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Abstract 35 

Background: Candida albicans is a dimorphic fungus to which humans are exposed early in life and by 36 

adulthood it is part of the mycobiome of skin and other tissues. Neonatal skin lacks resident memory T 37 

(TRM) cells, but in adults the C. albicans skin test is a surrogate for immunocompetence. Young adult mice 38 

raised under SPF conditions are naive to C. albicans, and have recently been shown to have an immune 39 

system resembling that of neonatal humans. 40 

 41 

Objective: We studied the evolution of the adaptive cutaneous immune response to Candida. 42 

 43 

Methods: We examined both human skin T cells and the de novo and memory immune responses in a 44 

mouse model of C. albicans skin infection. 45 

 46 

Results: In mice, the initial IL-17 producing cells after C. albicans infection were dermal γδ T cells, but 47 

by day 7 αβ Th17 T effector cells were predominant. By day 30, the majority of C. albicans reactive IL-17 48 

producing T cells were CD4 TRM cells.  Intravital microscopy showed that CD4 effector T cells were 49 

recruited to the site of primary infection and were highly motile 10 days post infection. Between 30-90 50 

days post infection, these CD4 T cells became increasingly sessile, acquired expression of CD69 and 51 

CD103, and localized to the papillary dermis. These established TRM produced IL-17 upon challenge, 52 

while motile migratory memory T (TMM) cells did not.  TRM rapidly clear an infectious challenge with C. 53 

albicans more effectively than re-circulating T cells, though both populations participate. We found that 54 

in normal human skin, IL-17 producing CD4+ TRM that responded to C. albicans in an MHC Class II 55 

restricted fashion could be readily identified. 56 

 57 
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Conclusions: These studies demonstrate that C. albicans infection of skin preferentially generates 58 

CD4+ IL-17 producing TRM, which mediate durable protective immunity. 59 

Key Messages 60 

Mucocutaneous candidiasis is associated with a number of rare genetic diseases that all share one 61 

feature—dysregulation or inhibition of the IL-23/IL-17 pathway. This data show  that TCRαβ Th17 TRM 62 

cells mediate protective immunity to Candida albicans under normal conditions. 63 

 64 

Key words 65 

resident memory T cells, TRM, Candida albicans, IL-17, Th17, CD4+ TRM 66 

 67 

Abbreviation list 68 

APC: antigen-presenting cell 69 

C. albicans: Candida albicans 70 

DC: dendritic cell 71 

HK: heat-killed 72 

HTS: high throughput sequencing 73 

IV: intravenous 74 

LN: lymph node 75 

SPF: specific-pathogen free 76 

TCR: T cell receptor 77 

Treg: regulatory T 78 

TCM: central memory T cell 79 

TEM: effector memory T cell 80 

TRM: resident memory T cell 81 
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TMM: migratory memory T cell 82 

83 
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Capsule Summary 84 

Candida albicans infection of skin preferentially generates TCRαβ Th17 resident memory T cells, which 85 

mediate protective immunity to C. albicans. 86 

87 
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INTRODUCTION 88 

Barrier tissues, including skin, have complex and distinct microbiomes and are the sites of entry 89 

for most pathogens that infect living organisms.
1
  After early observations that memory T cells circulated 90 

through barrier tissues,
2
 it was demonstrated that the site (and therefore draining lymph node (LN)) 91 

where a memory T cell was generated influences its ability to traffic to that tissue.
3
  While T cells had 92 

been identified in peripheral tissues in murine models of viral infection,
4
 recent studies in humans 93 

indicated that large numbers of T cells appear to reside indefinitely in peripheral tissues.
1
  For example, 94 

twice as many T cells reside in human skin as in blood, and that 50 fold more memory T cells with skin 95 

homing markers were present in skin.
5
  These skin resident T cells were enriched for CD4+ T cells, and 96 

they resided primarily in the dermis.
5,6

  Other human barrier epithelial tissues also contain abundant 97 

resident memory T (TRM) cells.
7,8

  In parallel, a series of experiments in mouse models of viral infection 98 

demonstrated the appearance of antigen specific CD8 T cells that entered tissue and persisted long term, 99 

mediating protective memory.
9,10

  However, young mice raised under SPF conditions have few non-100 

recirculating T cells in skin and other tissues in the absence of intentional infection.
11

  A recent study 101 

showed that mice raised in the wild or obtained from pet stores, without the benefit of specific-102 

pathogen free (SPF) housing, had abundant T cells in nearly all peripheral tissues examined.
11

  This study 103 

went on to show that with regard to T cell memory,  the adaptive immune systems of SPF raised mice 104 

resembled that of neonatal humans,  while “dirty” mice showed profiles of T cell memory in blood and 105 

tissues that resembled adult humans.
12

  This makes SPF mice an excellent system for studying the de 106 

novo acquisition of T cell memory in peripheral tissues.   107 

 In the present study, our goal was to study the generation, maintenance, and behavior of CD4 108 

TRM cells generated by infection of skin by C. albicans, an organism to which most humans have skin 109 

resident immunity.  C. ablicans is considered part of the skin mycobiome,
13

 and while it can cause 110 

pathogenic infections in patients with germ line mutations of genes involved in IL-17/IL-23 pathways,
14-16

 111 
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it is typically a commensal organism in man.  Murine models of Candida infection have demonstrated 112 

that protective immunity against infection is mediated in part by Th17 CD4 T cells, but the contribution 113 

of TRM has not been studied.
17

  CD4+ TRM to non-viral pathogens have rarely been studied, and only 114 

recently have IFNγ producing CD4 skin TRM to parasitic infection been demonstrated.
18

  No mouse model 115 

of infection has revealed a population of skin Th17 CD4 TRM, although such cells are abundant in human 116 

skin.
19,20

  We set out to determine whether C. albicans infection generated a skin specific population of 117 

Th17 CD4 T cells.
21

  Moreover, we asked if protective immunity to skin infection with C. albicans was 118 

mediated by Th17 CD4 T cells, and whether these protective cells were TRM, re-circulating TMM, or a 119 

combination of these two cell types.   Finally, we compared the phenotype of these murine Th17 TRM 120 

generated by C. alibicans infection to those found in normal human skin.
6
 121 

122 
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METHODS 123 

Cutaneous candida infection 124 

We modified the techniques as described previously
22

 to generate a consistent skin infection with C. 125 

albicans. Mice were first anesthetized with a mixture of ketamine and xylazine (100/10 µg/kg body 126 

weight), and then the shaved back skin or ear skin was tape-stripped six times with Tegaderm (3M). C. 127 

albicans (SC5314) was grown in YPAD medium
23

 at 30°C until the OD600 reached 1.5-2.0. After washing 128 

with sterile PBS, 2×108 C. albicans in 50 µl of sterile PBS on to the shaved back skin or 1×108 C. albicans 129 

in 25 µl of sterile PBS was applied on to the ear skin. 130 

 131 

In vivo imaging and analysis of T cell migration 132 

Mice were anesthetized with isofluorane (3% for induction, 1-1.5% for maintenance), and placed in an 133 

electrically heated tube to maintain body temperature at 37°C during the continuous imaging. The ear 134 

was flattened and then stabilized for imaging by adhering the ventral ear skin to a steel platform using 135 

double-sided tape (3M). The steel platform was maintained at 37°C with an electronic heating pad. A 136 

cover slip was gently placed on the surface of the epidermis of the ear dorsal skin. 137 

In vivo imaging of skin was performed by a custom-built microscope, and images were acquired under 138 

the control of software developed in-house.
24

 Images were acquired with a 60/1.0 NA water immersion 139 

objective. GFP and KAEDE-green were excited at 491 nm (Cobolt Dual Calypso), while DsRed and KAEDE-140 

red were excited at 561 nm (Cobolt Jive). The dermis was imaged by second harmonic generation excited 141 

by a Ti:sapphire laser (MaiTai, SpectraPhysics) at 840 nm. Each xy-plane was scanned at 500 × 500 µm at 142 

a resolution of 1 pixel per µm. Stacks of images were acquired with a z-axis resolution of 2 µm per 143 

section. Three-dimensional stacks were repeated at a 1-min interval for 40-60 min to create time-series 144 

four-dimensional images. Cell migration spatiotemporally was analyzed through automatic cell tacking 145 

combined with manual corrections in Imaris (Biplane). In some cases, to minimize photo-bleaching of 146 
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fluorescent proteins, only two-dimensional time-series images were taken at an interval of one-minute 147 

for 30-60 min at the area of interest. Each mouse was focused on the same depth (50 μm under the surf148 

ace of skin if not indicated) for the two-dimensional time-series images. Cell velocity, displacement, and 149 

arrest coefficients (proportion of time cells were moving at less than 2.5 µm/min) were further 150 

calculated using the data produced by Imaris or ImageJ (NIH Image). Data were used to plot graphs in 151 

Prism 4 (Graphpad). 152 

 153 

See Supplementary Methods in this article’s Online Repository. 154 

155 
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RESULTS 156 

CD4 T cells are abundant in skin after C. albicans infection  157 

We infected the dorsal skin of wild-type B6 mice with C. albicans (Figure 1A), and created a 158 

fungal skin infection which was most florid at day 5 and had resolved completely by day 30.  Similar 159 

kinetics were observed after infection of ear skin.  While microscopic analysis of skin showed yeast forms 160 

of C. albicans hours after inoculation, by day 3 invasive hyphal forms of C. albicans were observed, 161 

consistent with pathogenic infection (Figure 1B).  After C. albicans skin infection, all mice remained 162 

objectively healthy and no significant weight loss was observed. Confocal microscopy at day 10 (Figure 163 

