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Abstract  1 

 2 

The skin is our interface with the outside world and consequently it is exposed to a wide range 3 

of microbes and allergens. Recent studies have indicated that allergen-specific skin-resident 4 

memory T (TRM) cells play a role in allergic contact dermatitis (ACD). However, the composi-5 

tion and dynamics of the epidermal T cell subsets during ACD are not known. Here we show 6 

that exposure of the skin to the experimental contact allergen 1-fluoro-2,4-dinitrobenzene 7 

(DNFB) results in a displacement of the normally occurring dendritic epidermal T cells 8 

(DETC) concomitant with an accumulation of epidermal CD8+CD69+CD103+ TRM cells in 9 

mice. By studying knock-out mice, we provide first evidence that CD8+ T cells are required 10 

for the displacement of the DETC and furthermore, that DETC are not required for recruit-11 

ment of CD8+ TRM cells to the epidermis following allergen exposure. We demonstrate that the 12 

magnitude of the allergic reaction correlates with the number of CD8+ epidermal TRM cells 13 

that again correlates with allergen dose and number of allergen exposures. Finally, in an at-14 

tempt to elucidate why CD8+ epidermal TRM cells persist in the epidermis, we show that CD8+ 15 

epidermal TRM cells have a higher proliferative capability and are bioenergetically more sta-16 

ble, displaying a higher spare respiratory capacity than DETC.  17 

  18 
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Introduction 1 

Allergic contact dermatitis (ACD) is a major T cell-mediated disease induced by exposure of the 2 

skin to contact allergens. Approximately 27% of the European population is sensitized to one or 3 

more contact allergen (Diepgen et al., 2016) and estimated 15% of the population develops ACD. 4 

ACD can be highly disabling and is characterized by an intensely itching erythema, edema and of-5 

ten vesicles at sites where the allergens contact the skin (Martin et al., 2018). Our knowledge of the 6 

immunological mechanisms in ACD in humans has been greatly advanced by studying ACD, often 7 

called contact hypersensitivity (CHS) reactions, in mice (Honda et al., 2013). The outmost layer of 8 

the skin is called the epidermis and it is mainly composed of keratinocytes. Scattered in between the 9 

keratinocytes are epidermal sentinels of the immune system. In mice, the epidermal T cells are 10 

dominated by Vγ3+Vδ1+ (Garman nomenclature) (Garman et al., 1986) γδ T cells, termed dendritic 11 

epidermal T cells (DETC) (Asarnow et al., 1988, Havran and Allison, 1988, Nielsen et al., 2017, 12 

Stingl et al., 1987), whereas in humans both γδ and αβ T cells are found in the epidermis (Toulon et 13 

al., 2009). It is known that T cells play important roles in ACD (Gocinski and Tigelaar, 1990, 14 

Scheper et al., 1983, Wang et al., 2000, Xu et al., 1996), and that DETC can play both inflammatory 15 

and anti-inflammatory roles in response to contact allergens (Dieli et al., 1997, Dieli et al., 1998, 16 

Nielsen et al., 2014, Sullivan et al., 1986, Welsh and Kripke, 1990). In addition to resident T cells, 17 

activated circulating T cells can enter inflammatory skin sites non-specifically where they produced 18 

long-lasting local immunological memory (Mackay et al., 2012, Scheper et al., 1983). We and oth-19 

ers have recently shown that exposure of the skin to contact allergens leads to accumulation of aller-20 

gen-specific CD8+CD69+CD103+ memory T cells in the skin, and that these tissue-resident memory 21 

T (TRM) cells play a central role in the rapid-onset hypersensitivity reactions to contact allergens 22 

(Gaide et al., 2015, Gamradt et al., 2019, Schmidt et al., 2017). However, the composition and dy-23 

namics of the various epidermal T cell subsets during CHS are not known. The purpose of this 24 



4 
 

study was to determine how contact allergens affect the composition and dynamics of epidermal T 1 

cell subsets, how the magnitude of the CHS reaction correlates to the presence of various T cell sub-2 

sets in the epidermis and furthermore, to examine possible mechanisms involved in the persistence 3 

of CD8+ TRM cells in the epidermis after exposure of the skin to allergens. 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

  12 
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Results 1 

Exposure to allergen leads to generation of CD8+ epidermal TRM cells and a decline of DETC 2 

To determine the effect of allergens on the composition of epidermal T cells, we sensitized mice on 3 

their ears with the experimental allergen 1-fluoro-2,4-dinitrobenzene (DNFB) in olive oil:acetone 4 

(OOA) or with pure OOA as control for three consecutive days and then challenged them twice 5 

with an interval of 21 days (Fig. 1a). After an additional 21 days, we determined the distribution of 6 

T cell subsets in the epidermis by flow cytometric analyses (Fig 1b and c and Fig. S1 for gating 7 

strategy). Consistent with previous reports (Nielsen et al., 2017), Vγ3+CD69+CD103+ DETC consti-8 

tuted the vast majority of the T cells in the epidermis of control mice, whereas the frequency of 9 

CD4+ and CD8+ T cells was < 1%. In contrast, exposure to DNFB resulted in a massive increase in 10 

the frequency of CD8+CD69+CD103+ TRM cells rising to approximately 60% of the epidermal T 11 

cells with a concomitant decrease in the frequency of DETC to approximately 30% (Fig. 1b and c 12 

and Fig. S1 and S2). A minor fraction of epidermal CD4+CD69+ T cells was also generated. In con-13 

trast to the CD8+ epidermal TRM cells, only 75% of the CD4+CD69+ TRM cells was CD103+ (Fig. 14 

S2) (Gebhardt et al., 2011). To determine whether the DNFB-induced decrease in the frequency of 15 

DETC was caused by an actual reduction in the number of DETC or just represented a dilution of 16 

the DETC by the incoming CD8+ TRM cells, we determined the actual numbers of DETC and CD8+ 17 

