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Abstract

Immune tolerance is maintained in lymphoid organs (LOs). Despite the presence of complex 

immune cell networks in non-LOs, it is unknown if self-tolerance is maintained in these tissues. 

We developed a technique to restrict genetic recombination to regulatory T cells (Tregs) only in 

skin. Selective depletion of skin Tregs resulted in T cell-mediated inflammation of hair follicles 

(HF). Suppression did not rely on CTLA-4, but instead on high affinity interleukin-2 (IL-2) 

receptor expression by skin Tregs, functioning exclusively in a cell-extrinsic manner. In a novel 

model of HF stem cell (HFSC) driven autoimmunity, we reveal that skin Tregs immunologically 

protect the HFSC niche. Finally, we utilized spatial transcriptomics to identify aberrant IL-2 

signaling at stromal-HF interfaces in a rare form of human alopecia characterized by HFSC 
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destruction and Alopecia Areata. Collectively, these results reveal the fundamental biology of 

Tregs in skin uncoupled from the systemic pool and elucidate a mechanism of self-tolerance.

One-sentence summary:

Skin-specific manipulation of regulatory T cells uncovers a role in protecting hair follicle stem 

cells from autoimmune attack.

Introduction

Tolerance mechanisms prevent self-reactive lymphocytes from inciting autoimmunity. In 

the thymus, developing T cells with potential autoreactivity are largely purged from the 

nascent repertoire(1). This process, known as ‘central’ tolerance, is partially reliant on 

display of peripheral tissue antigens by specialized epithelial cells in the thymic medulla via 
expression of the autoimmune regulator (Aire)(2). However, central tolerance is imperfect, 

as numerous self-reactive T cell clones escape thymic selection(3). The immune system has 

evolved mechanisms in secondary lymphoid organs (LOs) to control autoreactive T cells that 

have escaped thymic selection, a process known as ‘peripheral’ tolerance. Presentation of 

self-antigen in the steady-state by immature dendritic cells or lymph node (LN) stromal 

cells can lead to deletion or functional non-responsiveness (anergy) of autoreactive T 

cells(4, 5). Regulatory T cells (Tregs) are specialized CD4+ lymphocytes that enforce 

tolerance in secondary LOs, where initial antigen encounter and T cell priming occur(6). 

The role of Tregs as critical mediators of self-tolerance is exemplified by fatal multi-organ 

autoimmunity in mice following their depletion(7, 8).

Tregs are also present in significant numbers in non-LOs, such as skin and gut(9, 

10), suggesting that they may also play an immunoregulatory role in these tissues. In 

humans, mutations in FOXP3 results in a systemic autoimmune syndrome termed Immune 

Dysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX)(11). Resulting from Treg 

dysfunction, skin manifestations of IPEX include various dermatoses and autoimmune 

alopecia(12, 13). Interestingly, a subset of skin Tregs localize to hair follicles (HFs) in 

mice and humans, with some showing a proclivity for the bulge region where HF stem cells 

(HFSCs) reside(10, 14). However, it is currently unknown how long these cells persist in 

skin and whether they play an active role in protecting HFSCs from autoimmune attack. 

Understanding how tissue resident Tregs function is needed to fully uncover the biology of 

these cells and selectively manipulate them for therapeutic benefit.

A major obstacle in discerning the function of Tregs (and other immune cells) that reside in 

specific tissues has been the inability to selectively manipulate these cells without perturbing 

cells of the same lineage that reside elsewhere in the body. Experimental models that 

investigate Treg biology have traditionally relied on mice expressing the human diphtheria 

toxin receptor (DTR)(7, 8), a Tamoxifen-inducible Cre recombinase (CreERT2)(15), or a 

constitutive Cre recombinase under the control of the Foxp3 promoter(16, 17). In the 

former two mouse models, systemic administration of DT or Tamoxifen results in total-body 

reduction of Tregs or deletion of specific genes in Tregs in all tissues, respectively. Other 

studies have utilized approaches that prevent Tregs from trafficking to specific non-LOs 
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using deletion of chemokine or integrin pathways(18, 19). Although eloquent in design, 

these studies are also hampered by manipulation of the systemic Treg pool and/or adoptive 

cell transfers into immunodeficient hosts. Thus, the function of tissue resident Tregs 

has yet to be robustly and comprehensively elucidated due to an inability to selectively 

manipulate these cells in specific organs in otherwise unmanipulated adult animals. Here, we 

demonstrate a technique to genetically manipulate Tregs that reside in skin with a high level 

of specificity. With the ability to deplete Tregs only in skin, we find that a major function of 

these cells is to preferentially protect HFs from autoimmune attack. In doing so, we define a 

mechanism of immunologic self-tolerance active in a peripheral non-LO.