1C) and day 30 (Figure 1D) show many CD4 T cells, and many appeared contiguous to MHC Class II+ cells.  164 

In this setting, no obvious clustering of CD4 T cells around hair follicles was observed. By day 7, CD4 T 165 

cells had accumulated in infected skin (CD4/CD8 ratio 8:1), and remained abundant at day 30 (Figure 1E). 166 

Before C. albicans infection, normal skin had abundant IL-17 producing γδ T cells; however,  αβ Th17 167 

cells greatly outnumbered  γδ T cells by 7 days after C. albicans infection (Figure 1F and 1G). 168 

 169 

Skin CD4 T cells present after cutaneous  C. albicans infection are pathogen-specific 170 

To further validate C. albicans specificity, we performed several ex vivo experiments measuring 171 

IL-17 production and proliferation. When incubated with heat-killed (HK) C. albicans, skin CD4 T cells 172 

produced significant IL-17 at day 7 (Figure 2A) and at day 60 (Figure 2B), while skin CD8 T cells produced 173 

little IL-17 (Figures 2A and 2B). When treated with anti-MHC Class II blocking Abs during incubation with 174 

HK C. albicans, IL-17 production was markedly reduced at day 60 (Figure 2B), indicating that antigen 175 

presentation was required for IL-17 production of skin CD4 memory T cells after cutaneous C. albicans 176 

infection and Th17 response was C. albicans antigen-specific.  T cells extracted from skin of uninfected 177 

normal mice included both TCR αβ and γδ T cells (Figure 2C), but only γδ cells produced IL-17 when 178 

treated with PMA-ionomycin, suggesting that normal recirculating αβ T cells were not Th17 cells (Figure 179 
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2C). When incubated with HK C. albicans in vitro, normal skin CD4 and CD8 T cells did not produce IL-17 180 

(Figure S1A and 1B). However, after C. albicans infection,  skin αβ T cells were the predominant 181 

producers of IL-17 (Figure 2C).  The majority of these IL-17 producing cells were CD4+ (Figure S1C). We 182 

then examined production of IL-9, 17 and IFNγ. Of these CD4 T cells, more than half produced IL-17, 183 

while CD8 T cells did not (Figure S2A). IL-9 was produced by a minority of CD4 T cells, and IFNγ was not 184 

detectable. Neither cytokine was produced by skin CD8 T cells (Figure S2C). We found that skin CD4 T 185 

cells at day 30 (memory phase) had significant proliferative activity when co-cultured 72 hours with 186 

CD11c
+
 DC’s purified from skin draining lymph nodes of day 3 infected mice, while skin CD8 T cells did 187 

not (Figure 2D). This C. albicans-specific IL-17 production and proliferative activity are consistent the 188 

generation of C. albicans-specific skin CD4 T cells. CD4 T cells at draining lymph nodes (day 30) showed 189 

less proliferation than skin CD4 T cells (Figure 2E), indicating that C. albicans-specific skin CD4 TRM cells 190 

are enriched in skin. A population of CD8 T cells that produced IFNγ in response to this stimulus could be 191 

identified in lymph node but not skin at day 30 after infection (Figures S2B and S2D). 192 

An important functional test of pathogen specificity is protective immunity. Colony counts from 193 

biopsies of naive infected skin showed abundant live C. albicans at day 2, with rapid elimination of viable 194 

organisms by day 10 (Figure 2F).  To test for protective immune memory, mice infected 45 days 195 

previously were re-infected with C. albicans and compared to naive mice at day 2 of a new infection 196 

measuring colony counts from skin biopsies, in the presence or absence of pretreatment with FTY720 197 

(Figure 2G).  More than half of previously infected mice had completely cleared the C. albicans by day 2, 198 

while none of the naive mice had cleared the infection at this time point.  This protective immunity was 199 

unaffected by FTY720 administration, indicating that non-recirculating skin T cells were responsible for 200 

this protective effect.  To further confirm the protective function of skin TRM cells, we performed 201 

parabiosis surgery using infected mice 2 months previously (memory) and naive mice.  At 2 months after 202 

parabiosis using memory and naive mice, memory parabionts (memory-para) had significant protective 203 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 13

immunity comparable to previously infected mice that did not receive parabiosis surgery (memory-only), 204 

but naive parabionts (memory-opp) had slightly less protection against re-infection (Figure S3A). To 205 

further confirm C. albicans specificity of skin TRM cells, we first used high throughput sequencing (HTS) of 206 

the tcrb gene. Of the top 7 unique tcrb clones (identified by unique CDR3 sequences) in activated 207 

draining lymph nodes after cutaneous C. albicans infection, five could be found in skin at day 30 (Figure 208 

S3B).  This was not due to blood contamination, as only two of these clones could be detected at low 209 

levels in blood.   Thus, skin infection with C. albicans generates a protective population of CD4+ T cells 210 

that persist in skin (i.e., TRM), produce IL-17, and protect against subsequent infection.  211 

 212 

Characterization of skin TRM cells after cutaneous C. albicans infection 213 

We next studied C. albicans infection induced skin T cells using KAEDE transgenic mice. Baseline 214 

KAEDE-green cells are irreversibly photoconverted to KAEDE-red cells after violet light exposure of skin in 215 

vivo.
25

  At day 60 after infection with C. albicans, we found that most of CD8 and some CD4 TRM cells 216 

expressed variable to high levels of CD103 (Figure 3A), both before photoconversion (KAEDE-green) and 217 

immediately after photoconversion (KAEDE-red, 0h) consistent with a previous study.
26

 At 24 hours after 218 

photoconversion, we observed a new population of KAEDE-green cells in skin (Figure 3A). These were 219 

not KAEDE-red cells that had lost their photoconverted pigment, as we and others has shown that these 220 

photoconverted cells remain red for >7 days.
27

 Neither did this reflect incomplete photoconversion of T 221 

cells in skin, as immediately after violet light exposure all skin T cells were KAEDE-red.  We speculated 222 

that this population of KAEDE green-cells represented a population that was migrating from blood to 223 

skin, a hypothesis that would be tested by intravital microscopy in subsequent experiments. The stable 224 

non-migratory KAEDE-red CD4 and CD8 TRM cells expressed higher levels of CD103 than the newly 225 

appearing KAEDE-green cells, but some KAEDE-green cells expressed moderate levels of CD103 (Figures 226 

3A and 3B). KAEDE-red CD4 TRM cells contained populations of CD103+ and CD103- cells (Figure 3B), 227 
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similar to what is reported in human skin.
6
 However, KAEDE-red CD4 and CD8 TRM cells expressed CD69, 228 

while KAEDE-green cells were largely CD69 negative (Figures 3A and 3B).
28

  These results indicate at least 229 

two populations of CD4 memory T cells co-exist in previously infected skin: non-migratory (KAEDE-red) 230 

stable CD69
+
 CD103

+/-
 TRM cells, and a  KAEDE-green population that lacks CD69 and may represent 231 

recently emigrated memory T cells. These latter cells resemble migratory memory T (TMM) cells recently 232 

described in human skin
6
 and in mouse skin.

21
  We examined production of IL-17 at day 30 in KAEDE 233 

mice, focusing on KAEDE-red and KAEDE-green T cells 24 hours after photoconversion (Figure 3C).  At 234 

this time point KAEDE-red cells were more abundant (Figure 3C), and virtually all IL-17 production was 235 

confined to the non-migratory KAEDE-red population (Figures 3C and 3D).  Neither KAEDE-red nor green 236 

CD8 T cells produced significant IL-17.  To further assess the abundance of non-migratory KAEDE-red CD4 237 

TRM cells, we performed parabiosis surgery using KAEDE-memory (infected 2 months previously): KAEDE-238 

naive vs KAEDE-naive: KAEDE-naive mice pairs. After 45 days of parabiosis, KAEDE-memory parabionts 239 

(memory-para) have still significant non-migratory KAEDE-red CD4 TRM cells compared to KAEDE-naive 240 

parabionts (naive-para), even at 7 days after violet light exposure (Figure S3C and S3D). Thus, the most 241 

abundant IL-17 producing T cells in skin previously infected with C. albicans were non-migratory (KAEDE-242 

red) CD4 TRM that expressed both CD69  and CD103. 243 

 244 

Heterogeneous migratory properties of cutaneous CD4 TRM cells after C. albicans infection 245 

To further study skin infiltrating T cells after C. albicans skin infection, we performed in-vivo 246 

imaging studies in the ear skin.  GFP
+
 CD4 T cells (and either DsRed

+
 or GFP

+
 CD8 T cells) were adoptively 247 

transferred i.v. into RAG1-/- mice (having no mature B and T cells, and in particular no γδ T cells), which 248 

were then infected with C. albicans on ear skin. RAG1-/- mice reconstituted by CD4 and/or CD8 T cells 249 

showed similar kinetics of candida clearance as wild-type mice while candida clearance was delayed in 250 

only CD8-reconstituted RAG1-/- mice (data not shown). This suggests that γδ T cells are not required for 251 
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clearance of the primary infection.   Intravital microscopy was performed initially at days 10, 30, and 75.  252 