TRM cells per mm2 using 3D images obtained by confocal scanning laser microscopy (CSLM) of ep-18 

idermal ear sheets (Fig. 1d). In control mice, we found 587 ± 127 DETC per mm2 epidermis and no 19 

CD8+ TRM cells (Fig 1e). In mice exposed to DNFB, we detected an approximately 60% reduction 20 

in the number of DETC to 254 ± 175 per mm2 concomitant with an increase of CD8+ TRM cells to 21 

587 ± 242 per mm2 (Fig 1e) suggesting that CD8+ TRM cells replace DETC in skin exposed to con-22 

tact allergens. This was further supported by the inverse relationship observed by plotting the num-23 

bers of DETC and CD8+ TRM cells per mm2 in 18 epidermal ear sheets from mice exposed to DNFB 24 
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(Fig. 1f). These experiments demonstrated that exposure to the contact allergen DNFB results in 1 

generation of CD8+ TRM cells and a decline in the number of DETC in the epidermis of the exposed 2 

area.  3 

 4 

CD8+ epidermal TRM cells displace DETC in CHS 5 

That exposure to contact allergen lead to recruitment of CD8+ TRM cells concomitant with a de-6 

crease in the number of DETC in the epidermis of the exposed skin area could suggest that DETC 7 

and CD8+ TRM cells compete for local survival factors in the epidermal niche. Alternatively, the dis-8 

appearance of DETC and generation of CD8+ TRM cells could be independent events induced by the 9 

allergic response. To determine whether CD8+ TRM cells actually displace DETC in CHS, we stud-10 

ied the cell composition in the epidermis after exposure to allergen in B6.129-B2mtm1jaeN12 mice 11 

that do not express MHC I molecules, and hence are deficient in CD8+ T cells but unaffected in 12 

their CD4+ and γδ T cells (Koller et al., 1990, Zijlstra et al., 1990). We used the schedule for aller-13 

gen exposure as depicted in Fig. 1a in these experiments. As in wild-type mice, we found that 14 

CD69+CD103+ DETC completely dominated the epidermal T cells in control B6.129-B2mtm1jaeN12 15 

mice treated with OOA (Fig. 2a-d). As expected, no CD8+ TRM cells were detected. In contrast to 16 

wild-type mice, DETC still constituted the vast majority of the epidermal T cells in B6.129-17 

B2mtm1jaeN12 mice treated with DNFB (Fig. 2a-d). The small decrease in the fraction of DETC 18 

might be due to the generation of a small population of CD4+ T cells (Fig 2a and Fig. S3).  19 

 Next, we asked whether DETC are required for the generation of CD8+ TRM cells. To answer this 20 

question, we determined the cell composition in the epidermis after exposure to allergen in 21 

B6.129P2-Tcrdtm1Mom/J mice. B6.129P2-Tcrdtm1Mom/J mice have a deletion in the TCRδ gene and 22 

consequently do not have any γδ T cells, including DETC (Itohara et al., 1993). As expected, no 23 

DETC were found in control B6.129P2-Tcrdtm1Mom/J mice treated with OOA. Instead, the epidermal 24 



7 
 

T cells were dominated by CD4-CD8-CD103+ αβ T cells (Fig. 2e and f and Fig. S4) (Itohara et al., 1 

1993, Jameson et al., 2004). Interestingly, exposure to DNFB resulted in the generation of a major 2 

population of CD8+CD69+CD103+ epidermal TRM cells as seen in wild-type mice (Fig. 2e-h and 3 

Fig. S4). Together these data demonstrated that exposure to allergen alone does not lead to displace-4 

ment of the DETC but that CD8+ TRM cells are required to displace the DETC, and furthermore they 5 

show that DETC are not required for the generation of CD8+ TRM cells.  6 

 7 

The magnitude of the CHS reaction correlates with the frequency of CD8+ epidermal TRM 8 

cells  9 

It has been demonstrated that skin TRM cells play a role in rapid-onset CHS reactions (Gaide et al., 10 

2015, Schmidt et al., 2017). However, how the various epidermal T cell subsets affect the magni-11 

tude of the CHS reaction is not known. To determine if the magnitude of the CHS reaction corre-12 

lated with the number of CD8+ TRM cells, we exposed mice to DNFB as depicted in Fig. 3a. We 13 

measured ear thickness at day 0 and 24 hours after the challenge at day 24 and 45. Ear thickness 14 

was measured 24 hours after exposure to the allergen to determine the role of TRM cells in rapid-on-15 

set CHS reactions and to avoid any contribution of circulating memory T cells to the reaction 16 

(Gaide et al., 2015). T cell composition in the epidermis was determined 21 days after the last aller-17 

gen exposure at day 23, 44 and 65. We found that the magnitude of the CHS reaction, as measured 18 

by the increase in ear thickness, directly correlated with the frequency of CD8+ TRM cells and the 19 

number of DNFB exposures and inversely correlated with the frequency of DETC (Fig. 3b-d). Next, 20 

we wanted to determine how the dose of the allergen affected the epidermal cell composition and 21 

the magnitude of the CHS reaction. We treated the mice as depicted in Fig. 1a with increasing doses 22 

of DNFB. We found that the magnitude of the CHS reaction and the frequency of CD8+ TRM cells 23 
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directly correlated with the dose of allergen, whereas the frequency of DETC inversely correlated 1 

with the dose of allergen (Fig. 3e-g).  2 

 3 

Expansion of the CD8+ epidermal TRM cell population is mediated by a combination of local 4 

proliferation and recruitment from the circulation 5 

The increase in the number of CD8+ TRM cells seen after repeated exposures to allergen might be 6 

mediated by recruitment of new allergen-specific memory CD8+ T cells from the circulation, by 7 

proliferation of the CD8+ TRM cells in the epidermis or by a combination of the two. To examine 8 

these possibilities, we exposed mice to DNFB day 0, 1, 2 and 23 as depicted in Fig. 4a. Half of the 9 

mice were given FTY720 in their drinking water from day 22 to the end of the experiment. FTY720 10 

sequesters lymphocytes in lymphoid tissues resulting in a rapid depletion of circulating T cells 11 

