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SUMMARY

Restoration of barrier-tissue integrity after injury is
dependent on the function of immune cells and
stem cells (SCs) residing in the tissue. In response
to skin injury, hair-follicle stem cells (HFSCs), nor-
mally poised for hair generation, are recruited to the
site of injury and differentiate into cells that repair
damaged epithelium. We used a SC fate-mapping
approach to examine the contribution of regulatory
T (Treg) cells to epidermal-barrier repair after injury.
Depletion of Treg cells impaired skin-barrier regener-
ation and was associated with a Th17 inflamma-
tory response and failed HFSC differentiation. In this
setting, damaged epithelial cells preferentially ex-
pressed the neutrophil chemoattractant CXCL5, and
blockade of CXCL5 or neutrophil depletion restored
barrier function andSCdifferentiation after epidermal
injury. Thus, Treg-cell regulation of localized inflam-
mation enables HFSC differentiation and, thereby,
skin-barrier regeneration, with implications for the
maintenance and repair of other barrier tissues.

INTRODUCTION

Specific epidermal stem cell (SC) compartments contribute to

maintaining skin-barrier integrity over the lifetime of mammals

by replacing cells that are lost during homeostatic turnover or

after skin injury. SCs located within the basal layer of the

epidermis contribute to the maintenance of the skin barrier,

whereas hair-follicle stem cells (HFSCs), located within the per-

manent portion of the hair-follicle bulge region, contribute to

cyclic rounds of hair generation (Blanpain and Fuchs, 2006). In

the steady state, these SC pools generate epithelium that has

distinct biologic functions. However, after injury, HFSCs are re-

cruited to support regeneration of the damaged epithelium (Ito

et al., 2005; Levy et al., 2007). The rapid response of these cells

ensures re-establishment of barrier function, thereby limiting

infection and insensible water loss (Ito et al., 2005). Thus, HFSCs

are normally poised for hair regeneration but can differentiate

into epithelial cells that facilitate barrier repair.
Although mechanisms that control HFSC function during hair

generation are fairly well established, the specific cell types

andmolecular pathways that govern HFSC-lineage commitment

to cells of the interfollicular stratified epithelium during epidermal

repair are largely unknown. In contrast to hair-follicle cycling,

epithelial injury in skin is a highly inflammatory process (Gregorio

et al., 2010). Thus, it is plausible that tissue-resident immune

cells influence HFSC-lineage fate decisions during epidermal

regeneration after injury.

We have previously shown that Treg cells localize to the hair-

follicle niche in the steady state (Scharschmidt et al., 2017). In

theabsenceof skin injury, Treg-cell expressionof theNotch ligand

Jagged1 (Jag1) promotes HFSC proliferation and differentiation

during hair generation. These findings suggest that Jag1+ Treg

cells influence HFSC-niche signals that are required for efficient

hair generation (Ali et al., 2017). Here, we examined the impact

of Treg cells on the HFSC response to acute epithelial injury. We

found that Treg cells control a specific IL-17-CXCL5 (interleukin-

17 C-X-C motif chemokine ligand 5)-neutrophil axis of inflamma-

tionduringbarrier repair. Treg-cell-mediatedcontrol of this inflam-

matory axis facilitated the differentiation of HFSCs into epithelial

cells necessary for repair of the epidermis after injury.
RESULTS

Model of Epidermal Barrier Regeneration
We set out to determine if Treg cells influence SC biology during

skin-barrier repair. To do so, we employed a well-established

model of subacute skin injury (Figure S1A) (Gregorio et al.,

2010). In this model, the stratum corneum is physically disrupted

through repeated applications of adhesive tape (tape stripping)

while leaving the underlying dermis and subcutaneous tissues

relatively unaffected. This insult incites a highly orchestrated

and evolutionarily conserved program of epidermal regenera-

tion, characterized by keratinocyte proliferation andHFSC differ-

entiation, culminating in a restoration of barrier function (Elias,

2005). Water loss through the skin (transepidermal water loss,

TEWL) is a specific measure of barrier integrity in which exces-

sive losses indicate poor stratum-corneum function (Gregorio

et al., 2010; Jin et al., 2009; Sano et al., 2005). A return to base-

line levels of water loss after tape stripping signified a complete

restoration of the skin barrier and occurred within 6 days after

injury (Figure S1B). Consistent with recovery, expression of key
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Figure 1. Regulatory T (Treg) Cells Facilitate Epidermal Regeneration after Injury

(A) Schematic showing diphtheria toxin (DT) administration schedule after skin-barrier disruption. Control (Cntrl) animals are DT-treated WT mice or FoxP3DTR

littermates not given DT.

(B) Transepidermal water loss (TEWL) on the indicated days of recovery.

(C) qRT-PCR of epidermal differentiation genes normalized to b2m (beta-2-microglobulin) during barrier regeneration from the affected back skin of Cntrl and

Treg-cell-depleted mice.

(D and E) Representative histology 2 days after barrier injury (D) and quantification of epidermal thickness of affected back skin of Cntrl and Treg-cell-depleted

mice throughout the course of barrier repair (E).

Results in (B) are representative of >10 experiments (n = 2–4 mice per group). Results in (D) and (E) are representative of 3 experiments (n = 3 mice per group).

Scale bar in (D) represents 50 mm. See also Figures S1 and S2.
epidermal-differentiation genes that are necessary for stratum-

corneum formation were diminished early after injury and

restored to basal levels over time (Figure S1C) (Elias, 2005). Dur-

ing the recovery phase, Treg cells in skin significantly accumu-

lated, reaching peak numbers approximately 7 days after injury

(Figures S1D and S1E). While Treg cells maximally accumulated

7 days after injury, these cells were highly activated early during

barrier repair, indicated by peak expression of the proliferation

marker Ki-67 on day 2 of recovery (Figures S1F and S1G). We

have previously shown that Treg cells preferentially localize to

hair follicles in mouse and human skin (Ali et al., 2017; Gratz

et al., 2013; Scharschmidt et al., 2015). Although Treg cells accu-

mulated in the tissue during barrier regeneration, 50%–95% of

cells remained localized within 20 mm of an HF throughout the

repair process (Figures S1H and S1I). Collectively, these results
656 Immunity 50, 655–667, March 19, 2019
indicate that Treg cells accumulate during epidermal repair and

remain in close proximity to HFs.

Treg Cells Facilitate Skin-Barrier Regeneration
To determine if Treg cells influence barrier regeneration, we uti-

lized mice transgenic for the diphtheria toxin receptor (DTR)

under the control of the FoxP3 promoter (FoxP3DTR) (Kim

et al., 2007). These mice allowed for selective and inducible

depletion of Treg cells in skin after administration of diphtheria

toxin (DT) (Figure S2A). When compared to control mice (either

DT-treated wild-type [WT] or untreated FoxP3DTR littermates),

FoxP3DTR mice treated with DT (i.e., Treg-cell-depleted mice)

during the recovery phase had sustained TEWL throughout

the entire period of epidermal regeneration (Figure 1B). In

addition, Treg-cell-depleted mice had reduced expression of
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Figure 2. Treg Cells Preferentially Regulate Th17 and Neutrophil Accumulation in Skin Early during Barrier Repair

(A) Representative flow cytometry plots of IL-17A+ CD4+ (Th17) and IFN-g+ CD4+ (Th1) T cells in skin after PMA and ionomycin stimulation of single-cell sus-

pensions 4 days after skin-barrier disruption.