Though less abundant, infiltrating CD8 T cells favored localization in the epidermis, while CD4 T cells 253 

populated the dermis at day 10 (Figures 4A and 4B).  This remained the case at day 30 (Figure 4B and 254 

Movie S1). The relative locations of CD4 and CD8 cells at different time points are shown in Figure 4C.  255 

CD4 T cells always outnumbered CD8 T cells and were always more abundant in dermis and virtually 256 

absent in epidermis. 257 

 At day 10 after C. albicans infection, we observed that CD4 T cells moved rapidly in the dermis of 258 

infected ear (Figures 4D, 4E and Movie S2).  By day 30, most CD4 TRM cells moved more slowly, although   259 

fast-moving CD4 T cells were still detectable in the dermis of infected skin (Figures 4D, 4E and Movie S3). 260 

By day 75 after infection, 80% of dermal CD4 T cells were nearly sedentary (MV 1.69 µm/min; AC > 50) 261 

and the remaining 20% of CD4 T cells displayed an intermediate motility phenotype (Figures 4D, 4E and 262 

Movie S4). Sedentary CD4 TRM cells (MV 1.66 µm/min; AC > 50) were also observed in uninfected skin at 263 

day 75 (Figure 4F), though fewer cells were present. 264 

 When we pre-treated the mice with FTY720, we found that an even greater proportion of skin-265 

dwelling T cells acquired a sessile phenotype in infected ear at day 60 after C. albicans skin infection 266 

(Figure 5A), implying that inhibiting the function of skin T cells to sense S1P gradients may affect the 267 

velocity of T cells within skin.
29,30

  Consistently, slow-moving CD4 T cells resided in the superficial 268 

papillary dermis and faster moving CD4 T cells were located in the deeper dermis at day 30 (Figure 5B 269 

and Movie S5). Even at day 180 after C. albicans infection, non-migratory sedentary CD4 T cells still 270 

populated in the superficial papillary dermis, compared to faster moving CD4 memory T cells appearing 271 

in the deeper dermis (Movie S6). We also observed that the sessile CD4 T cells located in the papillary 272 

dermis at day 30 were CD103
+
 CD69

+
 (Figure 5C). Finally, we confirmed through in vivo imaging that 273 

CD69-expressing CD4 T cells were sessile compared to migratory non-CD69-expressing CD4 T cells in skin 274 

at day 90 after C. albicans infection (Figure 5D and Movie S7). 275 
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 To further evaluate how skin CD4 TRM cells interact with DCs which are also enriched in the skin, 276 

we performed in-vivo imaging studies using CD11c-YFP
+
 (on RAG1-/-) mice adoptively transferred with 277 

DsRed
+
 CD4 T cells. At 90 days after C. albicans infection, we observed that CD11c

+
 DCs were present a 278 

higher frequency in the superficial papillary dermis than in the deeper dermis (Movie S8), but did not 279 

appear to form clusters. We found that skin CD4 T cells making most frequent contact with CD11c
+
 DCs 280 

in the papillary dermis were very slow moving (Figures 5E, 5F and Movie S9). Deep reticular dermal CD4 281 

T cells showed significantly fewer contacts with CD11c
+
 DCs, and these T cells were fast movers (Figures 282 

5E, 5F and Movie S10). 283 

 284 

Two distinct populations of cutaneous CD4 memory T cells with different migratory properties after 285 

skin C. albicans infection 286 

To further characterize the migratory patterns of CD4 TRM cells, we adoptively transferred with 287 

KAEDE CD4 T cells in the RAG1-/- mice prior to C. albicans infection. To test the hypothesis that KAEDE-288 

green CD4 T cells migrated into skin from blood, we first examined skin at day 45 after infection, 289 

immediately after violet light exposure (0 h). At this time, 100% of the CD4 T cells were KAEDE-red 290 

(Figure 6A). These included both sessile and faster moving CD4 T cells in the infected ear skin (Movie 291 

S11). They had similar migratory patterns compared to non-photoconverted KAEDE-green CD4 T cells 292 

before violet light exposure (data not shown), validating that violet light does not affect cell function or 293 

mobility consistent with a previous study.
25

  At 6 hours after violet light exposure, we could identify a 294 

small population of rapidly moving KAEDE-green CD4 T cells appearing in the photoconverted area, 295 

consistent with recent entry into skin. These cells were rapid movers (MV 5.30 µm/min; AC < 50) and 296 

appeared in the deep dermis, while the persisting upper dermal KAEDE-red CD4 T cells continued to 297 

move slowly (Figures 6A, 6B and Movie S12). At 24 hours after violet light exposure, both KAEDE-red and 298 

KAEDE-green CD4 T cells could identified: KAEDE-red CD4 T cells populated in the superficial papillary 299 
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dermis and moved slowly (MV 1.72 µm/min; AC > 50) while KAEDE-green CD4 T cells populated in the 300 

deep reticular dermis and were rapid movers (MV 3.05 µm/min) (Figures 6A, 6C and Movie S13). These 301 

data are consistent with CD4 T cells (KAEDE-green) emigrating into previously infected skin in the 24 302 

hour period after photoconversion, moving rapidly in the deep dermis, while slow moving KAEDE-red 303 

CD4 T cells remained sessile in the papillary dermis (putative TRM).  This emigration was not driven by 304 

inflammation, which was absent at day 45 after infection. 305 

 To determine if similar phenomenon could be observed at different time points after infection, 306 

we examined skin at day 10 and day 90.  At day 10 after infection (during the effector phase), KAEDE-red 307 

and KAEDE-green CD4 T cells both mixed quickly and moved very rapidly in the photoconverted area 24 308 

hours after violet light exposure (Figure S3E and Movie S14). However, at day 90 after C. albicans 309 

infection, stable KAEDE-red CD4 TRM cells were present in the superficial dermis (MV 1.58 µm/min; AC > 310 

50), while KAEDE-green CD4 T cells (MV 2.69 µm/min) appeared in the deep dermal dermis at 24 hours 311 

after violet light exposure (Figure 6D and Figures S4A-C), similar to the day 45 post infection time point.  312 

This suggests that the emigration of CD4+ T cells into previously infected skin is continuous. 313 

 314 

Heterogeneous CD4 migratory T cells rapidly and constitutively infiltrate skin and co-exist with 315 

populations of TRM cells 316 

We have previously shown that continuous treatment with FTY 720 blocks emigration of T cells 317 

from lymph node to blood, and subsequently to skin.  When we treated the mice with FTY720, the 318 

appearance of rapidly moving KAEDE-green CD4 T cells in skin 6 hours after violet light exposure was 319 

completely eliminated (Movies S15 and S16, 6 h), and the appearance of KAEDE-green CD4 T cells in skin 320 

at 24 hours after photoconversion was greatly reduced (Movies S17 and S18, 24 h).  These data are 321 

consistent with the idea that the KAEDE-green T cells appearing at 6 hours and 24 hours post 322 

photoconversion had actively emigrated into skin from blood, presumably from a re-circulating pool of 323 
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memory CD4 T cells.  Consistent with our previous data, we also found that interference with S1P1 via 324 

FTY720 treatment reduced the velocity of KAEDE-red CD4 T cells within skin immediately after violet 325 

light exposure (Movies S19 and S20, 0 h). 326 

 We also evaluated CD103 and CD69, putative TRM markers,  in this in vivo imaging model. Before 327 

violet light exposure, skin KAEDE-green CD4 T cells expressed higher levels of CD69 than KAEDE-green 328 

CD4 T cells in the draining lymph nodes, and more KAEDE-green CD4 T cells in the skin expressed CD103 329 

than in the draining lymph nodes (Figure 6E). At 24 hours after violet light exposure, sessile 330 

photoconverted KAEDE-red CD4 TRM cells uniformly expressed CD69, while recently migrated KAEDE-331 

green CD4 TRM cells did not express CD69, consistent with our previous results (Figure 6F).  These studies 332 

showed that two populations of CD4 memory T cells co-existed in previously infected skin: slow-moving 333 

papillary dermal CD69
+
 CD103

+
 TRM cells that are sessile, and faster moving CD4 T cells that enter dermis 334 

from blood and at least initially lack CD69 and CD103.  The appearance of a few of these CD4 T cells at 6 335 

hours, and many more at 24 hours, speaks to the rapid kinetics of the process. 336 

 These migratory CD4 T cells expressed CCR7, CD27, were heterogeneous for L-selectin, and were 337 

negative for KLRG-1 (Figure 6G-I).  This phenotypic profile suggests that they are a combination of skin 338 

homing central memory T (TCM) cells (CCR7+, CD62L+) and the recently described “migratory memory 339 

T” (TMM) cells
6
 (CCR7+, CD62L-), rather than effector memory T (TEM) cells which lack CCR7/CD62 co-340 

expression and express KLRG-1.  In contrast, Th17 CD4 TRM cells in the same field are negative for all of 341 

these markers (Figure 6G-I and S5A, S5B). Migratory CD4 T cells also expressed E-selectin ligand, but not 342 

α4β7 (Figure S5C and S5D).  They produced IL-2 and TNF-α (Figure S5E and S5F).  Later in the time 343 

course (48 hours and 10 days), CD4 FoxP3+ regulatory T (Treg) cells also infiltrated the skin and 344 

accumulated as a major population of TMM cells coexisting with Th17 CD4 TRM cells (Figure 6J, 6K and 345 