(Chiba, 2005, Gaide et al., 2015). We noticed a significant reduction in the frequency of CD8+ TRM 12 

cells and an increase in the frequency of DETC in mice exposed to DNFB and treated with FTY720 13 

compared to mice exposed to DNFB but not treated with FTY720 (Fig. 4b-d). This indicated that 14 

part of the expansion of CD8+ TRM cells normally is caused by recruitment of CD8+ T cells from the 15 

circulation. To determine the contribution of CD8+ T cells from the circulation to the expansion of 16 

the CD8+ TRM cells, we compared the increase in frequency of CD8+ TRM cells from day 23 (from 17 

the experiments shown in Fig. 3d) to day 44 in mice exposed to DNFB either with or without 18 

FTY720 treatment. In mice not treated with FTY720, the frequency of CD8+ TRM cells increased 19 

approximately 2.5 fold, whereas in mice treated with FTY720 it only increased approximately 1.5 20 

fold (Fig. 4e). These experiments suggested that approximately 40% of the expansion of the CD8+ 21 

TRM cells was caused by recruitment of CD8+ T cells from the circulation and 60% of the expansion 22 

was due to proliferation of the already existing CD8+ TRM cells. To further investigate this, we ex-23 
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posed mice to DNFB day 0, 1, 2, 21 and 42 as depicted in Fig. 4f. Mice were given bromodeoxyuri-1 

dine (BrdU) i.p. at day 44 and 45, and the frequency of proliferating DETC and CD8+ TRM cells in 2 

epidermis were determined at day 46 by Ki-67 and anti-BrdU staining (Fig. 4g and h). DNFB did 3 

not induce proliferation of the DETC, whereas it clearly induced proliferation of the CD8+ TRM cells 4 

with approximately 30% and 40 % being positive for Ki-67 and BrdU, respectively (Fig. 4g and h). 5 

Taken together, these data indicate that the expansion of CD8+ TRM cells is mediated by a combina-6 

tion of recruitment of cells from the circulation and by proliferation of CD8+ TRM cells already pre-7 

sent in the epidermis.  8 

 9 

CD8+ epidermal TRM cells have a higher spare respiratory capacity than DETC 10 

The composition of the T cell subsets in the epidermis depends on recruitment, proliferation and 11 

survival of the individual subsets. The aryl hydrocarbon receptor (AhR) is an important factor in 12 

maintenance of both DETC and CD8+ TRM cells (Kadow et al., 2011, Li et al., 2011, Zaid et al., 13 

2014). Another important molecule in the development and maintenance of CD8+ memory T cells is 14 

Bcl-2 (Best et al., 2013, Grayson et al., 2000, Kurtulus et al., 2012). To investigate whether the ex-15 

pression levels of AhR and Bcl-2 in DETC and CD8+ TRM cells could explain the apparent ad-16 

vantage of CD8+ TRM cells to exist in the epidermis, we determined the expression level of AhR and 17 

Bcl-2 in DETC and CD8+ TRM cells isolated from epidermal sheets a minimum of 21 days after ex-18 

posure to DNFB. We found that DETC and CD8+ TRM cells expressed similar levels of AhR (Fig. 19 

5a and b) and that DETC surprisingly expressed approximately 2.5-fold higher levels of Bcl-2 than 20 

CD8+ TRM cells (Fig. 5c and d). As the expression levels of AhR and Bcl-2 in epidermal T cells 21 21 

days after exposure to DNFB did not readily explain any survival advantage of CD8+ TRM cells over 22 

DETC, we next investigate the rapid effect of DNFB on epidermal T cell death. Mice were exposed 23 
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to DNFB on day 0, 1, 2 and 21, and the number of apoptotic and dead cells were subsequently de-1 

termined 24 and 48 hours after the last exposure. DNFB induced a small but significant increase in 2 

the number of apoptotic and dead cells in both DETC and CD8+ TRM cells after 24 and 48 hours, 3 

respectively (Fig 5e and f). The fraction of apoptotic and dead cells was low between 0.5 – 4% for 4 

both DETC and CD8+ TRM cells. However, whereas the total number of DETC decreased slightly 5 

from 24 to 48 hours after exposure to DNFB, the number of CD8+ TRM cells slightly increased (Fig. 6 

5g).  7 

Finally, as changes in T cell metabolism are essential for generation and survival of memory T 8 

cells, we next wanted to investigate the metabolism of DETC and CD8+ TRM cells (Araki et al., 9 

2009, Pan et al., 2017, Pearce et al., 2009, van der Windt et al., 2012, van der Windt and Pearce, 10 

2012). Consequently, we isolated CD8+ TRM cells and DETC and determined their bioenergetics 11 

profiles. We found that oxidative phosphorylation (OXPHOS), as measured by the basal oxygen 12 

consumption rate (OCR), and the basal extracellular acidification rate (ECAR) were increased in 13 

CD8+ TRM cells compared to DETC (Fig. 5h, i and k). Strikingly, CD8+ TRM cells demonstrated sub-14 

stantially larger spare respiratory capacity than DETC (Fig. 5h and j). As the spare respiratory ca-15 

pacity is the extra capacity available for a cell to produce energy and it is believed to be important 16 

for long-term cell survival and function, these data suggested that the advantage of CD8+ TRM cells 17 

over DETC for persistence in the epidermis partly could be explained by a superior metabolic fit-18 

ness of CD8+ TRM cells. 19 

  20 
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Discussion 1 

In the present study, we show that an accumulation of CD8+ TRM cells concomitant with a reduction 2 

in the normally occurring DETC takes place following exposure of the skin to allergen. This rela-3 

tion between CD8+ TRM cells and DETC after exposure to allergen has not been described before, 4 

but interestingly, a similar pattern is found during infection of the skin with herpes simplex virus 5 