Results

Skin-specific gene recombination in Tregs

To overcome the limitation of traditional methods of Treg modulation and address 

whether they are amenable to selective manipulation in skin, we crossed mice expressing 

a Tamoxifen inducible Cre recombinase under the control of the Foxp3 promoter 

(Foxp3-CreERT2-GFP)(15) to mice carrying a Rosa26-lox-stop-lox (LSL)-tdTomato allele 

(Foxp3tdTomato; Figure S1A). When administered systemically, Tamoxifen is metabolized 

in the liver to its active form, Z-4-hydroxytamoxifen (4OHT)(20). Flow cytometric 

quantification showed that intraperitoneal injection of Tamoxifen in Foxp3tdTomato mice 

resulted in near complete tdTomato expression in Tregs in skin, other non-LO, and LOs 

(Figure S1B). We rationalized that if an optimal concentration of 4OHT was directly applied 

to skin, localized, inducible Cre-mediated genetic recombination only in skin Tregs could 

be achieved. Thus, varying concentrations of 4OHT were topically applied to shaved dorsal 

back skin of adult Foxp3tdTomato mice for five consecutive days. Skin and skin-draining 

LN (SDLN) were harvested 2 days thereafter. While all concentrations of topical 4OHT 

resulted in similar tdTomato-labeling efficiency of skin Tregs (~70–90%), the 20 μg/ml 

dose demonstrated minimal labeling (~1%) of Tregs in SDLN (Figures S1C and S1D); this 

concentration was used in subsequent experiments utilizing Foxp3tdTomato mice.

To test the skin specificity of topical 4OHT treatment more broadly, Foxp3tdTomato mice 

were shaved in a ‘mohawk’ pattern (Figure 1A) and treated with topical 4OHT on one side 

and vehicle control (acetone) on contralateral skin (Figure 1B). Two days following the 

last treatment, skin from both treatment conditions and multiple LOs and non-LOs were 

harvested. Flow cytometry showed the frequency of tdTomato+ Tregs in 4OHT-treated skin 

to be ~70–80%. In contrast, those in contralateral vehicle-control treated skin, other barrier 

tissues, and LOs was equal to or less than 2% (Figure 1C). Immunofluorescence microscopy 

confirmed that tdTomato+ cells were largely restricted to 4OHT-treated skin (Figure 1D). 

Importantly, tdTomato was not expressed by CD4+ T effector cells (CD4+ Foxp3−; Teffs), 

CD8+ T cells, and CD45+ CD3− cells in skin (Figure S2). Collectively, these data 

demonstrate a topical technique to induce localized, efficient genetic recombination that 

is largely restricted to Tregs in skin.
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Skin Tregs undergo attrition during homeostasis but expand after inflammation

The natural life history of immune cells in healthy peripheral tissues has been difficult to 

discern, as traditional approaches rely on systemic labeling. We hypothesized that topical 

4OHT application could be used to track the fate of Tregs in an unbiased manner in skin 

of adult mice. Thus, we administered 4OHT topically to Foxp3tdTomato mice using the same 

treatment scheme as above and harvested skin at defined time points (Figure 1E). Flow 

cytometry showed that the frequency of tdTomato+ skin Tregs diminish as mice age (Figure 

1F and 1G). Nonetheless, ~5–10% of tdTomato+ Tregs persisted in skin at least 100 days 

after initial labeling. Immunofluorescence microscopy confirmed a numerical attrition of 

tdTomato+ cells in skin over time (Figure 1H). Together, these data suggest that skin Tregs 

undergo substantial attrition and continuous replacement in the steady-state, but a small 

fraction are endowed with the ability to persist long-term.

To determine if skin Tregs persist following cutaneous injury, topical 4OHT was applied 

to both sides of shaved back skin of Foxp3tdTomato mohawk mice, and skin inflammation 

was induced on one side of back skin by repeatedly tape-stripping to induce superficial 

injury while the contralateral side was left unperturbed(21, 22) (Figure S3A). 3 weeks 

thereafter, skin was harvested. By flow cytometry, four distinct subsets of skin CD4+ T cells 

could be discerned based on Foxp3 and tdTomato expression: non-labeled Tregs (Foxp3+ 

tdTomato−), labeled Tregs (Foxp3+ tdTomato+), so-called ‘ex-Tregs’ (Foxp3− tdTomato+), 

and Teffs (Foxp3− tdTomato−) (Figure S3B). While the frequency of tdTomato+ skin Tregs 

was reduced after superficial cutaneous injury compared to contralateral non-tape-stripped 

skin, the overall number of tdTomato+ skin Tregs increased, as did non-labeled Tregs and 

Teffs (Figures S3C–S3E). No significant numbers of CD4+ Foxp3− tdTomato+ T cells 

were identified pre- or post-injury, indicating that skin Tregs do not become ex-Tregs in 

this model of cutaneous inflammation. Overall, we demonstrate that pre-existing skin Tregs 

accumulate and persist in skin following superficial injury.