(B and C) Quantification of Th17 (B) and Th1 (C) cells of Treg-cell-depletedmice following skin injury compared to Treg-cell-sufficient cntrls (Cntrl) at the indicated

times of barrier recovery.

(D) Representative flow cytometry plots of CD11b+ Ly6G+ cells (neutrophils) in the skin 4 days after injury. Plots are pre-gated on live CD45+ cells.

(E) Percent of CD45+CD11b+Ly6G+ neutrophils in skin at the indicated times of barrier recovery.

(F) Percent of IL-17+ CD4+, CD8+, and gd T cells in the skin of Cntrl and Treg-cell-depleted mice after PMA and ionomycin stimulation of single-cell suspensions

4 days after skin-barrier disruption.

(G) Absolute number of the indicated cell types in the skin of Cntrl and Treg-cell-depleted mice 4 days after injury.

d4, day 4; d7, day 7; uninj, uninjured skin. For all relevant panels, error bars are ±SEM. n.s., no significance; *p < 0.05; **p < 0.01; ***p < 0.001 according to a

Student’s t test. n = 3 mice per group. Data are pooled (B, C, and E) or representative (F–H) of two independent experiments. See also Figure S3.
epidermal-differentiation genes required for stratum-corneum

formation, accompanied by a marked attenuation of epidermal

thickening when compared to control mice (Figures 1C–1E

and S2B). In contrast, Treg-cell depletion alone had no effect

on skin-barrier function in the absence of epidermal injury,

as evidenced by the lack of change in TEWL between Treg-

cell-sufficient and Treg-cell-depleted animals (Figure S2C).

Taken together, these results suggest that Treg cells facilitate

epidermal repair but are dispensable for maintaining barrier

homeostasis.

Treg Cells Preferentially Attenuate IL-17-Associated
Inflammation Early During Epidermal Regeneration
We hypothesized that Treg cells facilitate epidermal regeneration

by preferentially regulating specific inflammatory pathways. To

determinewhich immunepathwaysTregcells control,wecompre-

hensively quantified immune-cell infiltrates in skin of Treg-cell-
depleted and Treg-cell-sufficient control mice throughout the

skin-barrier recovery period. After epidermal injury in Treg-cell-

sufficient control mice, the percentages of IL-17A- and IFN-g-

producing CD4+ (cluster of differentiation 4) cells weremaintained

at similar levels to those observed in uninjured mice (Figures 2A–

2C). In contrast, Treg-cell-depleted mice had a preferential

accumulation of IL-17A-producing CD4+ T cells (Th17 cells) peak-

ing early during barrier recovery, which was followed by an

accumulation of IFNg-producing CD4+ T cells (Th1 cells) later

during recovery (Figures 2A–2C). Consistent with the early accu-

mulation of Th17 cells, we observed an increased accumulation

of neutrophils early in the recovery phase in Treg-cell-depleted

mice (Figures 2D and 2E). There were no differences in IL-17A or

IFN-g production from cutaneous CD8+ or gd T cells between

Treg-cell-sufficient and Treg-cell-depleted animals, and we did

not observe any appreciable amounts of Th2 cytokines (IL-5 and

IL-13) being produced by effector T (Teff) cells (Figures 2F and
Immunity 50, 655–667, March 19, 2019 657



S3). No differences in the numbers of myeloid mononuclear cells

(CD11b+ Ly6Chigh andCD11b+ Ly6Clow), dendritic cells (CD11chigh

MHC II+), CD8+ T cells, or gd T cells were observed between Treg-

cell-sufficient and Treg-cell-depleted mice early during epidermal

regeneration (Figures 2F, 2G, and S3A). However, there was a

reproducible, but non-statistically significant, trend toward an

increased percentage of CD4+FoxP3� Teff cells in the skin of

Treg-cell-depleted mice compared to that of controls (Figure 2G).

Taken together, these results indicate that Treg cells preferentially

limit Th17 and neutrophil accumulation early during barrier repair

and Th1 cells later in this process.

HFSCs Are Recruited to Repair the Epidermis after
Injury
HFSCs play a major role in repairing the epidermis after injury

(Ito and Cotsarelis, 2008; Ito et al., 2005). Given that Treg cells

facilitate epidermal regeneration (Figure 1), localize to the

HFSC niche (Gratz et al., 2013; Sanchez Rodriguez et al.,

2014), and promote HFSC differentiation during hair-follicle

cycling (Ali et al., 2017), we hypothesized that Treg cells facil-

itate epithelial repair by influencing the function of HFSCs. To

test this, we utilized a Leucine-rich G-protein-coupled receptor

(Lgr5) lineage-tracing approach in which Lgr5 labels a subset

of HFSCs (Jaks et al., 2008). After skin injury, a subset of cells

derived from HFSCs emigrate from the hair-follicle bulge and

participate in the repair of the upper hair follicle and interfollic-

ular epidermis (IFE) (summarized in Figure 3A) (Brownell et al.,

2011; Ito et al., 2005; Tumbar et al., 2004). We used Lgr5-

tdTomato (Lgr5-tdTom) reporter mice, which allows for the

permanent labeling of Lgr5+ cells and their progeny with

tdTom after administration of tamoxifen (Jaks et al., 2008) (Fig-

ure 3B). This enabled us to track Lgr5-derived progeny by

immunofluorescence (IF) microscopy and isolate labeled cells

for flow cytometric and transcriptome analyses. To determine

if Lgr5+ SCs contribute to epidermal repair, Lgr5-tdTom mice

were injected with tamoxifen on day 0 of epidermal injury

and migration of tdTom+ cells was quantified by IF microscopy

2, 4, and 7 days after barrier injury (Figure 3C). Lgr5-derived

cells migrated into the upper hair follicle and IFE, peaking

4 days after injury (Figures 3D and 3E). In contrast, Lgr5-

derived cells in uninjured mice remained restricted to the

hair-follicle bulge (Figures 3D and 3E). To ensure that tamox-

ifen used to label Lgr5 cells specifically labeled HFSCs and

not an epidermal-cell population that might transiently express

Lgr5 in response to inflammation, Lgr5-tdToma mice were

treated with tamoxifen 7 days before epidermal injury (Fig-

ure S4A). This allowed for labeling of Lgr5 cells well in advance

of barrier disruption. Based on the known kinetics of tamoxifen

metabolism in mice (Robinson et al., 1991; Wilson et al., 2014),

this longer time frame between SC labeling and skin-barrier

injury ensured that any non-HFSCs that might transiently ex-

press Lgr5 upon skin injury were not erroneously labelled

and traced. After tamoxifen labeling and skin-barrier injury

7 days later, animals were harvested 2, 4, and 7 days after bar-

rier injury. Similar to our results in Figure 3C, Lgr5-derived cells

again migrated into the IFE, peaking 4 days after injury (Fig-

ures S4B and S4C). These results demonstrate that Lgr5 faith-

fully labels HFSCs despite inflammation caused by skin-barrier

disruption.
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Treg Cells Promote HFSC Migration and Differentiation
during Epidermal Regeneration
To determine if Treg cells promote the egress of keratinocytes

derived from HFSCs during epidermal repair, we crossed Lgr5-

tdTom mice to FoxP3DTR mice. The resultant Lgr5-tdTom-

FoxP3DTR strain enabled comprehensive quantification of Lgr5-

expressing SC progeny in the presence or absence of Treg cells.

