note that we consistently quantify mDC egress at around 507 
200 cells for any given 24 h period following VacV infection41, while 1500-2000 DCs egress from 508 
tumor microenvironments. Given the tremendous efficacy of VacV as a vaccine platform, 509 
particularly when applied by scarification45-47, it is interesting to speculate that it is the quality 510 
of the DC and perhaps the type of DC presenting antigen, rather than the quantity, that 511 
determines robust protective immunity.  512 
 513 
Leukocyte egress from tumor microenvironments, beyond DCs25,48, remains a poorly 514 
investigated area. Although the tumors are considered chronically inflamed 515 
microenvironments, whether similar mechanisms regulate cellular egress from non-malignant 516 
and malignant tissues remains unknown. Furthermore, whether leukocyte egress from tumors 517 
is stochastic or rather selective will have significant implications for interpreting leukocyte 518 
accumulation and retention in tumor microenvironments. As such, leukocyte egress from 519 
tumors may be crucial to understanding how tumors evade immune surveillance and lead to 520 
novel strategies for immunotherapy. Here we apply the photoconvertible Kaede-Tg model to 521 
study leukocyte egress from implantable cutaneous tumors, where FITC paint would be 522 
insufficient to broadly label both myeloid and lymphoid populations. Initial studies revealed 523 
that photoconversion efficiency in implanted tumors was dependent both upon tumor size and 524 
melanin. While photoconversion efficiency rapidly drops off as tumors grow when melanin is 525 
present (B16.F10), non-pigmented tumor lines such as the YUMM and MC38 tumors exhibit 526 
more stable conversion efficiency across tumor sizes tested. Interestingly, we observed 527 
improved conversion efficiency in the CD8+ T cell compartment compared to CD45+ cells, which 528 



   

declined as tumors increased in size. There are likely several factors contributing to this 529 
observation. First, the location within a tumor will impact the exposure and thus the conversion 530 
efficiency of particular cell types. T cells are frequently found restricted to the skin-tumor 531 
interface in implantable tumor models and thus may be more readily photoconverted relative 532 
to myeloid cells infiltrating the tumor parenchyma. Secondly, not all leukocytes express the 533 
same levels of the Kaede protein49 and thus may not all be equally detected by flow cytometry; 534 
this may lead to lower observed percentages of photoconversion when analyzing a more 535 
heterogeneous cell population such as all CD45+ cells. Finally, it is important to note that data 536 
presented in Figure 3 was generated following 10 min of violet light exposure. This initial 537 
exposure time was chosen based on reports in the literature citing photoconversion times for 538 
various organs including skin, LNs, mucosal tissues, and tumors5,6,33,35,39,43. The only other study 539 
employing the photoconvertible system in tumors, photoconversion was performed for 20 540 
min39. Further optimization in our hands revealed improved efficiency with a shortened 541 
exposure time of 5 min for both small and large volumes. It is likely that prolonged exposure 542 
leads to photobleaching of Kaede fluorescence, and as such, our reported conversion 543 
efficiencies may be underestimates. Prolonged exposure may also lead to increased 544 
photoconversion-associated inflammation and confound study results. Tumors photoconverted 545 
for 5 min demonstrated no significant difference in the number of intratumoral CD45+ cells 24 h 546 
after photoconversion compared to unconverted tumors. Additionally, the tumors 547 
photoconverted for 5 min demonstrated measurable and reproducible egress for both myeloid 548 
and lymphoid populations. Consequently, individual optimization within specific tissues or 549 
tumors of interest is necessary to achieve optimal results.  550 
 551 
Lastly, we used in situ photoconversion to quantify endogenous leukocyte egress from tumors 552 
implanted into Kaede-Tg mice. Using two different implantable, non-pigmented tumor models 553 
we observed significant egress of DCs, T cells, and monocytes. Consistent with recently 554 
published work39, both CD4+ and CD8+ T cells egressed from tumor microenvironments along 555 
with a significant number of double negative CD3ε+ T cells. At least, one component of this 556 
population may be gamma delta T cells as previously described39, though the functional 557 
significance of this observation remains to be determined. Importantly, when we compared the 558 
proportions of leukocytes egressing from tumors to the relative proportions of leukocytes 559 
present within the tumor microenvironments, we observed leukocyte enrichment in egressed 560 
populations relative to intratumoral pools in both models indicating selective leukocyte egress. 561 
Notably, macrophages and neutrophils were absent in egressed populations, though both cell 562 
types have been described to egress under inflamed and infected conditions2,50-54 and are 563 
significant contributors to intratumoral leukocyte repertoires39,55,56. Thus, the leukocyte egress 564 
from the tumors can be quantified using photoconvertible models, is not stochastic but rather a 565 
regulated process, and remains an important and understudied biology with significant 566 
implications for understanding inflammatory and immune dynamics in tumor 567 
microenvironments at steady state and in response to therapy. 568 
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Name of Material/ Equipment Company Catalog Number