Skin Tregs restrain hair follicle-associated inflammation

LOs are believed to be the primary anatomic site of Treg-mediated peripheral immune 

tolerance(6). This paradigm was established from studies of mice engineered to undergo 

systemic depletion of Tregs, which results in unrestrained effector T cell activation and 

multi-organ autoimmunity(7, 8). However, a limitation of this technique is its inability to 

uncouple the tolerogenic function of Tregs in LOs versus those in non-LOs. To resolve 

this fundamental question, we crossed Foxp3-CreERT2-GFP mice to mice carrying a Rosa26-

LSL-diphtheria toxin α (DTA) subunit allele whereby DTA is expressed in Tregs under the 

influence of 4OHT (Foxp3iDTA mice), ultimately resulting in cell death. Foxp3iDTA mohawk 

mice were treated topically with 4OHT (or vehicle control) or injected intraperitoneally with 

Tamoxifen at regular intervals over the course of 4 weeks in an effort to maximize Treg 

depletion and study its long-term effects (Figure 2A). SDLN in Tamoxifen-treated mice 

were enlarged in a manner similar to other models of systemic Treg depletion(7, 8), whereas 

those in mice treated topically with 4OHT remained smaller (Figure 2B). Flow cytometry 

confirmed ablation of Tregs in SDLN of Tamoxifen-treated mice to levels that were ~50% 

of those that drained control- or 4OHT-treated skin (Figures 2C and 2D). Importantly, 

the frequency of Tregs in 4OHT-treated skin was reduced by ~50% compared to that of 
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contralateral control-treated skin, similar to the level observed in skin of Tamoxifen-treated 

mice (Figures 2C and 2D). These results demonstrate that an approximate 50% reduction is 

the maximal Treg depletion achievable using this model, which can be attained specifically 

in skin via topical 4OHT treatment.

A major role of Tregs in LOs is to restrain accumulation and effector function of pro-

inflammatory cells. Thus, we assessed these parameters in mice where skin Tregs were 

selectively reduced. An increased frequency and number of CD8+ T cells and Teff cells 

was observed in 4OHT- versus control-treated skin at levels comparable to that observed in 

mice that underwent systemic Treg depletion (Figures 2E–2G). Importantly, no significant 

difference in the number of CD8+ T cell and Teff was observed in SDLNs that drained either 

control or contralateral 4OHT-treated skin. Increases in dermal γ/δ T cells and inflammatory 

Ly6C+ monocytes were also observed in skin depleted of Tregs, while dendritic epidermal 

T cells (DETCs) and other myeloid subsets did not show significant changes (Figures 

S4A–S4C). Expression of the co-stimulatory molecules CD80 and CD86 were increased 

on Langerhans cells in Treg-depleted skin (Figure S4D), indicating that skin Tregs may 

directly or indirectly suppress activation of these cells in the steady-state and is consistent 

with previously reported cross-talk between these two cell types(23). Pro-inflammatory 

cytokine production was enhanced in skin CD8+ T cells and Teffs as evidenced by increased 

interferon-gamma (IFN-γ) and tumor necrosis factor-alpha (TNF-α) production in Treg-

depleted skin, but not by those in SDLN (Figure 2H).

We next evaluated skin for histopathologic evidence of immune-mediated pathology. 

Strikingly, skin that underwent Treg depletion showed prominent inflammation of HFs 

(Figure 2I). The increased inflammatory parameters were not due to intrinsic effects of 

4OHT, as HF-associated inflammation was not observed in skin of genetic controls (Foxp3-

CreERT2) treated topically with this molecule (Figure S5A–S5E). Additionally, topical 

4OHT treatment over the course of 2-weeks resulted in a similar level of skin Treg 

depletion and folliculitis compared to the 4-week regimen, indicating that subacute loss 

of skin Tregs is sufficient to disrupt cutaneous immune homeostasis (Figure S5F–S5H). 

By depleting CD8+ cells during the topical 4OHT treatment regimen (Figure 2J), we 

found that HF-associated inflammation was partially abrogated (Figure 2K). It is unlikely 

that CD8-expressing dendritic cells (DC) influenced this phenotype, since this DC subset 

is not present in skin(24) and the antibody depletion approach implemented does not 

completely eliminate this cell type compared to CD8+ T cells(25). Collectively, these results 

demonstrate a methodology to selectively deplete pre-existing Tregs in a non-LO, which 

revealed that skin-resident Tregs restrain cutaneous autoimmunity in the steady-state, in 

part by suppressing CD8+ T cell-mediated HF inflammation. Additionally, our results show 

that skin is exquisitely sensitive to perturbations in resident Tregs, as only partial reduction 

(~50%) can result in overt HF-associated inflammation.

To determine if pre-existing T cells in skin cause autoinflammatory pathology following 

skin Treg depletion, mohawk Foxp3iDTA mice were treated with either topical vehicle 

control or 4OHT. Additionally, one group of mice received intraperitoneal injections of the 

sphingosine 1-phosphate receptor-1 modulator, FTY720, every 3 days to block egress of 

lymphocytes out of LOs into circulation, which we confirmed by detection of increased 
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TCRβ+ T cells in SDLN of FTY720-treated mice (Figures S6A and S6B). Despite blocking 

lymphocyte trafficking to non-LOs, skin Treg depletion still led to increased numbers of 

skin Teffs and CD8+ T cells, and pro-inflammatory cytokine production by these cells 

at levels similar to those of non-FTY720 treated mice (Figures S6C–S6E). Additionally, 

these parameters were associated with increased folliculitis compared to control-treated skin 

(Figures S6F). These results suggest that autoreactive T cells present in skin are actively 

restrained by skin resident Tregs in the steady-state.