(Zaid et al., 2014). These observations suggest that CD8+ TRM cells and DETC compete for local 6 

survival signals. Another possibility could be that inflammatory responses elicited by allergens di-7 

rectly cause the DETC to migrate out of the affected area. This idea is supported by a previous 8 

study that found DETC in the draining lymph nodes after exposure of the skin to allergens (Nielsen 9 

et al., 2014). However, by studying genetic modified mice, we firmly establish that exposure to al-10 

lergen does not lead to displacement of the DETC in the absence of CD8+ T cells and that CD8+ T 11 

cells are required to displace DETC. This underpins the hypothesis that CD8+ TRM cells and DETC 12 

compete for local survival signals within the epidermal niche. 13 

 14 

It has been shown that CD4+ T cells are required for the recruitment of CD8+ T cells to virus-in-15 

fected vaginal mucosa (Nakanishi et al., 2009). As no or very few CD4+ T cells are found in normal 16 

mouse epidermis, we asked whether DETC might be required for recruitment and generation of 17 

CD8+ TRM cells. By studying genetic modified mice with no γδ T cells, we demonstrated that CD8+ 18 

TRM cells are formed in the absence of γδ T cells, including DETC. Since the genetic modified mice 19 

had a large population of atypical CD4-CD8- T cells in the epidermis, we could not formally ex-20 

clude that other T cells than γδ T cells might play a role for recruitment of CD8+ T cells to the epi-21 

dermis. However, we could conclude that γδ T cells, including DETC, are not required in this pro-22 

cess. Furthermore, we found that expansion of the CD8+ TRM cell population after re-exposure to 23 

allergen was caused both by local proliferation of the CD8+ TRM cells and influx of new CD8+ T 24 
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cells from the circulation. Importantly, we confirmed and expanded the pathogenic role of the aller-1 

gen-specific CD8+ TRM cells by demonstrating that the magnitude of the rapid-onset CHS reaction 2 

directly correlated with the number of CD8+ TRM cells and inversely correlated with the number of 3 

DETC.  4 

 5 

In addition, insight into survival mechanisms determining the balance between the CD8+ TRM cells 6 

and DETC is central for understanding how the T cell composition in the epidermis is regulated. 7 

The long-time survival of DETC and CD8+ TRM cells is dependent on their expression of the AhR 8 

(Kadow et al., 2011, Li et al., 2011, Zaid et al., 2014), and it has been suggested that DETC and 9 

CD8+ TRM cells compete for AhR ligands following skin infections (Zaid et al., 2014). We found 10 

that DETC and CD8+ TRM cells express the AhR at similar levels following exposure to allergen. 11 

Therefore, our finding does not support a hypothesis in which differential AhR expression causes 12 

the survival advantage seen in CD8+ TRM cells. Likewise, Bcl-2 expression levels, known to be im-13 

portant for survival of memory T cells (Best et al., 2013, Grayson et al., 2000, Kurtulus et al., 14 

2012), did not explain the survival advantage of CD8+ TRM cells, as DETC surprisingly express 15 

higher levels of Bcl-2 than CD8+ TRM cells. CD8+ memory T cells have a larger spare respiratory 16 

capacity than naïve and effector T cells (van der Windt et al., 2012). The spare respiratory capacity 17 

is the reserve energy-generating capacity of the mitochondria in response to increased work and 18 

stress, and it is important for memory T cell development, survival and for their rapid recall ability 19 

(Geltink et al., 2018, van der Windt et al., 2012, van der Windt et al., 2013, van der Windt and 20 

Pearce, 2012). We found that CD8+ TRM cells have substantial larger spare respiratory capacity than 21 

DETC, suggesting that CD8+ TRM cells are more metabolic fit and therefore might have a survival 22 

advantage over DETC. Interestingly, a recent study found that CD8+ TRM cells require uptake of 23 

free fatty acids for their long-time survival (Pan et al., 2017). These observations suggest that CD8+ 24 
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TRM cells might outcompete DETC due to their bioenergetic advantage and their ability to take up 1 

and metabolize exogenous free fatty acids. This is also supported by our observation that CD8+ TRM 2 

cells responded to DNFB by significant proliferation, whereas DETC did not proliferate in response 3 

to DNFB. In contrast to cell proliferation, DNFB induced apoptosis and cell death to the same low 4 

degree in CD8+ TRM cells and DETC. This argued against a direct cytotoxic effect of the CD8+ TRM 5 

cells on the DETC in the acute phase but did not exclude this possibility on a longer time perspec-6 

tive.   7 

 8 

In conclusion, we here carefully determined the composition and dynamics of the epidermal T cell 9 

subsets during CHS and show that CD8+ TRM cells accumulate in the epidermis and displace the 10 

normally occurring DETC following exposure of the skin to contact allergens. We show that the 11 

magnitude of the rapid-onset CHS reaction correlates with the frequency of the CD8+ TRM cells and 12 

that these pathogenic cells might out-compete the DETC probably due to an increased proliferative 13 

capacity, which might be mediated by a superior metabolic fitness. Our results indicate that local 14 

immunomodulatory therapy targeting the metabolism of CD8+ TRM cells may provide a novel thera-15 

peutic strategy for the treatment of ACD. 16 

 17 

 18 

  19 
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Materials and Methods 1 

See the Supplementary Materials online for detailed experimental methods.  2 

 3 

Mice 4 

Female C57BL/6 mice were from Taconic (Ry, Denmark) and Janvier Labs (Le Genest-Saint-Isle, 5 

France). β2-microglobulin knock-out B6.129-B2mtm1Jae N12 (model # B2MN12-F) (Zijlstra et al., 6 

1990) and TCRδ knock-out B6.129P2-Tcrdtm1Mom/J (stock number: 002120) (Itohara et al., 1993) 7 

mice were from Taconic and The Jackson Laboratory (San Diego, California, USA), respectively. 8 

The mice were housed in specific pathogen-free animal facilities at the Department of Experimental 9 