The epidermis of Lgr5-tdTom-FoxP3DTR mice was injured by

repetitive tape stripping. On day 0 of the recovery phase, Lgr5-

expressing HFSCs were labeled with tamoxifen, and Treg cells

were depleted by administration of DT. Experimental mice

were compared to tamoxifen-labeled non-DT-treated Lgr5-

tdTom-FoxP3DTR littermate controls (Treg-cell-sufficient mice)

(Figure 4A). The migration of Lgr5 SC progeny in the presence

and absence of Treg cells was quantified 4 days after injury, a

time when Th17 and neutrophil influx is maximally attenuated

by Treg cells (Figures 2A–2E) and Lgr5-derived cells maximally

contribute to epidermal repair (Figures 3D and 3E). In Treg-

cell-sufficient mice, we consistently observed Lgr5-derived cell

emigration from the hair-follicle bulge to regions of the upper

hair follicle and IFE after injury (Figures 4B and 4C). In striking

contrast, Lgr5-derived cells from Treg-cell-depleted animals

remained almost entirely confined to the hair-follicle bulge region

(Figures 4B and 4C), resembling the localization pattern seen in

uninjured animals (Figure 3D). To ensure that DT itself did not

affect the cellular pool or migration of Lgr5-traced cells,

FoxP3DTR-negative/Lgr5-tdTom mice were treated as in Fig-

ure 2A and harvested 4 days later. The contribution of Lgr5-

traced cells into the IFE was comparable between DT-treated

and untreated mice (Figures S4D and S4E). These results indi-

cate that DT alone does not affect the migration of Lgr5-derived

cells during barrier regeneration. Collectively, our results high-

light a critical role for Treg cells in promoting the migration of

HFSC progeny to repair injured epidermis.

We hypothesized that Treg cells promote the migration of

Lgr5-derived cells into the upper epidermis after injury by facili-

tating their differentiation toward keratinized epithelial cells. To

test this, we used fluorescence-activated cell sorting (FACS) to

sort Lgr5-derived tdTom+ cells during the recovery phase from

Treg-cell-sufficient and Treg-cell-depleted mice and performed

whole-transcriptome RNA sequencing (Figures 4D–4F).

Recently, the heterogeneity of murine epidermal transcriptomes

has been dissected into distinct follicular and interfollicular

subsets at the single-cell level (Joost et al., 2016). Utilizing

this resource, we assessed all differentially regulated genes

(>2-fold change; padj < 0.05) in our dataset for transcripts prefer-

entially expressed in the IFE, upper hair follicle, and bulge

region. Lgr5-derived cells from Treg-cell-sufficient mice prefer-

entially expressed IFE and upper-hair-follicle signatures (Figures

4D–4F). Increased expression of genes such as keratin 1 and

involucrin suggest these cells are skewed toward a terminally

differentiated keratinized epithelium, a phenotype essential for

barrier function and consistent with the localization pattern of

Lgr5-derived cells by IF (Figure 4B). In contrast, Lgr5-derived

cells from Treg-cell-depleted mice expressed higher levels of

bulge-associated genes, including cd34, cd200, and postn (Fig-

ures 4D–4F).

Of note, Lgr5-derived cells from mice sufficient in Treg cells

lost expression of the SC marker CD34 as they migrated and
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Figure 3. Lgr5-Derived HFSCs Contribute to Epidermal Repair

(A) Diagram of hair-follicle anatomy. After epidermal injury, cells derived from HFSCs located in the bulge region migrate into the upper hair follicle (isthmus and

infundibulum) and IFE to participate in epithelial repair.

(B) Schematic of Lgr5-tdTom mice. Lgr5 drives expression of eGFP and a tamoxifen-inducible Cre (CreERT2). These mice are crossed to R26-tdTom mice.

Injection with tamoxifen allows for inducible and permanent labeling of Lgr5+ SCs and their progeny.

(C) The back skin of Lgr5-tdTommicewas injured (as in Figure S1A) and injectedwith tamoxifen on day 0.Micewere harvested on days 2, 4, and 7 of recovery and

compared to uninjured Lgr5-traced mice.

(D) Representative high-power images of Lgr5-traced cells in the bulge, upper hair follicle, and IFE during barrier regeneration compared to uninjured control.

(E) Quantification of Lgr5-derived cells in the IFE during epidermal repair. Error bars are ±SEM. n.s., no significance; **p < 0.01; ***p <0.001. n = 2–4 mice per

group. Infund., infundibulum.
differentiated into keratinized epithelial cells (Figure 4F). Loss of

CD34 expression in HFSCs has previously been correlated with

rapid keratinocyte differentiation (Castilho et al., 2009). Consis-

tent with this finding, epidermal disruption in WT mice resulted

in the progressive loss of CD34+ keratinocytes during repair

compared to uninjured controls (Figures 4G, 4H, S5A, and

S5B). In contrast, Treg-cell depletion during barrier repair re-

sulted in the retention of a higher proportion of CD34-expressing

keratinocytes when compared to Treg-cell-sufficient controls

(Figures 4G, 4H, S5A, and S5B), suggesting a relative retention

of bulge SC identity throughout barrier repair. Progressive loss

of CD34 expression during epithelial repair was not only

observed from the total pool of keratinocytes, but also specif-

ically observed in Lgr5-traced cells as well (Figures S5C and
S5D). In contrast, mice lacking in Treg cells retained a higher pro-

portion of Lgr5-traced cells expressing CD34 (Figures S5C and

S5D). Taken together, these results suggest that the loss of

CD34+ keratinocytes throughout skin-barrier recovery reflects

a loss of HFSC identity, because these cells differentiate and

contribute to the repair of the epidermis, and that Treg cells

play a critical role in this process.

Although Treg cells influenced HFSC migration and differenti-

ation during epidermal repair, we observed that the lack of Treg

cells minimally affected HFSC proliferation, as measured by

Ki-67 staining of Lgr5-labelled cells during skin-barrier repair

(Figures S5E and S5F). There was a reproducible, but not

statistically significant, trend toward a reduced number of Ki-

67+ Lgr5-derived cells in mice lacking Treg cells 4 days after
Immunity 50, 655–667, March 19, 2019 659
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(A) Schematic showing DT and tamoxifen (Tam) administration in Lgr5-tdTom-FoxP3DTR mice during skin-barrier recovery for experiments described in (B)–(F).

Mice are compared to tamoxifen-labeled non-DT-treated littermates and harvested 4 days after skin-barrier disruption.

(B) Representative images demonstrating the patterns of SC progeny (tdTom+ cell) localization in the skin of tamoxifen-labeled Lgr5-SC-lineage-tracing mice

after injury. Mice either have a sufficient amount (�DT) or are depleted (+DT) of Treg cells.
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(legend continued on next page)
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epidermal injury. Furthermore, there were minimal differences in

the expression of cell-cycle-associated genes of Lgr5-traced

cells from mice sufficient or lacking in Treg cells (Figure S5G).