Skin Tregs are characterized by a heightened immunoregulatory gene signature

We next sought to determine the molecular mechanisms Tregs utilize to 

suppress HF-associated inflammation. Although several mechanisms of Treg-mediated 

immunosuppression are known(6), those relevant in peripheral tissues has been a long-

standing question that has been hampered by limitations inherent to systemic Treg gene 

manipulation(26, 27). To identify differences in the global transcriptome and expression 

of immunosuppressive molecules between murine SDLN and skin Tregs, we performed 

single cell RNA sequencing (scRNAseq) of Tregs purified from these organs. Unsupervised 

stochastic clustering showed that Tregs in skin are transcriptionally heterogenous and 

largely differ from SDLN Tregs, although a few subsets in skin and SDLN demonstrated 

overlapping transcriptional signatures (Figures 3A–3C). Clusters 1–3, 8, and 9 were heavily 

represented by SDLN Tregs and were enriched for genes characteristic of circulating 

lymphocytes and those that reside in secondary LOs (e.g., Ccr7 and Sell; Figure 3D). 

Conversely, clusters 4–7 were dominated by skin Tregs, which preferentially expressed 

genes involved in suppressive activity (Gzmb, Ctla4), tissue repair (Areg), survival 

(Il1rl1), and co-stimulation/activation (Icos, Tnfrsf4, Tnfrsf9), respectively. These results 

are congruent with recent transcriptional studies of murine Tregs that have shown increased 

activation states and repair programs in Tregs from non-LOs compared to LOs(28, 29). 

Notably, skin Tregs exhibited higher expression of genes involved in maintaining peripheral 

tolerance, including Il10, Gitr, and Ctla4, compared to those in SDLN (Figure 3E). When 

combining these and other relevant genes into an immunoregulatory gene score, we found 

that skin Tregs expressed this signature to a greater extent than their SDLN counterparts 

(Figures 3F and 3G). A closer examination in the context of cellular heterogeneity found 

that the highest expressors of this gene signature was present in clusters 7, 4, 10, 5, and 6, 

which are largely represented by skin Tregs (Figure 3H). Cluster 7 was of particular interest 

because it is characterized by activation markers (Tnfrsf4, Tnfrsf9, Icos) as well as the 

transcription factor Batf, which has been implicated as a regulator of Tregs in LOs destined 

for tissue trafficking and of tissue Treg stability(29, 30).

To compare the suppressive capacity of skin and LO Tregs, in vitro suppression assays 

showed that while Tregs purified from secondary LOs suppressed Teff in a dose-dependent 

manner, those from skin did not demonstrate a similar suppression curve (Figure S7A). 

However, we found that skin Tregs were reduced in number and had lower Ki-67 labeling 

compared to LO Tregs (Figure S7B–S7C), supporting that Tregs in non-LOs reflect a 

more terminally differentiated effector state(28, 29) with lower proliferative capacity (Figure 

S7D). We posit that the terminal differentiation state of skin Tregs may prevent optimal 

proliferation in vitro. Nonetheless, the expression of a heightened immunosuppressive 
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transcriptional module supports our observation that skin-resident Tregs actively suppress 

cutaneous inflammation in the steady-state.

CTLA-4 is not required by skin Tregs to suppress inflammation in the steady-state

CTLA-4 is an immunoglobulin superfamily member whose expression on Tregs maintains 

immune homeostasis by sequestering co-stimulatory molecules from antigen presenting cells 

(APCs), thus depriving effector T cells of optimal activation signals(31). scRNAseq showed 

Ctla4 to be among the most highly enriched immunosuppressive molecules in skin compared 

to SDLN Tregs (Figure 3E). Interestingly, SDLN Tregs that express the highest levels of 

Ctla4 were present in a cluster that had an overlapping transcriptional signature with a subset 

of skin Tregs (Figure 4A), suggesting the presence of Tregs in SDLN destined to traffic to 

skin and/or a subset of Tregs that have the propensity to recirculate after skin residency. 

Flow cytometry confirmed that CTLA-4 is more highly expressed by skin Tregs compared to 

SDLN Tregs (Figure 4B).