Medicine, University of Copenhagen in accordance with the national animal protection guidelines 10 

(license number 2018-15-0201-01409). Mice were 8-12 weeks old at the beginning of experiments.  11 

 12 

Contact allergy 13 

Mice were painted with 25 µl on the dorsal side of both ears with a solution of the experimental al-14 

lergen 1-fluoro-2,4-dinitrobenzene (DNFB) (Sigma-Aldrich, Brøndby, Denmark) in olive oil and 15 

acetone (OOA (1:4)) or OOA as control. A 0.15% (v/v) solution of DNFB was used unless indi-16 

cated otherwise in the figures. The mice were sensitized for three consecutive days (day 0-2), chal-17 

lenged twice with 21-day intervals (day 23 and 44) and euthanized a minimum of 21 days after the 18 

last exposure to allergen or as otherwise depicted in the figures. Ear thickness was measured at day 19 

0 and 24 hours after exposure to the allergen. For FTY720 treatment, mice received 2.5 µg/ml 20 

FTY720 (Sigma-Aldrich) in their drinking water the day before challenge and for the rest of the ex-21 

periment. In experiments involving fluorescence-activated cell sorting, mice were shaved and ex-22 

posed to 100 µl 0.15% solution of DNFB on the abdomen for three consecutive days. Cells were 23 
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purified after a minimum of 21 days after exposure to DNFB. For BrdU treatment, mice were 1 

pulsed with 1 mg BrdU (BD Biosciences, Albertslund, Denmark) diluted in 400ul PBS i.p. 48 hours 2 

and 72 hours after the second challenge.  3 

 4 

Single-cell suspensions, flow cytometry analysis and confocal scanning laser microscopy 5 

Purification of cells from the skin, antibodies and confocal scanning laser microscopy, as well as 6 

standard methods for flow cytometry analysis used in this study, are described in the Supplementary 7 

Materials.  8 

 9 

Seahorse XF Analysis 10 

Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR) were measured on a 11 

Seahorse XFe96 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, Massachusetts, USA). 12 

Isolated DETC and CD8+ TRM cells were thawed and resuspended in RPMI-1640 supplemented 13 

with 10% FBS, 1% L-glutamin and 1% penicillin-streptamycin and incubated for two hours at 14 

37°C. Subsequently, the cells were plated in buffer-free RPMI supplemented with 143 mM NaCl 15 

and 2 mM L-glutamin. Cells were stimulated with 5 ng/ml phorbol 12-myristate 13-acetate (PMA) 16 

and 500 ng/ml ionomycin (Sigma-Aldrich) for 15 min. The metabolic stress test was performed us-17 

ing 1 µM oligomycin, 1.5 µM fluorocarbonyl cyanide phenylhydrazone (FCCP), 1 µM antimycin A 18 

and 100 nM rotenone (Sigma-Aldrich). 19 

 20 

Statistical analysis 21 
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GraphPad Prism 7 software was used to perform statistical analysis. Differences between groups 1 

were evaluated by two-tailed unpaired Student’s t test. To evaluate the significant differences in the 2 

experiment with different numbers of exposures and cell death, two-way ANOVA followed by 3 

Bonferroni’s multiple comparisons test was used. Differences were considered significant when p-4 

values was <0.05. Statistically significant p-values are denoted as: *<0.05, **<0.01, ***<0.001, 5 

****<0.0001. 6 

  7 
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Figure legends 1 

Figure 1. Exposure to allergen leads to generation of CD8+ epidermal TRM cells and a decline 2 

of DETC  3 

(a) Experimental setup. Mice were exposed to 0.15% DNFB in OOA or OOA as control on their 4 

ears at day 0, 1, 2, 23 and 44. At day 65, epidermal ear sheets were purifed for further analyses. (b) 5 

Single-cell suspensions were prepared from epidermal ear sheets from control mice (first column, 6 

OOA) and mice exposed to DNFB (second column, DNFB). The CD3ε+ cells were analyzed for 7 

their expression of TCRδ and Vγ3 (first row) or TCRβ and CD8a (second row) by flow cytometry. 8 

The mean percentage ± SD of cells within each quadrant is indicated. (c) Frequency of DETC 9 

(TCRδ+Vγ3+ cells) and CD8+ TRM cells (TCRβ+CD8a+ cells) of the total number of epidermal T 10 

cells (CD3ε+ cells) from control mice (OOA) and mice exposed to DNFB (DNFB) as determined by 11 

flow cytometry. The data were obtained from two independent experiments with five mice in each 12 

group. The bars give the mean value and the filled circles represent the individual mice. (d) 3D im-13 

ages of epidermal ear sheets from control mice (first row, OOA) and mice exposed to DNFB (sec-14 

ond row, DNFB). Earsheets were stained with anti-TCRγδ (green) and anti-CD8a (blue) antibodies 15 

and counterstained with SYTO 59 (red) and imaged using CLSM. (e) Number of DETC and CD8+ 16 

TRM cells per mm2 in epidermal ear sheets from control mice (OOA) and mice exposed to DNFB 17 

(DNFB). The data are obtained from two independent experiments with nine ear sheets in each 18 

group. The bars give the mean value and the filled circles represent the individual ear sheets. (f) The 19 

correlation between the numbers of DETC and CD8+ TRM cells in ear sheets from mice exposed to 20 

DNFB. The linear regression line and Pearson’s correlation coefficient (r) are shown. Significance 21 

was determined by t-test, N.D. = non-detectable. 22 

 23 
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Figure 2. CD8+ epidermal TRM cells displace DETC in CHS  1 

(a) CD8+ T cell deficient B6.129-B2mtm1JaeN12 mice were treated as described in figure 1a. Single-2 

cell suspensions were prepared from epidermal ear sheets from control mice (first column, OOA) 3 

and mice exposed to DNFB (second column, DNFB). The CD3ε+ cells were analyzed for their ex-4 

pression of TCRδ and Vγ3 (first row) or TCRβ and CD8a (second row) by flow cytometry. The 5 

mean percentage ± SD of cells within each quadrant is indicated. (b) Frequency of DETC 6 