Taken together, these results indicate that Treg cells play amajor

role in facilitating the migration and differentiation of HFSC-

derived cells in attempts to repair the epithelium after injury

and play a minor role in the proliferative potential of HFSCs dur-

ing barrier regeneration.

Treg Cells Preferentially Regulate CXCL5 Expression
from Interfollicular Epidermal Cells during Repair
We next set out to elucidate the cellular and molecular mecha-

nisms responsible for Treg-cell-mediated control over HFSC

function. We were intrigued by the preferential suppression of

Th17 cells and neutrophil accumulation in skin mediated by

Treg cells early during the barrier recovery period (Figures 2A–

2E). Inflammation has been shown to enhance the regenerative

capacity of tissues by clearing apoptotic cells and debris, as

well as activating mechanisms of tissue remodeling (Aurora

and Olson, 2014; Karin and Clevers, 2016). However, excessive

inflammation can lead to further tissue damage through the

release of mediators that inhibit regeneration or tissue-SC acti-

vation, such as IL-1, TNF-a (tumor necrosis factor alpha), IL-6,

and IL-17 family members (Aurora and Olson, 2014; Doles

et al., 2012; Karin and Clevers, 2016). We hypothesized that

Treg cells regulate specific immune-cell recruitment in skin,

thereby enabling the epidermis to effectively regenerate after

injury. To test this hypothesis, we took a discovery-based

approach to determine which chemokine ligands were preferen-

tially regulated by Treg cells in skin during epidermal-barrier

recovery. Utilizing a qRT-PCR-based chemokine-expression

array, we first determined which C-C and C-X-C chemokine

ligands were expressed in skin during epidermal repair. 4 days

after epidermal injury, we observed minimal differences in

expression of specific chemokines between the skin of injured

and uninjuredWTmice (Figures 5A and 5B). This result is consis-

tent with the minimal inflammatory-cell recruitment observed in

both injured and uninjured WT mice (Figures 2A–2E) and

suggests that, in the presence of Treg cells, there is minimal

immune-cell recruitment to skin at this time of barrier recovery.

In contrast, there was a pronounced and highly preferential in-

crease in expression of the chemokine cxcl5 in Treg-cell-

depleted mice (Figures 5C and 5D). Injured mice whose Treg
(D) FACS-purified tdTom+ cells from DT-treated (Treg-cell-depleted) or untrea

sequencing. Comparison plots of normalized gene expression of tdTom+ cells is

mice. Blue dots represent genes with a padj value < 0.05 and >2-fold difference

(E) Volcano plot comparing the padj value versus fold change for tdTom+ cells is

mice. Blue dots represent genes with a padj value < 0.05 and >2-fold differences

(F) Heatmap of gene transcripts of tdTom+ cells isolated from Treg-cell-sufficien

expressed geneswith a padj value < 0.05, fold change differences >2, and predom

et al., 2016).

(G) Cntrl and FoxP3DTR mice were treated as diagramed in Figure 1A and compa

11 days after epidermal injury. Plots are pre-gated on live CD45-negative epider

(H) Percentage of CD34+ epidermal cells in uninjured Cntrl mice compared to bar

also Figure S5.

For all relevant panels, error bars are ±SEM. *p < 0.05; **p < 0.01; **** p < 0.000

representative of >8 independent experiments (n = 2–4mice per group); (D)–(F) are

(H) (right panel) are pooled data from 3 independent experiments (n = 2–4 mice

represents 100 mm; red, tdTom+ Lgr5 SC progeny; blue, DAPI (40,6-diamidino-2-
cells were depleted during the recovery phase had a >200-fold

increase in cxcl5 in skin when compared to injured Treg-cell-

sufficient control mice, with minimal increases in expression of

other chemokines (Figures 5C and 5D). Interestingly, selective

regulation of cxcl5 expression by Treg cells was only observed

during the period of barrier regeneration, as there was low-level

expression of several chemokines (including cxcl5) in Treg-cell-

depleted mice compared to Treg-cell-sufficient controls in the

absence of injury (Figures 5E and 5F). To determine the predom-

inant cellular sources of CXCL5, epidermal cells from control and

Treg-cell-depleted mice were FACS sorted into specific kerati-

nocyte and immune-cell populations as previously described

(Nagao et al., 2012) (shown in Figures 5G and S5A). CXCL5

was quantified from purified epidermal-cell populations with

qRT-PCR. Notably, IFE keratinocytes were the dominant source

of CXCL5 in Treg-cell-depletedmice compared to barrier-injured

controls. Taken together, these data suggest that Treg cells pref-

erentially suppress CXCL5 expression from IFE keratinocytes

during epidermal regeneration.

Neutralization of the IL-17-CXCL5-Neutrophil Axis
Partially Restores HFSCActivation during Barrier Repair
in the Absence of Treg Cells
CXCL5 is an epithelial-derived chemokine that can be induced

by IL-17A (Guilloteau et al., 2010) and is a known regulator of

neutrophil accumulation into tissues, including the lung and gut

(Balamayooran et al., 2012; Rousselle et al., 2013). High expres-

sion of this chemokine in skin of Treg-cell-depleted mice corre-

lated with a large accumulation of Th17 cells and neutrophils

observed early during barrier repair (Figures 2A–2E).

To determine if regulation of CXCL5 expression is a major

mechanism by which Treg cells facilitate epidermal regenera-

tion, we neutralized CXCL5 function in Treg-cell-depleted mice

using an anti-CXCL5 monoclonal antibody (a-CXCL5 mAb) (Jia

et al., 2016; Rousselle et al., 2013). Treg-cell-depleted mice

were administered either an a-CXCL5 mAb or isotype control

antibody during the recovery phase after epidermal injury.

Neutrophil accumulation, skin-barrier function, and HFSC differ-

entiation were quantified 4 days after injury. Neutralization of

CXCL5 significantly reduced the percentage and absolute num-

ber of neutrophils infiltrating skin during epithelial regeneration

(Figures 6A and 6B). In addition, neutralization of this single che-

mokine in Treg-cell-depleted mice resulted in partial restoration
ted Lgr5-tdTom-FoxP3DTR (Treg-cell-sufficient) mice were analyzed by RNA

olated from Treg-cell-sufficient and Treg-cell-depleted Lgr5-tdTom-FoxP3DTR

in gene expression between groups.

olated from Treg-cell-sufficient and Treg-cell-deficient Lgr5-tdTom-FoxP3DTR

in gene expression between groups.

t and Treg-cell-depleted Lgr5-tdTom-FoxP3DTR mice focusing on differentially

inant expression in either the bulge or IFE (upper hair follicle) in adult mice (Joost

red to uninjured WT mice. Representative plots of CD34+ cells in the epidermis

mal cells.

rier-disrupted cntrl and Treg-cell-depleted mice 5 and 11 days after injury. See

1 by Student’s t test or by one-way ANOVA for (H). Results in (B) and (C) are

representative of 2 independent experiments (n = 2mice per group). Results of

per group) and representative of 2 experiments (left panel). Scale bar in (B)

phenylindole).
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of TEWL (Figure 6C). To determine if CXCL5 neutralization in

Treg-cell-depleted animals could restore Lgr5-derived cell

migration during repair, we induced epidermal injury in Lgr5-

tdTom-FoxP3DTR mice, depleted Treg cells, and treated with

a-CXCL5 mAb or isotype control. After labeling Lgr5 SCs with

tamoxifen, we tracked the localization of Lgr5-cell progeny in

the epidermis. Neutralization of CXCL5 partially restored the

egress of Lgr5-SC progeny into the upper hair follicle and IFE

(Figures 6D and 6E). Consistent with these results, treatment

with a-CXCL5 mAb resulted in reduced keratinocyte expression

of the SCmarker CD34 (Figures 6F and 6G), indicating a restora-

tion of HFSC differentiation (see above; Figures 4F–4H and S5).