Collagenase D Roche 11088866001

DNase Roche 4536282001

Silver-LED-405B light source with optical fiber and collimtor Prizmatix Ltd V8144

Fluorescein isothiocyanate isomer I Sigma-Aldrich F4274

dibutyl phthalate Sigma-Aldrich 524980

acetone Macron Fine Chemicals 2440-02

29-guage syringes Exel International 26029

Evans Blue Sigma-Aldrich E2129

70 um cell strainers VWR 732-2758

paraformaldehyde Sigma-Aldrich P6148

HBSS Caisson HBL06

LIVE/DEAD Fixable Aqua Dead Cell Stain Kit Invitrogen L34966

Purified Anti-mouse CD16/CD32 Tonbo Biosciences 70-0161-M001

BV605 CD11c (clone N418) Biolegend 117334

PerCP-Cy5.5 MHCII  (clone M5/114.15.2) BD Pharmingen 562363

BV421 CD3e (clone 145-2C11) Biolegend 100341

APC CD8a (clone 53-6.7) TonBo Biosciences 20-0081-u100

APC-Cy7 CD45 (clone 30-F11) Biolegend 103116

BV650 CD19 (clone 6D5) Biolegend 115541

PercCP-Cy5.5 Ly6C (clone HK1.4) Biolegend 128011

Alexa Fluor 647 F4/80 (clone BM8) Biolegend 123121

APC-Cy7 Ly6G (clone 1A8) Biolegend 127623

BV711 CD11b (clone M1/70) Biolegend 101241

BV605 CD45 (clone 30-F11) Biolegend 103155

BV711 CD4 (clone RM4-5) BD Biosciences 563726

Bovine serum albumin (Fraction V) Fisher Scientific BP1600-100Anit-Rat and Anti-Hamster Igk / Negative Control Compensation 

Particle Set BD Biosciences 552845

Fortessa Flow Cytometer BD Biosciences

Table of Materials Click here to access/download;Table of Materials;JoVE_Materials list.xls

http://www.editorialmanager.com/jove/download.aspx?id=882198&guid=09f11563-326f-4aad-8382-23f72e1a0396&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=882198&guid=09f11563-326f-4aad-8382-23f72e1a0396&scheme=1


FlowJo v10 Software FlowJo



Comments/Description



Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Steele et al APA.pdf

http://www.editorialmanager.com/jove/download.aspx?id=882199&guid=67eb3722-8ead-48f3-bf65-80e59a2b232d&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=882199&guid=67eb3722-8ead-48f3-bf65-80e59a2b232d&scheme=1






Editorial comments: 

 
The manuscript has been modified and the updated manuscript, 58704_R1.docx, is attached and located in 
your Editorial Manager account. Please use the updated version to make your revisions. 

 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no spelling or 
grammar issues. 
 
The manuscript has been reviewed for spelling and grammar issues. 
 
2. Please use standard SI unit symbols and prefixes such as µL, mL, L, g, m, etc. 
 
SI units have been added. 
 
3. Please use h, min, s for time units. 
 
All time units have been adjusted. 
 
4. Please do not highlight notes for filming. 
 
Highlighting of notes have been removed. 
 
5. Please do not highlight any steps describing euthanasia or anesthesia. 
 
Highlighted steps including euthanasia have been removed. 
 
6. Please remove all headers from Representative Results. 
  
Headers have been removed. 
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