To directly explore the contribution of CTLA-4 on skin Tregs in restraining HF-associated 

inflammation, we crossed Foxp3-CreERT2-GFP mice to CTLA-4fl/fl mice to generate Foxp3-

CreERT2-GFP × CTLA-4fl/fl mice (Foxp3ΔCTLA−4). Topical treatment of Foxp3ΔCTLA−4 

mohawk mice for four weeks (Figure 4C) showed persistent deletion of CTLA-4 on skin-

resident Tregs in 4OHT-treated compared to control-treated skin at a magnitude comparable 

to that of skin Tregs in Tamoxifen-treated mice (Figures 4D). Moreover, the frequency 

of CTLA-4-expressing Tregs in SDLN that drained 4OHT- versus control-treated skin 

was roughly equivalent compared to the near total loss of CTLA-4 on SDLN Tregs from 

Tamoxifen-treated mice (Figures 4D). This approach shows robust, specific, and localized 

deletion of CTLA-4 on skin Tregs and demonstrates efficacy of targeted gene deletion in a 

lymphocyte subset (i.e., Tregs) in a single organ.

Despite significant loss of CTLA-4 on skin Tregs, the frequency and number of skin-resident 

Tregs was unperturbed (Figure 4E). Additionally, the number of skin CD8+ T cells and Teffs 

and pro-inflammatory cytokine production by these cells did not differ from contralateral 

control-treated skin (Figures 4F and 4G). Transendocytosis of co-stimulatory molecules (e.g. 
CD80 and CD86) from the plasma membrane of APCs by CTLA-4-expressing Tregs has 

been posited as a mechanism of immune suppression(31). However, loss of CTLA-4 on skin 

Tregs did not alter the level of CD80 and CD86 expression on skin DCs or macrophages 

nor did it markedly impact their expression of major histocompatibility class II (Figure 

4H). Histologic examination demonstrated that skin Treg-specific CTLA-4 deletion did not 

result in HF-associated inflammation (Figure 4I). Taken together, these results indicate that 

despite preferential high expression by skin Tregs, CTLA-4 does not influence the activation 

state of skin APCs in the steady-state or impact effector T cell accumulation/activation 

in skin. This result is in contrast to prior studies demonstrating that CTLA-4 on Tregs is 

required to restrain autoimmunity(32, 33), suggesting that CTLA-4 is relatively dispensable 

for Treg-mediated cutaneous immune homeostasis in adult mice.

Cohen et al. Page 7

Sci Immunol. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD25 expression by skin Treg restrains hair follicle-associated inflammation

We next investigated the role of CD25, the high affinity subunit of the interleukin-2 (IL-2) 

receptor, which is encoded by Il2ra. CD25 induces and maintains Treg identity in the thymus 

and secondary LOs, respectively(34–36). Additionally, IL-2 has been shown to promote Treg 

accumulation in the small intestine(37). scRNAseq and flow cytometry showed that CD25 

is highly expressed by both skin and SDLN Tregs at the mRNA and protein levels (Figures 

5A and 5B). Flow cytometry of skin from IL-2-green fluorescent protein (GFP) reporter 

mice showed that while IL-2 is expressed most highly by innate lymphoid cells, Teffs, 

and CD8+ T cells, the former two subsets dominate the absolute pool of IL-2-expressing 

lymphocytes in skin (Figures 5C, 5D, and Figure S8), similar to the expression pattern seen 

in the small intestine(37). Tregs in secondary LOs highly express CD25 where it has been 

shown to sequester IL-2, thus depriving effector T cells of this activation/survival signal(34, 

38). Indeed, constitutive loss of CD25 expression on Tregs precipitated fatal autoimmunity 

in mice(34). However, it is unknown whether Tregs in non-LOs rely on CD25 expression 

for their maintenance and/or whether they use this molecule to suppress inflammation in the 

steady-state.

To directly address these questions, we crossed Foxp3-CreERT2-GFP mice to CD25fl/fl 

mice to generate Foxp3-CreERT2-GFP × CD25fl/fl mice (Foxp3ΔCD25) and treated mohawk 

mice for 4 weeks with topical 4OHT or vehicle control (Figure 5E). Flow cytometry 

demonstrated that the frequency and expression level of CD25 on skin-resident Tregs was 

substantially decreased in 4OHT- compared to control-treated skin, while these parameters 

were not different in SDLN Tregs (Figures 5F). Loss of CD25 on skin Tregs did not affect 

their accumulation (Figure 5G) but was instead associated with increased numbers of skin-

resident CD8+ T cells and Teffs (Figure 5H). This was likely due to increased proliferation 

of these cells as evidenced by increased Ki-67 expression (Figure 5I). Loss of CD25 on skin 

Tregs did not significantly alter the frequency of other skin lymphoid or myeloid subsets 

(Figure S4E). Furthermore, absence of CD25 on skin Tregs resulted in an increased number 

of pro-inflammatory cytokine-producing CD8+ T cells and Teffs (Figure 5J). IL-2 signaling 

maintains Treg identity in secondary LOs, in part by stabilizing Foxp3, the lineage-defining 

transcription factor of Tregs(34, 39, 40). Contrary to decreased Foxp3 expression observed 

in LO Tregs from mice undergoing systemic CD25 deletion on Tregs(34, 35), we found that 

skin-resident Tregs depleted of CD25 maintained Foxp3 expression at levels similar to that 

of their CD25-expressing counterparts from contralateral control-treated skin (Figure 5K).