S5G). These results suggest that heterogeneous populations of CD4 T cells constitutively migrate into 346 

skin and may modify the immunosurveillance provided by TRM. 347 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 19

 348 

C. albicans-specific Th17 cells are abundant in normal human skin 349 

Next, we demonstrated that normal human skin CD4 T cells also produced significant IL-17, 350 

while skin CD8 T cells produced little IL-17 when incubated with HK C. albicans (Figure 7A). When 351 

cultured with HK C. albicans, skin CD4 T cells increased IL-17 production in 9/9 subjects (Figure 7B), and 352 

this increase was MHC Class II dependent (Figure 7C). CD69+ CD4 TRM cells produced significant IL-17, 353 

while CD69- CD4 T cells produced less IL-17, which was very consistent with our mouse data (Figure 7D). 354 

IL-17 production of CD103+ and CD103- CD4 T cells was, however, not significantly different (Figure 7E). 355 

Skin Th17 cells were CCR7 negative (Figure 7F). Consistent with our mouse data, we also found that 356 

CD69 negative CD4 T cells expressed CD62L and CCR7 (Figure 7G and 7H) and a significant population of 357 

FoxP3+ Treg cells was CD69 negative (Figure 7I), thus suggesting that these CD69- migratory CD4 T cells 358 

could enter and exit human skin at steady state. 359 

360 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 20

DISCUSSION 361 

 The recent demonstration that adult human skin contains both CD4 TRM and as well as two 362 

phenotypically distinct CD4 T cells that migrate out of skin helps to clarify the decades-old observation of 363 

MacKay and colleagues that afferent lymph draining skin contains abundant CD4 memory T cells.
2,6

 364 

These data suggest that in human skin at steady state, there is a heterogeneity of CD4 memory T cells 365 

with regard to migratory properties.  The present study was designed to study the process by which 366 

CD4+ skin TRM and other CD4 memory T cells present in skin are generated, and how they behave both 367 

immediately and remotely after skin infection with a ubiquitous fungal pathogen.  We chose C. albicans 368 

in part because most humans have skin resident immunity to this pathogen mediated by CD4+ memory T 369 

cells.
19,20,31

 In a recently developed murine model, skin infection was shown to generate Th17 CD4+ T 370 

cells in draining lymph nodes, a process dependent upon antigen presentation by Langerhans cells.
22

  We 371 

used a modification of this model to study the putative generation of skin dwelling T cells after C. 372 

albicans infection, whether TRM or migratory.  In this model, we demonstrated pathogenic C. albicans 373 

hyphal invasion of dermis, and observed that the protective immune response evolved rapidly, such that 374 

by day 10 after infection, no viable C. albicans could be isolated from previously infected skin.  Infected 375 

lesions were clinically normal in appearance by 14 days.  The T cell infiltrate appearing in infected skin 376 

was predominantly CD4+ , and while less abundant than at day 10, was still obvious at days 30 and later.   377 

 Murine skin is distinct from human skin in that two abundant populations of γδ T cells exist—a 378 

sessile epidermal population with a monomorphic T cell receptor, and a more heterogeneous dermal 379 

population that can produce abundant IL-17.
32-34

  We showed that prior to infection, IL-17 producing 380 

cells in murine skin are exclusively γδ T cells. Indeed, γδ T cells are critical to clearance of C. albicans after 381 

a primary infection.  At 30 days after C. albicans infection, however, CD4 αβ T cells become the 382 

predominant producers of IL-17.
17,35

  These data are consistent with the idea that after infection of 383 

murine skin, resident γδ populations become replaced by resident αβ T cell populations.  The 384 
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replacement of epidermal γδ DETC by αβ CD8 T cells was demonstrated after HSV infection.
36

  An 385 

analogous replacement of dermal γδ T cells by αβ CD4 resident T cells after C. albicans infection may be 386 

a general phenomenon of murine peripheral tissue immunology.  The skin dwelling population of CD4 T 387 

cells generated after C. albicans infection conferred protective immunity to re-infection even in the 388 

absence of T cell recruitment from blood, reminiscent of the protective immunity conferred by CD8 TRM 389 

after skin viral infection.
9,37

 390 

 We used intravital microscopy experiments of previously infected skin to study the in situ 391 

motility of the CD4 T cells recruited after C. albicans infection.  At day 10, a time point at which no viable 392 

C. albicans could be isolated and inflammation was subsiding, CD4 T cells moved very rapidly within skin.  393 

By day 30,  their movement was much slower, and by day 75 after infection,  the majority of T cells were 394 

nearly sessile.  The sessile population had the motility properties of TRM, and was largely confined to 395 

papillary dermis, while faster moving T cells were present in deep dermis.  In these intravital microscopy 396 

experiments, we also compared CD4 and CD8 T cells after C. albicans infection.  CD8 T cells were more 397 

abundant in the epidermis at days 10 and 30, but persisted in both epidermis and dermis even 75 days 398 

after infection.  CD8 skin dwelling T cells produced little to no IL-17.  CD4 T cells were essentially absent 399 

from epidermis, and were most abundant in dermis at day 10, though they were still numerous at day 400 

75.  Virtually of the IL-17 production was confined to CD4 T cells.  In addition, populations of CD4 TRM in 401 

papillary dermis that co-expressed CD69 and CD103 could be identified in situ.   402 

 Our initial experiments in KAEDE mice infected with C. albicans are the first to suggest that CD4 T 403 

cells in murine skin are heterogeneous, with an apparent TRM population of CD4+CD69+ T cells that 404 

produced IL-17 and showed heterogeneous CD103 expression.  Another population of CD4 T cells was 405 

identified at 24 hours after photoconversion; this population made little IL-17, and expressed less CD103 406 

and virtually no CD69.  That they were absent immediately after photoconversion, but present at 24 407 

hours after photoconversion, suggests that these KAEDE-green cells had recently entered skin from 408 
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blood.  This hypothesis was validated by intravital microscopy experiments in previously C. albicans 409 

infected mice in which KAEDE cells had been adoptively transferred.  While all skin dwelling T cells were 410 

photoconverted at time zero, within 6 hours rapidly moving KAEDE-green T cells could be seen in the 411 

deep dermis (but not the papillary dermis), and their number increased by 24 hours. The KAEDE-red and 412 

green populations at this point differed not only in terms of velocity and location within the dermis, but 413 

also by expression of CD69 (exclusively on KAEDE-red cells).  Interestingly, both populations expressed 414 

CD103, indicating that this marker could not be used to distinguish long term residents from recent 415 

emigrants.  The appearance of the KAEDE-green cells in previously photoconverted skin could be almost 416 

completely blocked by FTY720, consistent with the idea that they had just entered the skin from blood.  417 

These rapidly migrating T cells are reminiscent of those shown by Collins et al, which were in virtual 418 

equilibrium with blood.
21

  Thus, our data are consistent with a pathogen specific population of Th17 CD4 419 

TRM that reside long term in the papillary dermis after C. albicans infection, and mediate protective 420 

memory responses.  At least one other population of CD4 T cells can be isolated from previously infected 421 

skin at the same time—these are faster moving CD4 T cells that appear to rapidly enter the skin but are 422 

largely confined to the deep dermis and are not Th17 CD4 T cells.  Our experiments do not allow us to 423 

demonstrate their exit from skin, but our data in combination with that of Collins et al suggest that these 424 

cells continuously re-circulate between skin and blood. 425 

 Studies in both human and murine skin suggest that TRM accumulate in skin as a function of 426 

number of infectious and inflammatory events over time.
1,38

  Neonatal foreskin contains virtually no T 427 

cells, while adult human skin contains abundant T cells.
6
  In young mice housed in SPF facilities and not 428 

iatrogenically infected on skin, the accumulation of non re-circulating TRM, whether epidermal CD8 or 429 

dermal CD4, is likely to occur slowly and indeed may not be evident in mice that are 8-12 weeks old.  430 

One human year is equivalent to roughly 14 mouse days,39 so that even allowing for discontinuous 431 

maturation, the skin of such young mice may be analogous to that of juvenile rather than adult humans, 432 
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in addition to the differences linked to housing in SPF facilities.
11

  Jiang et al have shown that such mice 433 

contain significant dermal γδ T cells and in parabiosis experiments, these γδ T cells showed limited but 434 

measurable recirculation when compared to αβ T cells in the same mice, which showed more rapid 435 

recirculation.40  We speculate that these γδ T cells in murine dermis are gradually replaced by αβ TRM 436 

over time in mice raised in the wild, where skin trauma and infections are certainly much more frequent 437 

than in SPF facilities. 438 

 In summary, we have demonstrated the generation of long lived protective Th17 CD4 TRM 439 

appearing after a skin C. albicans infection.   These cells localize to the papillary dermis in both 440 

interfollicular and follicular regions, do not appear to cluster with DC, are nearly sessile by intravital 441 

microscopy, and express CD69.  Their expression of CD103 is variable.  We have also shown that these 442 

TRM co-exist in skin with a population of CD4 memory T cells that rapidly re-circulate, reminiscent of the T 443 

cells described by Collins et al that are in equilibrium with the circulation.
21

  These latter T cells are not 444 

specific for the pathogen that generated the TRM, and in our case did not produce IL-17, a protective 445 

cytokine for skin C. albicans infection. Whether these Th17 CD4 TRM have the same dependence on 446 

exogenous free fatty acids, as was shown for CD8 TRM generated by viral infection, is presently 447 

unknown.
41

  This heterogeneity of memory T cells dwelling in previously infected skin is very consistent 448 

with observations in human skin by Watanabe et al, who described TRM coexisting with recirculating 449 

populations of memory T cells.
6
  Whether these findings apply to other barrier tissues such as lung and 450 