Taken together, these results indicate that the predominant

pathway regulated by Treg cells during skin-barrier recovery in-

volves CXCL5 and that neutralization of this chemokine is

capable, at least in part, of restoring the defects in HFSC differ-

entiation and skin-barrier function observed in the absence of

Treg cells. To determine if keratinocytes might directly respond

to CXCL5 to limit SC activation in Treg-cell-depleted mice, the

expression of the CXCL5 receptor cxcr2 was quantified in both

Lgr5-traced cells (Figure S6A) and bulk keratinocytes (Fig-

ure S6B) in the presence or absence of Treg cells. These results

revealedminimal to no expression of cxcr2 in keratinocytes, indi-

cating that this chemokine is most likely not directly influencing

epidermal-cell function in our model.

IL-17A can promote CXCL5 expression in damaged epithelial

tissues and promotes neutrophil recruitment during inflamma-

tion (Balamayooran et al., 2012; Guilloteau et al., 2010; Mei

et al., 2012). Thus, in addition to CXCL5, we hypothesized

that regulation of Th17 cells and neutrophils plays a role in

Treg cell-mediated augmentation of HFSC function during

barrier regeneration. To test this, the epidermis of Lgr5-tdTom-

Foxp3DTR mice was disrupted, Lgr5 cells were labeled with

tamoxifen, and Treg cells were depleted as in Figure 4A. On

the days of DT administration, mice were either co-injected

with an IL-17A-neutralizing mAb (a-IL-17) or a neutrophil-

depleting mAb (a-Gr1). Mice were harvested on day 4 and

compared to Treg-sufficient or Treg-depleted littermate con-

trols. IL-17A neutralization or co-depletion of neutrophils in

Treg-cell-depleted mice partially rescued the migration defect

of Lgr5-derived cells into the IFE and TEWL during epidermal

repair (Figures S6C–S6E). Taken together, our results suggest

that a dominant function of Treg cells during epidermal-barrier

repair is to regulate the CXCL5-IL-17A-neutrophil axis.

DISCUSSION

Our results demonstrated that Treg cells play a vital role in

restoring skin-barrier integrity after epidermal injury. These

data add to a growing body of work demonstrating a critical

role for Treg cells in tissue regeneration after acute injury. Others
Figure 5. Treg Cells Preferentially Regulate cxcl5 Expression during E

(Treg-cell-depleted) were treated as in Figure 1A, harvested 4 days aft

(A and B) Scatter plot (A) and quantification (B) of chemokines by qRT-PCR arra

(C and D) Scatter plot (C) and quantification (D) of chemokines from injured Cntr

(E and F) Plot (E) and chemokine quantification (F) of uninjured cntrl and uninjure

(G) cxcl5 expression from the indicated purified epidermal cells. See also Figure

Representative of 2 independent experiments (n = 3 mice per group). Data are ±
have shown that Treg cells accumulate in damaged skeletal

muscle (Burzyn et al., 2013; Castiglioni et al., 2015; Panduro

et al., 2018; Villalta et al., 2014), lung (Arpaia et al., 2015),

heart (Dobaczewski et al., 2010; Weirather et al., 2014), and

central nervous system (Dombrowski et al., 2017) after injury.

These cells act to both limit inflammation and promote tissue

healing through the secretion of regenerative factors (Burzyn

et al., 2013).

Here, we highlight a mechanism by which Treg cells pro-

moted an alternative fate decision for HFSCs, normally poised

for hair generation, to differentiate into stratified epithelium

necessary for skin-barrier repair. While the activating and inhib-

itory signals that influence HFSC function during hair genera-

tion are well characterized (Morrison and Spradling, 2008),

the specific mechanisms that govern HFSC differentiation dur-

ing epithelial repair are less well defined. Signals that balance

HFSC quiescence and differentiation come from micro-environ-

mental cues from a broad array of cell types within the SC

environment (Brownell et al., 2011; Festa et al., 2011; Hsu

et al., 2011; Keyes et al., 2013). We demonstrate that Treg

cells, like other cells within the HFSC niche, regulate key SC

functions. This was, in part, achieved by fine-tuning immune-

cell composition in the skin after barrier injury. We observed

that neutralization of CXCL5 and IL-17A and neutrophil deple-

tion partially restored barrier function and Lgr5-derived cell

migration into the IFE in the absence of Treg cells. The fact

that these processes were not completely restored suggests

that multiple partially redundant mechanisms may be at play

and/or antibody-mediated neutralization of CXCL5 or IL-17A

may be incomplete. Nevertheless, our findings highlight a

dominant role for Treg cells in suppressing the CXCL5/Th17/

neutrophil axis to facilitate HFSC lineage commitment after

epidermal injury.

Treg cells that reside in non-lymphoid organs promote tissue

homeostasis by controlling inflammation, a ‘‘traditional’’ func-

tion of Treg cells. However, these cells can function through

mechanisms that are independent of their ability to regulate

immune cells (Burzyn et al., 2013). Recently, we have shown

that Treg cells in skin facilitate HFSC differentiation during

hair regeneration (Ali et al., 2017). In this relatively non-inflam-

matory context, Treg cells promote ‘‘classical’’ HFSC differen-

tiation toward hair-follicle keratinocyte lineages, at least in part,

through direct interactions with HFSCs. In contrast to hair-

follicle cycling, epidermal injury is highly inflammatory. In this

context, Treg cells regulated a specific inflammatory module

mediated by CXCL5 and promoted HFSC differentiation toward

IFE keratinocytes. Taken together, these results suggest that

Treg cells in peripheral tissues can utilize multiple mechanisms

to influence SC fate commitment, depending upon the inflam-

matory context and specific demands of the tissue. Whether

Treg cells directly interact with other lymphocytes, myeloid
pidermal Barrier Repair Cntrl and DT-administered FoxP3DTR mice

er skin injury, and compared to uninjured mice.

y of uninjured WT versus epidermal-injured WT mice.

l versus injured Treg-cell-depleted mice.

d Treg-cell-depleted mice.

S3A for gating strategy.

SEM. ***p < 0.001 comparing cxcl5 expression in (D) to (F) by Student’s t test.
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Figure 6. CXCL5 Neutralization Restores Skin-Barrier Function and HFSC Differentiation in the Absence of Treg Cells FoxP3DTR mice were

treated as in Figure 1A. Mice were co-administered a-CXCL5 mAb or isotype control with DT on days 0, 1, and 3 and harvested on day 4.