(TCRδ+Vγ3+ cells) and CD8+ TRM cells (TCRβ+CD8a+ cells) of the total number of epidermal T 7 

cells (CD3ε+ cells) from control mice (OOA) and mice exposed to DNFB (DNFB) as determined by 8 

flow cytometry. (c) Fraction of CD69 CD103 double-positive DETC. (d) Total number of DETC 9 

(TCRδ+Vγ3+ cells). The data were obtained from two independent experiments with five mice in 10 

each group. (e) B6.129P2-Tcrdtm1Mom/J mice lacking  T cells were treated as described in figure 11 

1a. Single-cell suspensions were prepared from epidermal ear sheets from control mice (first col-12 

umn, OOA) and mice exposed to DNFB (second column, DNFB). The CD3ε+ cells were analyzed 13 

for their expression of TCRδ and Vγ3 (first row) or TCRβ and CD8a (second row) by flow cytome-14 

try. The mean percentage ± SD of cells within each quadrant is indicated. (f) Frequency of DETC 15 

(TCRδ+Vγ3+ cells) and CD8+ TRM cells (TCRβ+CD8a+ cells) of the total number of epidermal T 16 

cells (CD3ε+ cells) from control mice (OOA) and mice exposed to DNFB (DNFB) as determined by 17 

flow cytometry. (g) Fraction of CD69 CD103 double-positive CD8+ cells. (h) Total number of 18 

CD8+ TRM cells (TCRβ+CD8a+ cells). The data were obtained from two independent experiments 19 

with five mice in each group. Significance was determined by t-test. 20 

 21 

Figure 3. The frequency of CD8+ epidermal TRM cells correlates with the magnitude of the 22 

CHS reaction  23 
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(a) Experimental setup. Mice were exposed to 0.15% DNFB in OOA or OOA as control on their 1 

ears at day 0, 1, 2, 23 and 44. 21 days after the last exposure, at day 23, 44 or 65, epidermal ear 2 

sheets were prepared for further analyses. Ear thickness was measured at day 0, 24 and 45. (b) Ear 3 

thickness of control mice (OOA) and mice exposed to DNFB (DNFB). Frequency of DETC 4 

(TCRδ+Vγ3+ cells) and CD8+ TRM cells (TCRβ+CD8a+ cells) of the total number of epidermal T 5 

cells (CD3ε+ cells) from (c) control mice (OOA) and (d) mice exposed to DNFB (DNFB) as deter-6 

mined by flow cytometry. The data in b-d were obtained from two independent experiments with 7 

four mice in each group. (e-g) Mice were treated as described in figurer 1a with the indicated aller-8 

gen doses: 0% (control mice, OOA), 0.01%, 0.05%, 0.15% or 0.45% DNFB. (e) Ear thickness 9 

measured on day 45 on control mice (0% DNFB, OOA) and on mice exposed to different DNFB 10 

doses. (f) Frequency of DETC (TCRδ+Vγ3+ cells) and (g) CD8+ TRM cells (TCRβ+CD8a+ cells) of 11 

the total number of epidermal T cells (CD3ε+ cells). The data in e-g were obtained from two inde-12 

pendent experiments with 3-4 mice in each group. Significance was determined by two-way 13 

ANOVA with Bonferroni correction (b-d) and t-test (e-g). 14 

 15 

Figure 4. Expansion of the CD8+ epidermal TRM cell population is mediated by a combination 16 

of local proliferation and recruitment from the circulation  17 

(a) Experimental setup. Mice were exposed to 0.15% DNFB in OOA or OOA as control on their 18 

ears at day 0, 1, 2 and 23. At day 22 and for the rest of the experiment, half of the mice received 19 

FTY720 in their drinking water. At day 44, epidermal ear sheets were prepared for further analyses. 20 

(b) Frequency of DETC (TCRδ+Vγ3+ cells) and (c) CD8+ TRM cells (TCRβ+CD8a+ cells) of the total 21 

number of epidermal T cells (CD3ε+ cells). (d) The ratios of DETC and CD8+ TRM cells between 22 

FTY720-treated and untreated groups exposed to DNFB were calculated as [frequency of DETC or 23 
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CD8+ TRM cells in the FTY720-treated group/frequency of DETC or CD8+ TRM cells in the un-1 

treated group]. (e) The increase in CD8+ TRM cells after challenge. The increase was calculated as 2 

[frequency of CD8+ TRM cells upon challenge (day 44) (-/+ FTY720 treatment)/frequency of CD8+ 3 

TRM cells after sensitization (day 23, data from Fig. 3d)]. (f) Experimental setup. Mice were ex-4 

posed to 0.15% DNFB in OOA or OOA as control on their ears at day 0, 1, 2, 21 and 42. At day 44 5 

and 45 the mice were pulsed with BrdU i.p. At day 45, epidermal ear sheets were prepared for fur-6 

ther analyses. (g) Frequency of Ki-67+ DETC and Ki-67+ CD8+ TRM cells, and (h) BrdU+ DETC 7 

and BrdU+ CD8+ TRM cells (TCRβ+CD8a+ cells) of the total number of epidermal T cells (CD3ε+ 8 

cells). The data were obtained from two independent experiments with 3-4 mice in each group. Sig-9 

nificance was determined by t-test. 10 

 11 

Figure 5. CD8+ epidermal TRM cells have a higher spare respiratory capacity than DETC  12 

(a-d) Mice were exposed to 0.15% DNFB in OOA on their ears at day 0, 1 and 2. After a minimum 13 

of 21 days, single-cell suspensions were prepared from epidermal ear sheets. (a-b) Expression of 14 

AhR and (c-d) Bcl-2 in DETC (TCRδ+Vγ3+ cells) and CD8+ TRM cells (TCRβ+CD8a+ cells). 15 