GI tract is unknown, but clearly pathogen specific CD4 TRM that mediate protective immunity to non-viral 451 

pathogens can be demonstrated in skin. 452 

453 
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Figure legends 564 

Figure 1. CD4 T cells are predominant in skin after cutaneous candida infection 565 

The images of dorsal skin (A) of wild-type B6 mice infected with C. albicans. (B) Yeast forms of GFP-566 

expressing C. albicans outside of epidermis at day 0 (top) and hyphae forms of GFP-expressing C. 567 

albicans in the dermis at day 3 after candida infection (bottom, blue, dermis). Scale bars, 30 µm. 568 

Confocal microscopy of infected ear skin at (C) day 10 (effector) and (D) day 30 (memory) after 569 

cutaneous candida infection. MHCII+ APCs were green, and CD4+ T cells were orange. Scale bars, 100 µm. 570 

Arrows indicate CD4
+
 T cells in contact with MHCII

+
 APCs. Data are representative of three experiments. 571 

(E) Expression of CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) and ratios of CD4/CD8 T 572 

cells from normal skin, infected dorsal skin (day 7 and day 30).  (F)  Expression of γδ and αβ T cells (gated 573 

on CD3+γδ+ and CD3+TCRβ+ cells) from normal skin and infected dorsal skin (day 30).  (G) The number of 574 

γδ and αβ T cells (gated on CD3+γδ+ and CD3+TCRβ+ cells) from normal skin and infected dorsal skin (day 575 

1, 2, 7, 30).  Data are representative of more than five experiments. *** p < 0.001; ns, not significant. 576 

 577 

Figure 2. Skin TRM cells present after cutaneous candida infection are C. albicans antigen-specific 578 

(A) Expression of IL-17 in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) of heat-killed (HK) 579 

C. albicans-treated group (right) and PMA-ionomycin-treated group (left) from infected ear skin of wild 580 

type B6 mice at day 7 after candida infection. Data are representative of five independent experiments. 581 

(B) Expression of IL-17 in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected ear 582 

skin at day 60 after candida infection when incubated with HK C. albicans for 6 hours in the presence of 583 

50 µg anti-I-A/I-E or 50 µg isotype Abs (rat IgG2b). (C) IL-17 production of γδ and αβ T cells from normal 584 

skin prior to candida infection, infected ear skin at day 7 and 30 after candida infection. Data are 585 

representative of three independent experiments. (D) Proliferation of CFSE-labeled skin CD4 (middle) 586 

and CD8 (right) T cells (gated on CD45.2
+
CD3

+
CD4

+
 and

 
CD45.2

+
CD3

+
CD8

+ 
cells) from infected ear skin at 587 
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day 30 after candida infection. (E) Proliferation of CFSE-labeled LN CD4 (middle) and CD8 (right) T cells 588 

(gated on CD45.2
+
CD3

+
CD4

+
 and

 
CD45.2

+
CD3

+
CD8

+ 
cells) from draining LN at day 30 after candida 589 

infection. CFSE-labeled skin or LN cells were co-cultured 72 hours with CD45.1
+
CD11c

+
 DCs purified from 590 

skin draining lymph nodes of day 3 infected mice. Data are representative of three independent 591 

experiments. (F) Infected skin samples (n = 4-5) were cleaned with povidone-iodine prior to being 592 

harvested at the indicated time after candida infection. C. albicans CFU is expressed as colonies per cm
2
 593 

of infected skin tissues. (G) Normal wild type B6 mice prior to candida infection (naive) and previously 594 

infected mice 45 days after candida infection (memory) were re-infected with C. albicans on the ear skin. 595 

Half mice were injected daily with FTY720 (1µg/g) during re-infection at day -1, 0, 1, 2. Two days later, 596 

skin samples (n = 10 at each group) were harvested and CFU obtained. * p < 0.05, ** p < 0.01, *** p < 597 

0.001; ns, not significant. 598 

 599 

Figure 3. Characterization of skin TRM cells after cutaneous C. albicans infection 600 

(A) Expression of CD103 and CD69 in KAEDE-red and KAEDE-green CD4 and CD8 T cells (gated on 601 

CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected ear skin of KAEDE mice at day 60 after candida infection 602 

before (left), immediately (0 h, middle), and 24 hours (24 h, right) after violet light exposure. (B) 603 

Expression of CD103 and CD69 in KAEDE-red (left) and KAEDE-green (right) CD4 and CD8 T cells (gated on 604 

CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected ear skin of KAEDE mice at day 60 after candida infection 24 605 

hours after violet light exposure. Data are representative of five independent experiments (A and B). (C) 606 

Expression of IL-17 in KAEDE-red (left) and KAEDE-green (middle) CD4 and CD8 T cells (gated on 607 

CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected ear skin (right) of KAEDE mice at day 30 after candida 608 

infection 24 hours after violet light exposure. Data are representative of four independent experiments. 609 

(D) The percentage of IL-17-producing KAEDE-red and KAEDE-green CD4 T cells from infected ear skin (n 610 

= 4) at day 30 after candida infection. The lines indicate the mean.  *** p < 0.001. 611 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 31

 612 

Figure 4. Heterogeneous migratory properties of cutaneous CD4 TRM cells after C. albicans infection 613 

(A) Intravital microscopy of GFP
+
 CD8 T cells in the epidermis (top, left) and dermis (bottom, left; blue, 614 

dermis), and GFP
+
 CD4 T cells in the epidermis (top, right) and dermis (bottom, right; blue, dermis) at day 615 

10 (effector phase) after candida infection on the ear skin. Scale bar, 50 µm. Data are representative of 616 

more than five independent experiments. (B) Intravital microscopy of skin CD8 (DsRed, red) and CD4 617 

(GFP, green) T cells after candida infection. Maximum intensity projections across x-y dimension, and 618 

section of x-z, and y-z dimensions of skin CD8 and CD4 T cells at day 10 (effector), day 30 and 75 619 

(memory) after candida infection. Dermis was defined by the presence of collagen (second harmonic 620 

generation, blue). Scale bar, 100 µm. Data are representative of five independent experiments. (C) 621 

Quantification of skin CD8 (DsRed, red) and CD4 (GFP, green) T cells in the epidermis and dermis at day 622 

10, 30, and 75 after candida infection. (D) Skin GFP
+
 CD4 T cell-migration tracks over 20 min in candida-623 

infected dermis, presented as x-y projections (distance, in µm) at day 10, 30, and 75 after candida 624 

infection. Data are representative of five independent experiments. Skin GFP
+
 CD4 T cell mean velocity 625 

(left) and arrest coefficients (right) in (E) infected ear and (F) uninfected (contralateral) ear at day 10, 30, 626 

and 75 after candida infection. Points represent individual cells and the lines indicate the mean. ** p < 627 

0.01, *** p < 0.001; ns, not significant. 628 

 629 

Figure 5. Distinct migratory properties of cutaneous CD4 TRM cells after C. albicans infection 630 

(A) Skin GFP
+
 CD4 T cell mean velocity (left) and arrest coefficients (right) in infected ear from FTY720-631 

treated (one week of daily injection) and non-FTY720-treated mice at day 60 after candida infection. 632 

Points represent individual cells and the lines indicate the mean. Data are representative of three 633 

independent experiments. (B) GFP
+
 CD4 T cells (green) in candida-infected dermis, presented as y 634 

projection at day 30 after candida infection (dermis, blue). Scale bar, 100 µm. Data are representative 635 
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of five independent experiments. (C) CD4
+
 T cells (green; arrows) expressed CD103 (red; arrows) and 636 

CD69 (white; arrows) in the upper dermal area of infected ear from RAG1-/- mice adoptively 637 

transferred with CD45.1
+
 CD4 T cells 30 days after candida infection. Scale bar, 30 µm. (D) GFP

+
 CD4 T 638 

cells (green) and CD69
+
GFP

+
 CD4 T cells (arrows, in vivo stained with Alexa647 anti-CD69 Ab) in 639 

candida-infected dermis at day 90 after candida infection. Imaging depth was 50 µm below the skin 640 

surface (dermis, blue). Scale bar, 100 µm. (E) CD11c-YFP+ DCs (green) and DsRed+ CD4 T cells (red) in 641 

candida-infected dermis at day 90 after candida infection. Imaging depths were 25 µm (left), 75 µm 642 

(right) below the skin surface (dermis, blue). Scale bar, 100 µm. Data are representative of three 643 

independent experiments (C-E).  (F) The number of DsRed
+
 CD4 T cells in contact  or not in contact with 644 

CD11c-YFP
+
 DCs in infected ear at day 90 after C. albicans infection. Points represent individual cells 645 

and the lines indicate the mean. ** p < 0.01, *** p < 0.001; ns, not significant. 646 

 647 

Figure 6. Cutaneous CD4 memory T cells with distinct migratory and heterogeneous functional 648 

properties after C. albicans infection 649 

(A) KAEDE-red (red) and KAEDE-green (green) CD4 T cells in candida-infected dermis at day 45 after 650 

candida infection immediately (0 h, left), 6 hours (6 h, middle), and 24 hours (24 h, right) after violet light 651 

exposure. Imaging depth was 50 µm below the skin surface (dermis, blue). Scale bar, 100 µm. Skin 652 