(A) Representative flow cytometry plots of Ly6G+ CD11b+ neutrophils in skin. Plots are pre-gated on live CD45+ cells.

(B) Percent and absolute number of Ly6G+ CD11b+ neutrophils in skin.

(C) TEWL 4 days after epidermal injury in Treg-cell-depletedmice treated with either a-CXCL5 or isotype control antibody compared to injured Treg-cell-sufficient

cntrl mice.

(D) Lgr5-tdTom-FoxP3DTR mice were treated as in Figure 2A and co-administered a-CXCL5 or isotype control mAb with DT on days 0, 1, and 3 of recovery. Mice

were harvested on day 4. Representative IF images of Lgr5-derived cell (tdTom+) localization in the epidermis compared to Treg-cell-sufficient Lgr5-tdTom-

FoxP3DTR mice.

(E) Quantification of Lgr5-derived cell localization in the epidermis of the indicated strains and conditions 4 days after skin injury. tdTom+/HF and tdTom+/hpf are

cell numbers normalized per hair follicle and per high power field, respectively.

(F andG) Representative plots (F) and quantification (G) of CD34+HFSCs in the epidermis of Cntrl and FoxP3DTRmice treatedwith a-CXCL5 or isotype control. For

all relevant panels, error bars are ±SEM. *p < 0.05. Results of (A)–(F) are representative of 3–5 independent experiments (n = 2–4mice per group). Results of (G) are

pooled data from 3 independent experiments. Scale bar in (D) represents 100 mm; red, tdTom+ Lgr5 SC progeny; blue, DAPI.
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cells, and/or keratinocytes to influence HFSC fate during

epidermal regeneration is currently unknown and is the focus

of future investigations.

Although our results show that Treg cells diverted HFSC-line-

age commitment to repair the epidermis after injury, we cannot

completely exclude a role for Treg cells in influencing the IFE

or other stem-progenitor-cell compartments during barrier

regeneration. In addition to suppressing CXCL5 expression, it

is possible that Treg cells promote the secretion of specific

factors from IFE cells that act to mediate HFSC migration out

of the bulge after epidermal injury. In addition, it is likely that

Treg cells act on other SC populations in skin, such as IFE

SCs, that may act immediately after epidermal injury. To deter-

mine how Treg cells globally influence regenerative programs

in the skin, future studies should be aimed at systematically dis-

secting the heterogeneity of skin Treg cells in epithelial-repair

programs. It may be that Treg cells in skin are relatively homog-

enous and the same cells utilize different mechanisms to

mediate different functions in this tissue in different contexts

(i.e., HF cycling versus epidermal repair). Alternatively, it may

be that Treg cells in skin are heterogeneous and different subsets

of cells mediate different functions in specific settings. Currently,

we do not have a comprehensive appreciation of the heteroge-

neity of Treg cells in murine skin and thus can only speculate

on how these cells utilize different mechanisms to influence

epithelial SC function. Nevertheless, our data clearly show a

role for these cells in controlling a specific pathway of immune

activation that facilitated HFSC plasticity after skin injury, which

was necessary to promptly re-establish barrier function in skin.

Pharmacologic and cell-based therapeutic approaches to

augment Treg cells are promising new modalities to treat human

autoimmune and chronic inflammatory diseases (Bluestone

et al., 2006; Spence et al., 2015). Several skin diseases, such

atopic dermatitis, are characterized by both chronic tissue

inflammation and compromised skin-barrier function. Interest-

ingly, patients with dysfunctional Treg cells develop skin dis-

eases that closely resemble atopic dermatitis (Halabi-Tawil

et al., 2009; Martı́n-Santiago et al., 2013; Nieves et al., 2004).

Our results suggest that Treg-cell augmentation may have

benefits in both suppressing skin inflammation and restoring

epidermal-barrier function in patients with atopic dermatitis and

similar skin disorders.
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Antibodies

Anti-Mouse/Rat FoxP3 eFluor 450 eBioscience Cat# 48-5773-82; RRID: AB_1518812

Anti-Human/Mouse Ki-67 PE-Cy7 BD Biosciences Cat# 561283; RRID: AB_10716060

Rabbit anti-GFP Invitrogen Cat# A11122; RRID: AB_2215689

Anti-mouse/human ITGA6 BD Biosciences Cat# 555734; RRID: AB_2296273

Anti-Mouse CD45 Alexa Fluor 700 eBioscience Cat# 56-0451-82; RRID: AB_891454

Brilliant Violet 605 anti-mouse Ly-6A/E (Sca-1) Antibody Biolegend Cat# 108134; RRID: AB_2650926

Anti-Mouse CD34 Alexa Fluor 647 BD Biosciences Cat# 560233; RRID: AB_1645199

Anti-Mouse CD326 (EpCAM) APC-eFluor 780 eBioscience Cat# 47-5791-82; RRID: AB_2573986

Anti-Human/Mouse CD49f (Integrin a 6) FITC eBioscience Cat# 11-0495-82; RRID: AB_11150059

Anti-Mouse TCR gamma delta PerCP-Cy 5.5 Biolegend Cat# 118117; RRID: AB_10612572

Brilliant Violet 605 anti-mouse CD8a Antibody Biolegend Cat# 100743; RRID: AB_2561352

Brilliant Violet 650 anti-mouse CD4 Antibody Biolegend Cat# 100545; RRID: AB_11126142

Anti-Mouse CD11b APC eFluor 780 eBioscience Cat# 47-0118-42; RRID: AB_10718407

Brilliant Violet 650 anti-mouse CD11c Antibody Biolegend Cat# 117339; RRID: AB_2562414

Anti-Mouse Ly-6G PE-Cy7 BD Biosciences Cat# 560601; RRID: AB_1727562

Brilliant Violet 605 anti-mouse Ly-6C Antibody Biolegend Cat# 128035; RRID: AB_2562352

Purified Rat Anti-Mouse CD16/CD32 BD Biosciences Cat# 553141; RRID: AB_394656

Anti-Mouse IFN-gamma FITC BD Biosciences Cat# 554411; RRID: AB_395375

Anti-Mouse MHC Class II (I-A/I-E) eFluor 450 eBioscience Cat# 48-5321-80; RRID: AB_1272241

Anti-Mouse IL-5 PE BD Biosciences Cat# 554395; RRID: AB_395364

Anti-Mouse IL-13 eFluor 450 eBiosciences Cat# 48-7133-82; RRID: AB_11219690

Anti-Mouse IL-17A Pe-Cy7 Biolegend Cat# 506921; RRID: AB_2125011

Living Colors DsRed Polyclonal Antibody Clontech Cat# 632496; RRID: AB_10013483

Goat anti-Rabbit Alexa 555 F’ab Fragment IgG Invitrogen Cat# A-21430; RRID: AB_1500773