Dashed lines illustrate fluorescence-minus-one (FMO) controls. All MFI values are subtracted the 16 

FMO value. The data were obtained from two independent experiments with four mice in each ex-17 

periment. (e-f) Mice were exposed to 0.15% DNFB in OOA on their ears at day 0, 1, 2 and 21. At 18 

day 22 (24h) and 23 (48h), single-cell suspensions were prepared from epidermal ear sheets. (e) 19 

Number of apoptotic cells (AnnexinV+) and (f) number of dead cells (Viadye+Annexin-/+) (g) Ratio 20 

of total number of DETC and CD8+ TRM cells at 48 hours versus at 24 hours. (h-k) DETC and 21 

CD8+ TRM cells were sorted from single-cell suspensions from epidermal sheets from the abdomen 22 

of untreated mice and mice exposed to DNFB, respectively, as described in figure 1a. Oxygen con-23 

sumptions rates (OCR) and extracellular acidification rates (ECAR) of sorted DETC and TRM cells 24 
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were measured in real-time ex vivo on a Seahorse XFe96 Extracellular Flux Analyzer. (h) Cells 1 

were stimulated with 5 ng/ml PMA and 500 ng/ml ionomycin and mitochondrial inhibitors were 2 

added as indicated (1µM oligomycin, 1.5 µM fluorocarbonyl cyanide phenylhydrazone (FCCP), 3 

1µM antimycin A and 100nM rotenone). (i) Basal OCR, (j) spare respiratory capacity (SRC) and 4 

(k) Basal ECAR. The data were obtained from four individual sorts with 61-68 mice in each sort 5 

and two independent Seahorse experiments. Significance was determined by t-test. 6 
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Supplementary Materials 1 

 2 

Single-cell suspensions and flow cytometry 3 

Ears were split in two and the dorsal side was placed with the dermis-side down in a 0.3% trypsin 4 

(Sigma-Aldrich) solution, pH 7.6 supplemented with 149 mM NaCl, 5 mM KCl and 5 mM dextrose 5 

and incubated for 1 hour at 37°C. Subsequently, the epidermis was peeled from the dermis and fur-6 

ther degraded into a single-cell suspension with 0.3% trypsin and 0.1% DNase (Sigma-Aldrich) by 7 

incubating the cells for 10 min at 37°C. To allow re-expression of surface markers potentially 8 

cleaved by trypsin, cells were incubated over-night at 37°C in complete medium containing RPMI-9 

1640 (Sigma-Aldrich), 10% FBS (Biological Industries), 1% L-glutamin, 1% penicillin-streptamy-10 

cin, 50 µM 2-Mercaptoethanol, 25 mM hepes, 100 mM Na Pyruvat and 100 µM non-essential 11 

amino acids. The next day, Fc-receptors were blocked with anti-CD16/CD32 (2.4.G2) (BD Biosci-12 

ences, Albertslund, Denmark) and surface markers were stained with anti-CD3ε-PE/Cy7 (145-13 

2C11), anti-CD8a-BV421 or APC (53-6.7), anti-Vγ3-PE or APC (536), anti-CD103-PerCP/Cy5.5 14 

(2E7) (BioLegend, San Diego, California, USA), anti-TCRβ-BV711 (H57-597), anti-CD4-BV786 15 

(RM4-5), anti-TCRγδ-PE-CF594 (GL3) and anti-CD69-FITC (H1.2F3) (BD Biosciences) diluted in 16 

Brilliant Stain Buffer (BD Biosciences,). Fixable Viability Dye (eFlour® 780) (eBioscience, San 17 

Diego, California, USA) was used to assess the viability of the cells. For intracellular staining, cells 18 

were fixed and permeabilized with the Transcription Factor Buffer Set (BD Biosciences) and 19 

stained with anti-AhR-PE (clone T49-550) (BD Biosciences) or fixed with Fixation/Permeabiliza-20 

tion Solution Kit (BD Biosciences) and stained with anti-Bcl2-PE (clone 3F11) (BD Biosciences) 21 

(Bonefeld et al., 2008). For Ki-67 staining, cells were fixed and permeabilized with the Foxp3 Tran-22 

scription Factor Staining Buffer Set (eBioscience) and stained with anti-Ki-67-BV421 (clone B56) 23 
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(BD Biosciences). BrdU staining was performed accordingly to manufactures protocol (BD Biosci-1 

ences) and stained with anti-BrdU-APC. For Annexin V staining, cells were diluted in 100ul 10x 2 

diluted Annexin V binding buffer (Nordic Biosite, Täby, Sweden) and added anti-Annexin V-PE 3 

(BioLegend). The cells were stained for 10min, added an extra 100ul of 10x diluted Annexin V 4 

binding buffer and analyzed immediate after. Samples were analyzed on a BD LSRFortessa and 5 

data were processed with FlowJo (Treestar).  6 

 7 

Ear sheets and confocal scanning laser microscopy 8 

Hair was removed from the ears with Veet™ hair removal cream (Reckitt Benckiser, Slough, UK). 9 

The ears were split in two and placed in ammonium thiocyanate for 13 minutes at 37°C and the epi-10 

dermal sheet was peeled from the dermis. The sheets were fixed with 3% paraformaldehyde, incu-11 

bated with anti-CD8a-BV421 and anti-TCRγδ-AF488 (GL3) (BioLegend) anibodies and counter-12 

stained with SYTO 59 (Thermo Fisher Scientific). Sheets were mounted on slides with DAKO fluo-13 

rescent mounting medium (DAKO, Carpinteria, California, USA). Image acquisition were per-14 

formed using a confocal scanning laser microscope (LSM 710 or LSM 880; Carl Zeiss GmbH, Ger-15 

many). High resolution image acquisition was performed using Airy Scan mode on LSM880. Im-16 

ages were obtained using an 63 x oil objective lens and scanned at 405 nm (blue), 488 nm (green), 17 