IL-2 signaling in T cells results in phosphorylation of signal transducer and activator of 

transcription 5 (pSTAT5)(41). Increased pSTAT5 expression was observed in CD8+ T cells 

and Teffs from the skin of CD25-deficient Tregs, suggestive of increased bioavailable IL-2 

(Figure 5L). To assess the functional consequence of heightened activation of effector T 

cells in the absence of CD25-expressing skin Tregs, tissue sections were examined for 

evidence of skin pathology, which showed increased folliculitis in skin of 4OHT-treated 

Foxp3ΔCD25 mice (Figure 5M). Since deletion of CD25 would not wholly abrogate IL-2 

signaling in skin Tregs (expression of the low-affinity IL-2 receptor, Il2rb (CD122), would 

not be altered), we sought to determine if IL-2 production in skin has an impact on skin Treg 

biology. To address this question, we generated Ubiq-CreERT2 × IL-2fl/fl mice which have 

Cohen et al. Page 8

Sci Immunol. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the potential for Il2 deletion in all cell types in skin under the influence of topical 4OHT. 

Treatment of these mice with this regimen demonstrated a slight but significant reduction 

in the number of skin Tregs without perturbing expression of Foxp3 (Figures 5N and 5O). 

Overall, these results demonstrate that unlike Tregs in LOs(34), skin-resident Tregs do not 

rely on CD25 or IL-2 to maintain lineage stability through expression of Foxp3, but rather, 

CD25 expression on skin Tregs restrains T cell-mediated HF-associated inflammation in a 

cell-extrinsic fashion.

Skin Tregs restrain autoimmune attack of hair follicle stem cells

Based on the appearance of T cell-mediated inflammation in Treg-depleted skin (Figure 

2), we posited that skin Tregs can suppress autoreactive T cells specific for HF-derived 

antigens. We previously showed that a subset of skin Tregs localize to the bulge region 

of HFs(14). This microanatomic HF niche contains epithelial stem cells, characterized by 

expression of leucine rich repeat containing G protein-coupled receptor 5 (Lgr5), that enable 

hair growth(42). Since maintenance of stem cell niches is important to sustaining life by 

promoting tissue regeneration, we hypothesized that a critical function of Tregs is to protect 

HF stem cells (HFSCs) from autoimmune attack. Thus, we crossed Lgr5-CreERT2-GFP 

mice to Rosa26-LSL-OVA-GFP(43) mice to generate mice in which a neo-antigen, chicken 

ovalbumin (OVA), is expressed in Lgr5+ HFSCs upon Tamoxifen administration (Lgr5iOVA 

mice). To address whether skin Tregs restrain self-reactive CD8+ T cells from attacking 

HFSCs, Lgr5iOVA mice were treated with Tamoxifen to induce OVA expression in HFSCs, 

and thereafter, chimeric mice were generated in which donor Foxp3iDTA bone marrow was 

transferred to irradiated Tamoxifen-treated, OVA-expressing Lgr5iOVA recipients (Figure 

6A). After bone marrow reconstitution, congenically mismatched CD8+ T cells expressing 

a transgenic T cell receptor specific for an OVA-derived epitope (CD45.1+ OT-I T cells) 

were transferred intravenously into OVA-expressing Foxp3iDTA → Lgr5iOVA chimeric mice 

(CD45.2+). One week after transfer, chimeric mice were shaved in a mohawk configuration 

and treated topically with 4OHT or vehicle control to deplete Tregs in skin. Importantly, 

topical 4OHT application did not lead to increased OVA-GFP expression in HFSCs, which 

was already at maximal expression after initial Tamoxifen treatment (Figure 6B). Increased 

OT-I T cell accumulation, proliferation, CD25 expression, and pro-inflammatory cytokine 

production were observed in Treg-depleted skin relative to contralateral control-treated skin 

(Figures 6C–6G). Heightened activation of OT-I T cells in Treg-depleted skin was associated 

with decreased numbers and diminished Lgr5-driven GFP expression in HFSCs, suggesting 

that elimination or damage to OVA-GFP+ HFSCs had occurred (Figures 6H–6J). Histology 

showed that increased OT-I T cell activation in Treg-depleted skin was associated with 

heightened lymphocytic inflammation with a striking selectivity for the lower reticular 

dermis (Figure 6K and 6L (left panel)). This contrasts with the inflammation seen along the 

full length of the hair follicle when skin Tregs were depleted in a polyclonal setting (Figure 

2I), providing support for antigen-specific accumulation of OT-I T cells to the HF bulge 

in Foxp3iDTA → Lgr5iOVA chimeric mice. Additionally, greater numbers of lymphocytes 

within bulge epithelium, and increased apoptotic bulge keratinocytes were observed in 

Treg-depleted skin (Figure 6L (middle and right panels)).
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Since we observed that CD25 on skin Tregs restrains CD8+ T cell activation (Figure 

5) and skin OT-I T cells upregulate CD25 in response to skin-specific Treg-depletion in 

Foxp3iDTA → Lgr5iOVA chimeric mice (Figure 6F), we hypothesized that IL-2 deprivation 

by CD25-expressing Tregs may restrain OT-I T cell accumulation and HFSC damage. 