KAEDE-red and KAEDE-green CD4 T cell mean velocity (left) and arrest coefficients (right) at (B) 6 hours 653 

and (C) 24 hours after violet light exposure at day 45 after candida infection on the ear skin. Points 654 

represent individual cells and the lines indicate the mean. Data are representative of five independent 655 

experiments (A-C). (D) KAEDE-red (red) and KAEDE-green (green) CD4 T cells in candida-infected dermis 656 

at day 90 after candida infection 24 hours after violet light exposure. Imaging depths were 25 µm (left), 657 

50 µm (middle), 75 µm (right) below the skin surface (dermis, blue). Scale bar, 100 µm. Data are 658 

representative of three independent experiments. (E) Expression of CD103 and CD69 in KAEDE-green 659 
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CD4 T cells in RAG1-/- mice (gated on CD3
+
CD4

+
 cells) from draining LN (left) and infected ear skin (right) 660 

at day 60 after candida infection before violet light exposure. (F) Expression of CD103 and CD69 in 661 

KAEDE-red (left) and KAEDE-green (middle) CD4 T cells in RAG1-/- mice (gated on CD3
+
CD4

+
 cells) from 662 

infected ear skin (right) at day 60 after candida infection 24 hours after violet light exposure. Data are 663 

representative of five experiments (E and F).  Expression of CCR7, CD62L (G), and CD27 (H) in KAEDE-red 664 

(left) and KAEDE-green (middle) CD4 T cells (gated on CD3+CD4+ cells) from infected ear skin (right) at 665 

day 60 after candida infection 24 hours after violet light exposure.  (I) Expression of KLRG1 in KAEDE-red 666 

(left) and KAEDE-green (middle) CD4 and CD8 T cells (gated on CD3+CD4+ and CD3+CD8+ cells) from 667 

infected ear skin (right) at day 60 after candida infection 24 hours after violet light exposure.  Data are 668 

representative of five independent experiments (G-I).  Expression of FoxP3 in KAEDE-red (left) and 669 

KAEDE-green (middle) CD4 T cells (gated on CD3+CD4+ cells) from infected ear skin (right) at day 60 after 670 

candida infection 48 hours (J) and 10 days (K) after violet light exposure. Data are representative of three 671 

independent experiments (J and K).  * p < 0.05, ** p < 0.01, *** p < 0.001. 672 

 673 

Figure 7. C. albicans-specific Th17 cells are abundant in normal human skin 674 

(A) Expression of IL-17 in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from normal 675 

human skin when treated with HK C. albicans. Data are representative of five independent experiments. 676 

(B) Expression of IL-17 in CD4 T cells from normal human skin when cultured in the presence (+ C. 677 

albicans) or absence (control) of HK C. albicans. (C) C. albicans mediated increased IL-17 production was 678 

dependent on MHC class II. Neutralizing antibodies to MHC II (anti-MHC II) blocked increases in IL-17 679 

production in C. albicans-treated cultures (black bars). The mean and SEM of 5 donors are shown.  *p < 680 

0.05; ns, not significant. (D) Expression of IL-17 in CD69+ and CD69- CD4 T cells (gated on CD3+CD4+ 681 

cells) from normal human skin. (E) Expression of IL-17 in CD103+ and CD103- CD4 T cells (gated on 682 

CD3+CD4+ cells) from normal human skin. (F) Expression of IL-17 in CCR7+ and CCR7- CD4 T cells (gated 683 
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on CD3+CD4+ cells) from normal human skin. (G) Expression of CD62L in CD69+ and CD69- CD4 T cells 684 

(gated on CD3+CD4+ cells) from normal human skin. (H) Expression of CCR7 in CD69+ and CD69- CD4 T 685 

cells (gated on CD3+CD4+ cells) from normal human skin. (I) Expression of FoxP3 in CD69+ and CD69- 686 

CD4 T cells (gated on CD3+CD4+ cells) from normal human skin. Data are representative of three 687 

independent experiments (D-I).  * p < 0.05; ns, not significant. 688 

 689 
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Supplementary methods 1 

Staged development of long lived TCRαβαβαβαβ Th17 resident memory T cell population to Candida 2 

albicans after skin infection 3 

 4 

 5 

Chang Ook Park, MD, PhD
1,5

, Xiujun Fu, MD, PhD
2
, Xiaodong Jiang, MD, PhD

1
, Youdong Pan, 6 

PhD
1
, Jessica E. Teague, PhD

1
, Nicholas Collins, PhD

3
, Tian Tian, MD, PhD

1
, John T. O’Malley, MD, 7 

PhD
1
, Ryan O. Emerson, PhD

4
, Ji Hye Kim, MS

5
, Yookyung Jung, PhD

2
, Rei Watanabe, MD, PhD

1
, 8 

Robert C. Fuhlbrigge, MD, PhD
1
, Francis R. Carbone, PhD

3
, Thomas Gebhardt, MD, PhD

3
, Rachael 9 

A. Clark, MD, PhD
1
, Charles P. Lin, PhD

2
, and Thomas S. Kupper, MD

1 10 

 11 

1 Department of Dermatology, Brigham and Women’s Hospital, Harvard Medical School, Boston, 12 

Massachusetts, USA 13 

2 Center for Systems Biology and Wellman Center for Photomedicine, Massachusetts General 14 

Hospital, Harvard Medical School, Boston, Massachusetts, USA 15 

3 Department of Microbiology and Immunology, The University of Melbourne, Parkville, 16 

Australia  17 

4 Adaptive Biotechnologies, Seattle, Washington, USA 18 

5 Department of Dermatology and Cutaneous Biology Research Institute, Yonsei University 19 

College of Medicine, Seoul, Korea 20 

 21 

 22 

 23 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 2

Corresponding author: 24 

Dr. Thomas S. Kupper, Department of Dermatology, Brigham and Women’s Hospital, Harvard Medical 25 

School, 77 Avenue Louis Pasteur, Boston, MA 02115, USA. Phone: 1-617-525-5550. Fax: 1-617-525-5571. 26 

E-mail address: tkupper@partners.org 27 

 28 

Funding Sources 29 

This work was supported by NIH grants R01AI041707 (T.S.K.), R01AI127654 (T.S.K.), TR01AI097128 30 

(T.S.K. and R.A.C.) and R01AR063962 (R.A.C.). C.O.P. was supported by a grant of the Korean Health 31 

Technology R&D Project, Ministry of Health & Welfare, Republic of Korea (HI14C1324, HI14C1799). 32 

 33 

The authors have declared no conflict of interest.34 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
Park et al 3

SUPPLEMENTARY METHODS 35 

Mice 36 

C57BL/6 (000664), GFP
+ 

(003291), DsRed
+
 (006051), CD11c-YFP

+
 (008829), RAG1

-/-
 (002216), and CD45.1

+
 37 

(002014) mice were purchased from Jackson Lab and KAEDE transgenic mice were obtained from Drs. 38 

Michio Tomura and Kenji Kabashima (RIKEN Institute),
1
 and then bred and housed at the animal 39 

facility of Harvard Institute of Medicine, Harvard Medical School. CD11c-YFP
+
 mice were crossed with 40 

RAG1
-/-

 mice to yield CD11c-YFP
+ 

RAG1
-/-

 mice. Animal studies were approved by Harvard Medical School 41 

animal care and use committee. 42 

 43 

Mouse skin CFU 44 

The mice infected with C. albicans were sacrificed on day 2, 4, 6, 8, and 10 after cutaneous infection. The 45 

infected area was cleansed with povidone-iodine and removed once dry. Then, skin was homogenized in 46 

sterile PBS containing penicillin and streptomycin and serially diluted onto YPAD plates. In some 47 

experiments, previously infected mice were re-infected with 1×10
8
 C. albicans on to the same area. 2 48 

days later, skin was harvested and serially diluted onto YPAD plates. Colony-forming units were obtained 49 

24-48 hr after incubation at 30°C. 50 

 51 

Adoptive transfer of T cells 52 

Lymph nodes (LNs) were collected from the naive female GFP
+
, DsRed

+
, or KAEDE

+
 mice at the age of 3-4 53 

weeks. CD4 or CD8 T cells were isolated by positive selection with mouse CD8α
+
 or CD4

+
 T cell isolation 54 

kit according to the manufacturer’s protocol (Miltenyi Biotec), respectively. The purity of the isolated 55 

cells was > 95% measured by flow cytometry and these cells showed a naive T cell phenotype (CD62L
high

, 56 

CD44
low

, E-selectin ligand
neg

, P-selectin ligand
neg

, α4β7
neg

). For in vivo imaging, 3×10
5
 isolated GFP

+
 (or 57 

KAEDE
+ 

or DsRed
+
) CD4 and/or DsRed

+
 (or GFP

+
) CD8 T cells were intravenously transferred into the 58 
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female recipient RAG1
-/-

 or CD11c-YFP
+ 

RAG1
-/-

 mice. 24 hours after adoptive transfer, we infected the ear 59 

skin of these recipient mice with C. albicans. 60 

 61 

Photoconversion of KAEDE transgenic mice and RAG1
-/-

 mice with KAEDE CD4 T cells 62 

Mice were anesthetized, and the ear was adhered to the slide with dorsal skin side up, which was 63 

covered by an aluminum foil with a hole allowing the entire dorsal ear skin to be exposed. Then skin was 64 

exposed to violet light (44 mW/cm
2
 with a 437/60 nm band-pass filter) with a fluorescence microscope 65 