561 nm (red) and 594 nm (red). Images were generated using Imaris software (version 8.4, Bitplane 18 

AG) and were processed for display using Power Point (Microsoft). For estimation of cells per 19 

mm2, three 3D pictures were obtained per slide and the cells were counted blinded. 20 

 21 

Fluorescence-activated cell sorting analysis 22 



35 
 

Hair was removed with Veet™ hair removal cream and abdominal skin was harvested, cut into 1 

stripes and placed with the dermis-side down in a 0.3% trypsin solution as described for single-cell 2 

suspensions for flow cytometry. The skin was incubated for 2 hours at 37°C and the epidermis was 3 

subsequently peeled from the dermis and further degraded into a single-cell suspension by incubat-4 

ing the cells for 20 min at 37°C in 0.3% trypsin and 0.1% DNase. Lymphocytes were purified using 5 

Lympholyte®-M (Cedarlane, Burlington, Canada) and the cells were incubated over-night at 37°C 6 

in complete medium supplemented with 10 U/ml recombinant mouse IL-2 (R&D Systems, Minne-7 

apolis, Minnesota, USA). The next day, Fc-receptors were blocked with anti-CD16/CD32 and the 8 

cells were stained with anti-TCRβ-BV711, anti-CD8a-BV421, anti-TCRγδ-PE-CF594, and anti-9 

Vγ3-PE antibodies. Cells were sorted on a BD FACS Aria-II to a purity of approximately 99% (Fig. 10 

S5). The isolated cells were incubated over-night at 37°C in complete medium supplemented with 11 

IL-2 (10 U/ml) and frozen the following day. 12 
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Fig. S1. Flow cytometry gating strategy and analyses of epidermal T cell subsets  4 

Gating strategy used for identification of epidermal T cell subsets in single-cell suspensions from 5 

epidermal ear sheets by flow cytometry. A representative example of cells obtained from mice 6 

treated with (a) OOA and (b) DNFB as depicted in Fig. 1a at day 65. The percentage of cells within 7 

each gate and quadrant is indicated. 8 
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Fig. S2. CD69 and CD103 expression on epidermal T cell subsets 3 

(a) CD69 and CD103 expression on Vγ3+TCRγδ+ cells (DETC) from epidermal ear sheets after ex-4 

posure of the mice to OOA or DNFB and on CD8+TCRβ+ (CD8+) and CD4+TCRβ+ (CD4+) cells 5 

from epidermal ear sheets after exposure of the mice to DNFB. The mean percentage ± SD of cells 6 

within each quadrant is indicated. Fraction of CD69+CD103+ (b) DETC, (c) CD4+ and (d) CD8+ 7 

cells. The bars give the mean value and the filled symbols represent individual mice. 8 
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Fig. S3. Flow cytometric analyses of CD4+ epidermal T cells from β2-microglobulin knock-out 3 

B6.129-B2mtm1Jae N12 mice   4 

(a) Single-cell suspensions were prepared from epidermal ear sheets from control B6.129-5 

B2mtm1Jae N12 mice (OOA) and B6.129-B2mtm1Jae N12 mice exposed to DNFB (DNFB). The 6 

CD3ε+ cells were analyzed for their expression of TCRβ and CD4 by flow cytometry. (b) Fraction 7 

of CD4+ T cells of the total number of epidermal T cells. (c) CD69 and CD103 expression on CD4+ 8 

T cells from epidermal ear sheets after exposure of the mice to DNFB. In a and c, the mean percent-9 

age ± SD of cells within each quadrant is indicated. (d) Fraction of CD69+CD103+ CD4+ T cells. 10 

The data in b and d were obtained from two independent experiments with five mice in each group. 11 

The bars give the mean value and the filled symbols represent the individual mice. Significance was 12 

determined by t-test. 13 
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Fig. S4. Flow cytometric analyses of epidermal T cells from TCRδ knock-out B6.129P2-1 

Tcrdtm1Mom/J mice   2 

(a) Single-cell suspensions were prepared from epidermal ear sheets from control B6.129P2-3 

Tcrdtm1Mom/J mice (OOA) and B6.129P2-Tcrdtm1Mom/J mice exposed to DNFB (DNFB). The CD3ε+ 4 

cells were analyzed for their expression of TCRβ and CD4 by flow cytometry. (b) Fraction of CD4+ 5 

T cells of the total number of epidermal T cells. (c) CD69 and CD103 expression on CD4+ epider-6 

mal T cells from mice exposed to OOA or DNFB. (d) Fraction of CD69+CD103+ CD4+ epidermal T 7 

cells. (e) Analyses of the expression of CD4 and CD8 on TCRβ + epidermal T cells from control 8 

B6.129P2-Tcrdtm1Mom/J mice (OOA, first row) and B6.129P2-Tcrdtm1Mom/J mice exposed to DNFB 9 

(DNFB, second row). (f) CD69 and CD103 expression on CD4-CD8-TCRβ+ epidermal T cells after 10 

exposure of the mice to OOA or DNFB. In a, c, e and f the mean percentage ± SD of cells within 11 

each quadrant is indicated. (g) Fraction of CD69+CD103+ CD4-CD8-TCRβ+ epidermal T cells. The 12 

data in b, d and g were obtained from two independent experiments with five mice in each group. 13 

The bars give the mean value and the filled symbols represent the individual mice. Significance was 14 

determined by t-test. 15 
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Fig. S5. Flow cytometric analysis of isolated T cell subsets  3 

(a) Vγ3+TCRγδ+ and (b) CD8+TCRβ+ cells were isolated from single-cell suspension from epider-4 

mal sheets by fluorescence-activated cell sorting and tested for purity by staining with anti-Vγ3, 5 

anti-TCRγδ, anti-CD8a and anti-TCRβ antibodies. The percentage of DETC (Vγ3+TCRγδ+ cells) 6 

and CD8+ TRM cells (CD8+TCRβ+ cells) is given in the relevant squares. 7 
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