To test this, we generated chimeric mice using the same methods as above but using 

donor Foxp3ΔCD25 bone marrow instead. Following OT-I transfer and topical 4OHT 

treatment, deletion of CD25 on skin Tregs was associated with increased epithelial OT-

I T cell accumulation, decreased expression of GFP by Lgr5+ HFSCs, and increased 

foci of HF bulge inflammation (Figures 6M–6P). Collectively, these results establish an 

immunoregulatory role for skin Tregs in protecting HFSCs from attack by autoreactive 

CD8+ T cells.

Human autoimmune alopecia is characterized by heightened IL-2/STAT5 signaling around 
hair follicles

The results from our murine experiments implicated a model in which CD25 acts to 

restrain autoreactive CD8+ T cell activation in skin, likely by sequestering IL-2, which 

prevents excessive damage to HFSCs undergoing autoimmune attack. Although significant 

perifollicular fibrosis was not observed in Foxp3iDTA → Lgr5iOVA chimeric mouse 

experiments, the presence of lymphocyte-mediated attack of HFSCs in the latter model 

(Figure 6J–K) recapitulates certain histopathologic features of human scarring alopecia (SA) 

thought to be mediated by CD8+ T cells(44). In SA, autoreactive T cells target HFSCs 

leading to perifollicular concentric fibrosis and irreversible hair loss. To directly investigate 

if increased IL-2/STAT5 signaling is present in the relevant pathologic microanatomic 

regions of disease in SA, namely in the stroma around HFs, we performed spatial 

transcriptomics on a tissue microarray (TMA) composed of four cores of formalin-fixed 

paraffin-embedded skin tissue from two patients with SA and two healthy controls (Figures 

S9A and S9B; Table S1). Unsupervised stochastic clustering identified thirteen distinct 

clusters that largely segregated according to the tissue of origin (Figures 7C, S9C and S9D) 

as well as by microanatomic regions within each sample (Figure S9E). The differences 

in transcriptional profile between the two SA samples may be attributable to the varying 

degrees of disease severity with SA #2 demonstrating a greater degree of inflammation 

and fibrosis than SA #1, differences in the subtype of SA, and/or varying treatments the 

patients received. Since the histopathological hallmark of SA is perifollicular lymphocytic 

infiltrates leading to fibrosis, we interrogated these areas in SA and corresponding regions in 

the healthy scalp skin for evidence of IL-2 signaling (Figure 7A). We found an enhancement 

of an IL-2/STAT5 signaling gene signature in the perifollicular stroma of SA compared to 

healthy skin that partially overlapped with CD8 T cell and Treg gene signatures (Figures 7B 

and 7D). When comprehensively evaluating the stromal microanatomy, it was apparent that 

the IL-2/STAT5 pathway gene signature, as well as the CD8+ T cell and Treg signatures, 

were most prominent in the regions of stroma surrounding HFs in SA (Figures 7D–7E). 

Immunohistochemical staining for CD8 and CD4/Foxp3 confirmed increased infiltrates of 

CD8+ T cells, Teffs, and Tregs in biopsies of SA compared to healthy skin (Figures S9F–

S9H).
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To determine if an enhanced IL-2/STAT5 gene signaling signature was generalizable to other 

forms of lymphocyte-mediated alopecia, spatial transcriptomics was performed on a TMA 

constructed using alopecia areata (AA) patient biopsies (Figure S10A). AA is a form of 

non-scarring alopecia in which the hair follicle bulb is infiltrated by T cells causing hair 

follicles to prematurely involute. Unsupervised clustering identified distinct transcriptional 

gene signatures corresponding to different microanatomic regions in AA (Figures S10B–

S10D). Analysis of the IL-2/STAT5 gene signaling signature revealed an enhancement in 

the inflamed stroma adjacent to the hair follicle bulb that overlapped with CD8 and Treg 

gene signatures (Figures 7F–7J. Similar to SA, biopsies of AA also demonstrated increases 

in CD8+ T cells, Teff, and Treg infiltration in perifollicular regions (Figure S10E–S10G). 

Collectively, these data suggest that an IL-2 signaling-CD8+ T cell-Teff-Treg circuit is active 

in human lymphocyte-mediated alopecia.

Discussion

This study demonstrates a tissue-specific technique to ablate Tregs and selectively delete 

genes in these cells, helping to resolve a fundamental question of whether Tregs exert 

immunosuppressive functions in non-LOs. We demonstrate that skin-resident Tregs curtail 

cutaneous inflammation in the steady-state similar to a phenotype that arises when they 

are defective in trafficking to skin(18). This inflammatory phenotype is not secondary to 

disrupted barrier function since we previously showed that systemic loss of Tregs does not 

perturb skin integrity in the steady-state(22). These prior studies showed that systemic Treg 

depletion does not result in significant skin inflammation(14, 22), in contrast to the results 

of skin-specific Treg depletion observed in the current study (Figure 2), which is likely due 

to the acute manner of deletion (<7 days) in the former compared to chronic skin Treg 

depletion regimen in the latter.