Anti-Mouse Ki-67 FITC eBiosciences Cat# 11-5698-82; RRID: AB_11151330

In vivo mAb anti-CXCL5 R&D Systems Cat# mAb 433; RRID: AB_2086587

In vivo mAb anti-Gr1 Sigma-Aldrich Cat# mAb F474

In vivo mAb anti-IL-17A R&D Systems Cat# mAb 421; RRID: AB_2125018

In vivo mAb rat IgG2B isotype control R&D Systems Cat# mAb 0061; RRID: AB_357350

Chemicals, Peptides, and Recombinant Proteins

Collagenase from Clostridium histolyticum, Type XI Sigma-Aldrich Cat# C9407

DNase Sigma-Aldrich Cat# DN25

Hyaluronidase from bovine testes Sigma-Aldrich Cat# H3506

Cell Stimulation Cocktail (5003) Tonbo Biosciences Cat# TNB-4975

Diphtheria Toxin from Corynebacterium diphtheriae Sigma-Aldrich Cat# D0564

Shurtape Adhesive Tape https://www.amazon.com/

Tamoxifen Sigma-Aldrich Cat# T5648

Ghost Dye Violet 510 Live/Dead Stain Tonbo Biosciences Cat# 13-0870-T100

0.5% Trypsin-EDTA (103), no phenol red ThermoFisher Cat# 1540054

Critical Commercial Assays

PureLink RNA Mini Kit ThermoFisher Cat# 12183018A

RNeasy Fibrous Tissue Kit Qiagen Cat# 74704

iScript Kit Advanced cDNA Synthesis Kit for RT-qPCR Bio-Rad Cat# 1725038

SsoAdvanced Universal SYBR Green Supermix Bio-Rad Cat# 1725270
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TaqMan Gene Expression Master Mix ThermoFisher Cat# 4369510

Cxcr2 TaqMan Assay ThermoFisher Cat# Mm00438258_m1

Cxcl5 TaqMan Assay ThermoFisher Cat# Mm00436451_g1

Actb TaqMan Assay ThermoFisher Cat# Mm01205647_g1

Beta 2 microglobulin TaqMan Assay ThermoFisher Cat# Mm00437762_m1

Gapdh TaqMan Assay ThermoFisher Cat# Mm00484668_m1

RT2 Profiler PCR Array Qiagen Cat# PAMM-150Z

Deposited Data

Raw Data Files for RNA sequencing of Lgr5-derived cells NCBI Gene Expression Omnibus GEO: GSE127971

Experimental Models: Organisms/Strains

B6.129(Cg)-Foxp3tm3(DTR/GFP)Ayr/J (Foxp3DTR) The Jackson Laboratory Cat# 016958; RRID: IMSR_JAX:016958

B6.Cg-Foxp3tm2Tch/J (Foxp3GFP) The Jackson Laboratory Cat# 006772; RRID: IMSR_JAX:006772

C57BL/6J WT The Jackson Laboratory Cat# 000664; RRID: IMSR_JAX:000664

B6.Lgr5-EGFP-IRES-CreERT2/Rosa26-tdTom Klein Lab Plaks et al., 2013

Oligonucleotides

involucrin (For: 50 – ATGTCCCATCAACACACACTG – 30;
Rev: 50-TGGAGTTGGTTGCTTTGCTTG-30)

IDT This paper

loricrin (For: 50 – GCGGATCGTCCCAACAGTATC – 30 ;
Rev: 50 –TGAGAGGAGTAATAGCCCCCT – 30)

IDT This paper

filaggrin (For: 50 – CTAGAGGGCATGAGTGTAGTCA – 30

Rev: 50 – CAAGACTGGACAGTTGGCTGG – 30);
IDT This paper

keratin 1 (For: 50 – GAGCAGATCAAGTCACTCAATGA – 30;
Rev: 50 – CCCATT TGGTTTGTAGCACCT – 30)

IDT This paper

Software and Algorithms

TopHat Trapnell et al., 2009 https://ccb.jhu.edu/software/tophat/

index.shtml

SAMtools Li et al., 2009 http://www.htslib.org

DESeq2 Anders and Huber, 2010 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

HTSeq Anders et al., 2015 https://www-huber.embl.de/users/

anders/HTSeq/doc/overview.html

R Statistical Computing Software The R Foundation https://www.r-project.org/

GraphPad Prism GraphPad Software, Inc. https://www.graphpad.com/scientific-

software/prism/

FlowJo FlowJo, LLC https://www.flowjo.com/solutions/flowjo

RT2 Profiler Array Online Software Qiagen https://www.qiagen.com/ch/shop/

genes-and-pathways/data-analysis-

center-overview-page/

Spatial signature patterns of Lgr5-derived cells Joost et al., 2016 http://linnarssonlab.org/epidermis

ImageJ NIH Version 1.50i
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael

Rosenblum (michael.rosenblum@ucsf.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Wild type C57BL/6 and FoxP3DTR mice were purchased from The Jackson Laboratory. The generation of Lgr5-EGFP-Ires-CreERT2

mice and the Rosa26-CAG-LSL-tdTom are described elsewhere (Barker et al., 2007; Madisen et al., 2010). These two strains were

crossed and resultant Lgr5-tdTom transgenic mice were provided by the laboratory of Ophir Klein (Plaks et al., 2013). Lgr5-tdTom
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mice were bred to FoxP3DTR mice to develop the Lgr5-tdTom-FoxP3DTR strain. Animal experiments were performed on 7-12 week

old mice. Mice weremaintained through routine breeding at the University of California San Francisco (UCSF) School of Medicine in a

specific pathogen free facility. All animal experiments were performed in accordance with guidelines established by Laboratory

Animal Resource Center (LARC) at UCSF and all experimental plans and protocols were approved by IACUC beforehand.

METHOD DETAILS

Mechanical Injury of Mouse Skin and Transepidermal Water Loss Measurements
Mice backs were shaved and rested for 18–24 h. Baseline transepidermal water loss (TEWL; Tewameter TM 300, Khazaka Electronic)

was measured on four quadrants of back skin. Mechanical injury was applied by tape stripping (Shurtape) 5-7 times per day for three

consecutive days to achieve a TEWL measurement between 40 and 75 gmH20/m2/h averaged over four quadrants of back skin by

the last day of epidermal injury (day 0). During the skin recovery phase, TEWL measurements were taken every other day for up to

eleven days. Mice were sedated with isofluorane during shaving, mechanical injury, and TEWL measurements.

Administration of Diphtheria Toxin, Neutralizing mAbs, and Tamoxifen
Treg cells were depleted from FoxP3DTR or Lgr5-tdTom-FoxP3DTR mice by i.p. injection of DT (30-50 mg/kg body weight; Sigma-

Aldrich) on two consecutive days (day 0 and day 1 of recovery) and every other day (Kim et al., 2007) for up to four injections. Tissues

were harvested on the indicated days as described in Results. Mice were compared to age and gender matched DT-treatedWTmice

or non-DT treated littermates. In experiments using Lgr5-tdTom-FoxP3DTR mice, Cre recombinase was activated with tamoxifen

(Sigma-Aldrich; 2.5 mg i.p. dissolved in corn oil) on day -1 and 0. Mice were treated with a rat anti-mouse CXCL5monoclonal neutral-

izing antibody (R&D systems; mAb 433) (Rousselle et al., 2013) rat anti-mouse Gr1 monoclonal neutralizing antibody (Sigma; RB6-

685), rat anti-mouse IL-17A monoclonal neutralizing antibody (R&D systems; mAb 421)(Choi et al., 2016) or rat IgG2B isotype control

(R&D systems; mAb 0061). Each mouse was administered 40 mg of the indicated antibody by i.p. injection on days 0,1 and 3 and

harvested on day 4.