(BX51WI) for 5 min through the hole. As reported previously, there was no detectable damage including 66 

cytokine production or cell migration with violet light exposure.
1
 The dorsal ear skin was isolated 24 67 

hours after photoconversion for analysis, except where noted. For in vivo imaging, the photoconverted 68 

skin was imaged 0, 6, and 24 hours after violet light exposure. 69 

 70 

Parabiosis 71 

Parabiosis surgery was performed as previously described.
2
 In this study, age- and sex-matched wild type 72 

C57BL/6 mice or KAEDE mice were used. Some mice were previously infected with C. albicans (memory 73 

mice). 74 

 75 

Preparation of cell suspensions 76 

Lymph nodes were harvested and mashed through a 70-µm nylon cell strainer to prepare cell 77 

suspensions. Skin tissue was removed after hair removal, cut into small pieces and digested in 1 mg/ml 78 

collagenase A (Roche) and 40 µg/ml DNase І at 37°C for 30 min. After filtrating through a 70-µm nylon 79 

cell strainer, cells were collected and washed thoroughly with cold PBS before staining. In some 80 

experiments, skin or LN cells were labeled with carboxyfluorescein succinimidyl ester (CFSE). These CFSE-81 

labeled skin or LN cells (3×10
6
) were co-cultured with CD45.1

+ 
CD11c

+
 dendritic cells (DCs, 3×10

5
) during 82 

72 hours. Skin draining lymph nodes were collected from CD45.1
+
 mice infected with C. albicans at day 3. 83 

Then, DCs were isolated by positive selection with mouse CD11c
+
 DC isolation kit according to the 84 
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manufacturer’s protocol (Miltenyi Biotec). Human skin from normal adults was obtained as discarded 85 

tissue following plastic surgery procedures. All studies were conducted with the approval of the Partners 86 

Institutional Review Board in accordance with the Declaration of Helsinki. 87 

 88 

Intracellular cytokine detection 89 

The skin and lymph node cells were prepared as described above. Cells were then incubated in complete 90 

RPMI 1640 supplemented with 50 ng/ml PMA and 1.5 uM Ionomycin at the presence of Brefeldin A for 6 91 

hours. For ex vivo experiments confirming candida-specificity, cells were incubated with 10
6
 heat-killed 92 

(60°C for an hour) C. albicans instead of PMA/Ionomycin. Fc receptors were blocked with CD16/CD32 93 

monoclonal antibodies and intracellular IFN-γ, IL-9, IL-17, IL-2, and TNF-α staining was performed using 94 

Intracellular Cytokine Detection Kits (BD Bioscience) before flow cytometry. 95 

 96 

Antibodies and flow cytometry 97 

The following anti-mouse antibodies were obtained from Biolegend: CD3ε (145-2C11), CD4 (RM4-5), 98 

CD8α (53-6.7), CD69 (H1.2F3), CD103 (2E7), CD62L (MEL-14), CD44 (IM7), CD45.1 (A20), CD45.2 (104), 99 

IL-17 (TC11-18H10.1), CD16/CD32 (93), I-A/I-E (M5/114.15.2), CCR7 (4B12), CD27 (LG.3A10), KLRG1 100 

(2F1/KLRG1), α4β7 (DATK32), IL-2 (JES6-5H4), TNF-α (MP6-XT22), and rat IgG2b (RTK4530). CD45 (30-101 

F11), TCRβ (H57-597), γδ TCR (GL3), IL-9 (D9302C12), and IFN-γ (XMG1.2) were purchased from BD 102 

Pharmingen and FoxP3 (FJK-16s) was purchased from eBioscience.  E-selectin ligand (ESL) expression 103 

was examined by incubating cells with rmE-Selectin/Fc Chimera (R&D System) in conjunction with APC-104 

conjugated F(ab')2 fragments of goat anti-human IgG F(c) antibody (Jackson Immunoresearch). Dead 105 

cells were excluded using 7-AAD staining. Data were analyzed on FACSCanto Flow Cytometer using 106 

FACSDiva software. 107 

 108 
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Isolation of gDNA and TCRVB high-throughput sequencing 109 

We extracted DNA from 22-24 mg of ear skin or 6-12 mg of lymph node or 100 ul of blood using 110 

Quiagen's DNeasy mini-columns, according to the manufacturer's instruction and stored at -20°C. We 111 

then shipped it on dry ice to Adaptive Biotech. All TCRβ characterization was performed by Adaptive 112 

Biotechnologies using the ImmunoSeq TCRβ “survey level” mouse assay. 113 

 114 

Immunofluorescent staining and imaging 115 

Skin was harvested into 20% sucrose in PBS for 30 minutes on ice and snap frozen in OCT with liquid 116 

nitrogen. Frozen samples were cut into 20um thin slices using a microtome (Leica) and placed on charged 117 

glass slides. Samples were air dried for at least 2 hours and rehydrated with PBS for 5 minutes. Protein 118 

block (DAKO) was applied for 30 minutes at room temperature (RT) in a semi-humidified chamber. 119 

Sections were stained with Alexafluor-conjugated antibodies for 30 minutes at RT then washed 4 times 120 

for 3 minutes with PBS. Hoechst33342 (Biorad) was added for 3 minutes to visualize cell nuclei and then 121 

washed in PBS before mounting. The following antibodies were used: Alexa Fluor (AF)647-conjugated 122 

CD4 (RM4-5), AF488-conjugated CD4 (GK1.5), AF488-conjugated IA/IE (N428), AF647-conjugated CD69 123 

(H1.2F3) from Biolegend, purified rat anti-mouse CD103 (M290) from BD, and goat anti-rat AF568 124 

secondary antibody (life technologies). A LSM700 confocal microscope (Carl Zeiss) was used to acquire 125 

images and Imaris software was used for analysis. 126 

 127 

Statistical analysis 128 

Comparison of data sets was performed by two-tailed, unpaired Student’s t-test. Comparison of three 129 

groups was performed by One-way ANOVA with Tukey post-test.  P < 0.05 was considered statistically 130 

significant. 131 
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Supplementary figure legends 1 

Staged development of long lived TCRαβαβαβαβ Th17 resident memory T cell population to Candida 2 

albicans after skin infection 3 
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SUPPLEMENTARY FIGURE LEGENDS 35 

Figure S1. (A) Expression of IL-17 in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) of 36 

heat-killed (HK) C. albicans-treated group (right) and PMA-ionomycin-treated group (left) from 37 

untreated normal ear skin. Data are representative of five independent experiments. (B) Expression of 38 

IL-17 in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from untreated normal ear skin 39 

when incubated with HK C. albicans for 6 hours in the presence of 50 µg anti-I-A/I-E or 50 µg isotype 40 

Abs (rat IgG2b). Data are representative of three independent experiments. (C) Expression of IL-17 in 41 

CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected ear skin of wild type B6 mice 42 

at day 30 after candida infection. Data are representative of five experiments. 43 

 44 

Figure S2. Skin CD4 TRM cells produce abundant IL-17 after cutaneous candida infection 45 

(A) Expression of IL-17 (top), IL-9 (middle), and IFN-γ (bottom) in CD4 and CD8 T cells (gated on 46 

CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 
cells) from infected and uninfected ear skin of wild type B6 mice at day 7 (7 d) 47 

and 30 (30 d) after candida infection. Data are representative of five experiments. (B) Expression of IL-48 

17 (top), IL-9 (middle), and IFN-γ (bottom) in CD4 and CD8 T cells (gated on CD3
+
CD4

+
 and

 
CD3

+
CD8

+ 49 

cells) from draining and non-draining LN of wild type B6 mice at day 7 (7 d) and 30 (30 d) after candida 50 

infection. Data are representative of five experiments. (C) The number of skin CD4 and CD8 T cells 51 

producing IL-17 (top), IL-9 (middle), and IFN-γ (bottom) from infected and uninfected ear skin of wild 52 

type B6 mice at day 7 (7 d) and 30 (30 d) after candida infection. The lines indicate the mean. (D) The 53 

number of LN CD4 and CD8 T cells producing IL-17 (top), IL-9 (middle), and IFN-γ (bottom) from 54 

draining and non-draining LN of wild type B6 mice at day 7 (7 d) and 30 (30 d) after candida infection. 55 

The lines indicate the mean. 56 

  57 

Figure S3. (A) Memory:naive parabionts (previously infected mice 2 months after candida infection 58 
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(memory-para): wild type B6 mice prior to candida infection (memory-opp)) vs naive:naive parabionts 59 

(naive-para, naive-opp), and previously infected mice 2 months after candida infection (memory-only), 60 

wild type B6 mice prior to candida infection (naive-only) without parabiosis were re-infected with C. 61 

albicans on the dorsal skin. Two days later, skin samples (n = 7-18 at each group) were harvested and 62 

CFU were counted. (B) Tracking of the seven most abundant (expanding) TCR-β CDR3 sequences from 63 

draining LN at day 7 (red) after candida infection. Among these 7 clones, 5 clones were observed in 64 

infected ear skin at day 30 (green), and only very low levels of 2 clones were detected in blood at day 65 