Cell Preparation from Tissues and Stimulation for Intracellular Cytokine Staining
Single-cell suspensions of skin draining lymph nodes were mechanically dissociated through a 100 mm filter and 2.5 cm2 dorsal skin

was processed as previously described (Gratz et al., 2014). Single cells were washed in tissue culture media and filtered. Cells were

counted using an automated cell counter (NucleoCounter NC 200; Chemomtec) to determine the absolute number of specific cell

populations per unit area of skin by flow cytometry. 2–33 106 single cells were stained for flow cytometry or cultured for intracellular

cytokine staining using a PMA & ionomycin cell stimulation cocktail (Tonbo Biosciences). For experiments using epidermal cell

suspensions, 2.5 cm2 of back skin was harvested. The skin was mechanically defatted using forceps. Skin was placed dermis

side down in a well of a 6-well tissue culture plate with 1.2 mL of Trypsin (0.5%; Gibco) and placed in a 37
�
C CO2 incubator

for 1 h. The epidermis was gently disassociated from the underlying dermis using forceps. Single cells were filtered, counted, and

stained for flow cytometry.

Flow Cytometry
Single-cell suspensions prepared above were pelleted and incubated with anti-CD16/anti-CD32 (UCSF Antibody Core Facility or BD

Bioscences; 2.4G2) in PBS. Cells were washed and stained with Ghost Viability dye (Tonbo Biosciences) in PBS. Following a wash in

PBS, cells were stained for surface markers in PBS containing 2% FCS. For intracellular staining, cells were fixed and permeabilized

with a FoxP3 buffer set (eBioscences). Samples were run on a Fortessa analyzer (BD Biosciences) in the UCSF Flow Cytometry Core

and collected using FACS Diva software (BD Biosciences). Flow cytometry data were analyzed using FlowJo software (Treestar).

Fluorophore-conjugated antibodies specific for mouse surface and intracellular antigens were purchased from eBiosciences, BD

Biosciences and Biolegend and as detailed in the Key Resources Table.

RNA Sequencing Analysis and qRT-PCR
For the analysis of barrier function genes and chemokines, 30 mg of back skin was homogenized in a tissue lyser (gentleMACS;

Miltenyi Biotec). RNA was isolated with the RNeasy fibrous tissue kit (Qiagen) and used to synthesize cDNA with the iScript cDNA

synthesis kit (Biorad). Message levels of barrier function genes were determined using a SYBER Green assay (SSo Advanced

Universal SYBER kit; Biorad). Cycle number of duplicate or triplicate samples were normalized to the expression of the endogenous

control b2m. Primer sequences for the expression of barrier function and control genes are as follows: involucrin (For: 50 – ATGTCC

CATCAACACACACTG – 30; Rev: 50 – TGGAGTTGGTTGCTTTGCTTG – 30); loricrin (For: 50 – GCGGATCGTCCCAACAGTATC – 30 ;
Rev: 50 – TGAGAGGAGTAATAGCCCCCT – 30); filaggrin (For: 50 – CTAGAGGGCATGAGTGTAGTCA – 30 Rev: 50 – CAAGACTGGACA

GTTGGCTGG – 30); keratin 1 (For: 50 – GAGCAGATCAAGTCACTCAATGA – 30; Rev: 50 – CCCATT TGGTTTGTAGCACCT – 30); b2m
(For: 50 – TTCTGGTGCTTGTCTCACTGA – 30; Rev 50 – CAGTATGTTCGGCTTCCCATTC – 30). A mouse chemokine expression array

(Qiagen; RT2 Prolifer PCR Array PAMM150-Z) was used in experiments to detect chemokine expression patterns from skin. All other

real time qPCR experiments utilized FAM labelled gene expression reagents from Thermo Fisher / Applied Biosystems. For RNA

sequencing of Lgr5-derived cells, tdTom+ sorted cell populations from epidermal preparations were flash frozen in liquid nitrogen

and sent overnight on dry ice to Expression Analysis, Quintiles (Morrisville, NC). RNA samples were converted into cDNA libraries
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using the Illumina TruSeq Stranded mRNA sample preparation kit (Illumina). RNA was isolated by Expression Analysis using Qiagen

RNeasy Spin Column and was quantified via Nanodrop ND-8000 spectrophotometer. RNA quality was checked by Agilent

Bioanalyzer Pico Chip. cDNA was created from 220 pg of input RNA with the SMARTer Ultra Low input kit and sequenced to a

25M read depth with Illumina RNASeq. Reads were aligned to Ensembl mg GRCm38.p4 reference genome with TopHat software

(v. 2.0.12). SAM files were generated with SAMtools from alignment results. Read counts were obtained with htseq-count

(0.6.1p1) with the union option. Differential expression was determined using the R/Bioconducter package DESeq2. All differentially

expressed genes (>2 fold; p <0.05) were sequentially evaluated for specific localization patterns of expressionwithin the bulge region,

interfollicular epidermis or upper hair follicle (Joost et al., 2016) (http://linnarssonlab.org/epidermis). Using this resource, all genes

were sequentially probed and aligned to spatial expression patterns described in this manuscript. Our gene set was grossly

partitioned into IFE/UHF versus bulge-associated genes.

Histology and Immunofluorescence Microscopy
For histopathology, skin tissue was fixed in 10% formalin and paraffin-embedded. Tissue was stained with hematoxylin and eosin

(H&E) by the University of California San Francisco Mouse Pathology Core. H&E quantifications of epidermal hyperplasia were

performed using ImageJ64 software (NIH, USA). For immunofluorescent tissue staining, dorsal skin from FoxP3GFP, Lgr5-tdTom,

or Lgr5-tdTom-FoxP3DTR mice was first fixed in 2% PFA for 4 h, washed with PBS and left in 30% sucrose overnight before

embedding in OCT and freezing in a cooled isopentane solution. 10 or 12 mm sections were prepared on SuperFrost slides

(VWR). For detection of tdTom+ cells, slides were stained with rabbit dsRed Polyclonal antibody at 1:500 (Clontech, 632496). Primary

signal was amplified with Goat anti-Rabbit Alexa 555 F’ab Fragment IgG (1:500; Invitrogen). For Ki-67 staining, slides were stained

with an anti-Ki-67monoclonal Ab at 1:50 (eBiosciences, SolA15). Slides were thenwashed in PBS andmountedwith DAPI containing

medium before imaging on a standard fluorescent microscope.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Prism software package 6.0 (GraphPad). p values were calculated using two-tailed

unpaired or paired Student’s t-test or one-way ANOVA and as indicated in the Figure Legends. Mice cohort size was designed to

be sufficient to enable accurate determination of statistical significance and no animals were excluded from the statistical analysis.

Micewere assigned to treatment or control groups randomly. All in vivo experiments used at least two independent cohorts. RNA-seq

experiments were conducted using 2–4 biological samples (as indicated in figure legends) from the indicated cohorts.

DATA AND SOFTWARE AVAILABILITY

The accession number for the RNA sequencing data reported in this paper is GEO: GSE127971.
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