30 (blue) after candida infection. Data for CDR3 sequences (TCR percentage) are shown as the 66 

percentage (specific/total) of CDR3 sequences from T cell clones present at n > 5 copies in skin assessed 67 

in other tissues. (C and D) The percentage of KAEDE-red and KAEDE-green CD4 T cells (gated on 68 

CD3+CD4+ cells) from previously infected KAEDE mice 2 months after candida infection (memory-para) 69 

from memory:naive parabionts vs wild type KAEDE mice prior to candida infection (naive-para) from 70 

naive:naive parabionts 7 days after violet light exposure.  (E) KAEDE-red (red) and KAEDE-green (green) 71 

CD4 T cells in candida-infected dermis at day 10 after candida infection 24 hours after violet light 72 

exposure. Imaging depth was 50 µm below the skin surface (dermis, blue). Scale bar, 100 µm. * p < 73 

0.01, *** p < 0.001; ns, not significant. 74 

 75 

Figure S4. (A) KAEDE-red (red) and KAEDE-green (green) CD4 T cells in candida-infected dermis at day 90 76 

after candida infection immediately (0 h, left), 6 hours (6 h, middle), and 24 hours (24 h, right) after 77 

violet light exposure. Imaging depth was 75 µm below the skin surface (dermis, blue). Scale bar, 100 µm. 78 

Skin KAEDE-red and KAEDE-green CD4 T cell mean velocity (left) and arrest coefficients (right) at (B) 6 79 

hours and (C) 24 hours after violet light exposure at day 90 after candida infection. Points represent 80 

individual cells and the lines indicate the mean. Data are representative of five independent experiments. 81 

 82 
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Figure S5. (A) Expression of KLRG1 in KAEDE-red (left) and KAEDE-green (middle) CD4 and CD8 T cells 83 

(gated on CD3+CD4+ and CD3+CD8+ cells) from infected ear skin (right) at day 60 after candida infection 84 

10 days after violet light exposure.  (B) Expression of KLRG1 in KAEDE-green CD4 and CD8 T cells (gated 85 

on CD3+CD4+ and CD3+CD8+ cells) from spleen at day 60 after candida infection before violet light 86 

exposure.  Expression of E-selectin ligand (C), α4β7 (D), IL-2 (E), and TNF-α (F) in KAEDE-red (left) and 87 

KAEDE-green (middle) CD4 and CD8 T cells (gated on CD3+CD4+ and CD3+CD8+ cells) from infected ear 88 

skin (right) at day 60 after candida infection 24 hours after violet light exposure.  (G) Expression of FoxP3 89 

in KAEDE-red (left) and KAEDE-green (middle) CD4 T cells (gated on CD3+CD4+ cells) from infected ear 90 

skin (right) at day 60 after candida infection 24 hours after violet light exposure. Data are representative 91 

of three independent experiments (A-G). 92 

 93 
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Supplementary movie legends 1 

Staged development of long lived TCRαβαβαβαβ Th17 resident memory T cell population to Candida 2 

albicans after skin infection 3 
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SUPPLEMENTARY MOVIE LEGENDS 35 

 36 
Movie S1. Distinct distribution of memory CD4 and CD8 T cells in the ear skin 30 days after cutaneous 37 

candida infection 38 

A representative Z-stack of CD4 (GFP, green) and CD8 (DsRed, red) T cells in the infected ear 30 days 39 

after candida infection. The movie represents the x-y perspective of skin from epidermis deep through 40 

dermis. Dermis was defined by the presence of collagen (second harmonic generation (SHG), blue). The 41 

frame is 375 µm × 375 µm. The spacing is 2 µm. The movie is shown at 10 frames per second (fps). 42 

 43 

Movie S2. Migration of CD4 T cells in the ear skin during the effector phase after cutaneous candida 44 

infection 45 

Effector CD4 T cells (GFP, green) in the infected ear were visualized 10 days after cutaneous candida 46 

infection. The movies represent the x-y perspective of skin dermis 50 µm underneath the top surface of 47 

the infected ear. SHG (blue) was used to differentiate dermis from epidermis. The time-lapse images 48 

were acquired at 1 min intervals and shown at 10 fps. 49 

 50 

Movies S3 and S4. Migration of CD4 T cells in the ear skin during the memory phase after cutaneous 51 

candida infection 52 

Memory CD4 T cells (GFP, green) in the infected ear at 30 days (Movie S3) and 75 days (Movie S4) after 53 

cutaneous candida infection were visualized. The movies represent the x-y perspective of skin dermis 54 

50 µm underneath the top surface of the infected ear. SHG (blue) was used to differentiate dermis from 55 

epidermis. The time-lapse images were acquired at 1 min intervals and shown at 10 fps. 56 

 57 

Movies S5 and S6. Distinct migration of CD4 T cells in the different depth of ear skin during the 58 

memory phase after cutaneous candida infection 59 
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Memory CD4 T cells (GFP, green) in the infected ear at 30 days (Movie S5) and 180 days (Movie S6) 60 

after cutaneous candida infection were visualized. Two 20-30 min 3D rendering of representative 61 

imaging data are shown. SHG (blue) was used to determine dermal localization of CD4 T cells. CD8 T 62 

cells (DsRed, red) were shown in the epidermis as well (Movie S6). The time-lapse images were 63 

acquired at 1 min intervals and shown at 10 fps. 64 

 65 

Movie S7. Distinct migration of CD69-expressing and non-CD69-expressing CD4 T cells in the ear skin 66 

during the memory phase after cutaneous candida infection 67 

Non-CD69-expressing CD4 T cells (green) and CD69-expressing CD4 T cells (both green and red) were 68 

visualized in the infected ear at 90 days after cutaneous candida infection. The movie represents the x-y 69 

perspective of skin dermis 50 µm underneath the top surface 24 hours after intravenous injection of 70 

Alexa647 anti-CD69 antibody. Dermis was defined by the presence of collagen (SHG, blue). Hairs are 71 

represented by red autofluorescence within the circles of the SHG-negative hair follicles. The time-lapse 72 

images were acquired at 1 min intervals and shown at 10 fps. 73 

 74 

Movie S8. Distinct distribution of CD11c
+
 DCs depending on the depth of ear skin 90 days after 75 

cutaneous candida infection 76 

A representative Z-stack of CD11c
+
 DCs (YFP, green) in the infected ear 90 days after infection. The 77 

movie represents the x-y perspective of skin from epidermis deep through dermis. Dermis was defined 78 

by the presence of collagen (SHG, blue). The spacing is 2 µm. The movie is shown at 7 fps. 79 

 80 

Movies S9 and S10. Distinct migration of CD4 T cells and their interaction with CD11c
+
 DCs in the 81 

different depth of ear skin during the memory phase after cutaneous candida infection 82 

CD4 T cells (DsRed, red) and CD11c
+
 DCs (YFP, green) were visualized in the infected ear skin 90 days 83 
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after cutaneous candida infection. The movies represent the x-y perspective of skin dermis 25 µm 84 

(Movie S9) and 75 µm (Movie S10) underneath the top surface. SHG (blue) was used to differentiate 85 

dermis from epidermis. The time-lapse images were acquired at 1 min intervals and shown at 10 fps. 86 

 87 

Movies S11-S13. Recent entry of re-circulating CD4 T cells into the ear skin during the memory phase 88 

after cutaneous candida infection 89 

Photoconverted KAEDE-red CD4 T cells (red) and non-photoconverted KAEDE-green CD4 T cells (green) 90 

were visualized in the infected ear 45 days after cutaneous candida infection. The movies represent the 91 

x-y perspective of skin dermis 50 µm underneath the top surface at 0 hour (Movie S11), 6 hours (Movie 92 

S12), and 24 hours (Movie S13) after violet light exposure. SHG (blue) was used to differentiate dermis 93 

from epidermis. The time-lapse images were acquired at 1 min intervals and shown at 10 fps. 94 

 95 

Movie S14. Recent entry of re-circulating CD4 T cells into the ear skin during the effector phase after 96 

cutaneous candida infection 97 

Photoconverted KAEDE-red CD4 T cells (red) and non-photoconverted KAEDE-green CD4 T cells (green) 98 

in the infected ear at 10 days after cutaneous candida infection were visualized. The movie represents 99 

the x-y perspective of skin dermis 50 µm underneath the top surface of the infected ear 24 hours after 100 

violet light exposure. SHG (blue) was used to differentiate dermis from epidermis. The time-lapse 101 

images were acquired at 1 min intervals and shown at 10 fps. 102 

 103 

Movies S15-S20. Reduced migration of re-circulating CD4 T cells into the ear skin by FTY720 during 104 

the memory phase after cutaneous candida infection 105 

Photoconverted KAEDE-red CD4 T cells (red) and non-photoconverted KAEDE-green CD4 T cells (green) 106 

were visualized in the infected ear 60 days after cutaneous candida infection with one dose injection of 107 
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FTY720 12 hours prior to photoconversion (Movies S15, S17, and S19), and without FTY720 injection 108 

(Movies S16, S18, and S20). The movies represent the x-y perspective of skin dermis 50 µm underneath 109 

the top surface at 0 hour (Movies S19 and S20), 6 hours (Movies S15 and S16), and 24 hours (Movies S17 110 

and S18) after violet light exposure. Second harmonic generation (blue) was used to differentiate dermis 111 

from epidermis. The time-lapse images were acquired at 1 min intervals and shown at 10 fps. 112 

 113 
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Supplementary Figure 5 
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Supplementary Figure 5 
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