Cutaneous inflammation observed when skin Tregs are depleted is likely directed against 

both self-antigen and commensal microbes. Intriguingly, organism-wide autoimmunity is 

maintained in mice systemically depleted of Tregs under germ-free conditions(45), and 

no differences in CD8+ T cell or Teff number are observed in the skin of germ-free 

mice(46), suggesting that much of the cutaneous inflammatory response when skin Tregs are 

depleted may be attributable to autoreactive T cells. Despite significant increases in effector 

T cell activation upon skin Treg depletion, the inflammatory pathology seen on microscopic 

examination was somewhat moderate (Figures 2I and 2J) as compared to more prominent 

inflammatory phenotype observed in mice that undergo prolonged complete systemic Treg 

ablation(7). This was not unexpected since a constraint of the Foxp3iDTA mouse strain used 

in this study was that an incomplete, ~50% reduction in skin Tregs could be achieved. 

We postulate that if Tregs were entirely depleted in skin, a more fulminant inflammatory 

phenotype would be observed. Nonetheless, this technique was used to uncover a previously 

undescribed role for Tregs in protecting HFSCs that, when disrupted, leads to localized 

autoimmune hair damage in a manner that resembles human alopecia (47–49). In contrast 

to prior studies that demonstrated a role for Tregs in promoting the differentiation and 

migration of HFSCs during hair regrowth(14) or epidermal injury(22), we now show that 

Tregs in skin also mediate a more classical role of immunoregulation in this tissue. Our data 

adds to the emerging body of evidence that Tregs in skin are strategically positioned around 
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HFs to dually protect HFSCs from autoimmunity as well as promote tissue regeneration(14, 

22).

We found that expression of CD25, but not CTLA-4, on skin-resident Tregs was necessary 

to partially restrain CD8+ T cell-mediated cutaneous inflammation in the steady-state. 

This suggests that co-stimulation blockade is not a dominant mechanism of Treg-mediated 

immunosuppression in non-inflamed adult skin, which may be explained by the relative 

immaturity of tissue-resident APCs during homeostasis compared to those migrating to 

LOs(50). Notably, the magnitude of T cell activation and folliculitis was less when CD25 

was deleted on skin Tregs compared to when these cells were depleted (Figure 2 vs Figure 

5), which is not unexpected, as Tregs utilize multiple functionally redundant mechanisms 

of immune regulation(51). Our results suggest that a major function of CD25 expression 

on skin-resident Tregs is to limit bioavailable IL-2 to prevent aberrant T cell activation, 

analogous to its function in secondary LOs(34, 38). However, CD25 does not act to 

maintain skin-resident Treg identity as it does in Tregs in LOs(34–36). This is probably 

due to stabilization of Foxp3 protein expression of LO-resident Tregs through epigenetic 

modification of the Foxp3 locus before Tregs traffic to non-LOs(39). We also show that 

the predominant IL-2-producing cells in the skin are Teffs and ILCs, and a subset of 

these cells have been shown accumulate around HFs(52, 53). Therefore, localization of 

skin Tregs to this microanatomic niche suggests that cellular interactions between Tregs 

and IL-2-producing lymphocyte subsets may be necessary to maintain cutaneous immune 

tolerance. Ultimately, our results indicate that expression of immunomodulatory molecules 

on Tregs have different functional relevance depending on anatomic site, which is an 

important consideration for therapeutics that have the potential to modulate Treg biology.

The observation of folliculitis in the setting of skin Treg depletion and CD25 deletion on 

Tregs suggests that a subset of these cells have specificity to self-antigens expressed by the 

HF. While mostly speculative, one explanation for preferential protection of HFs by skin 

Tregs is that HFs are composed of distinct keratinocyte subsets each expressing numerous 

genes largely restricted to skin(54). Indeed, almost half of human cytokeratin genes have 

expression restricted to the HF(55). Such a high abundance and diversity of HF-specific 

antigens suggests that central tolerance may be insufficient to delete the full complement 

of skin-specific, self-reactive T cells. Interestingly, Aire-deficient mice fail to exhibit 

autoimmunity in skin(56). Furthermore, some skin-specific antigens are not expressed in 

the thymus at levels that engender negative selection, thus, allowing self-reactive clones to 

enter the periphery(57). Teleologically, the positioning of a subset of Tregs around HFs may 

act to blunt autoimmune attack by self-reactive T cells. Further studies will be necessary 

to decisively elucidate the self-antigen specificity of Tregs that protect HFSCs and HF 

epithelium.

We found an elevated IL-2 signaling gene signature in SA, suggesting that dysregulation 

of this pathway may contribute to the pathogenesis of this disease. Indeed, IL-2 

has been shown to potentiate memory CD8+ T cell responses in models of chronic 

antigen stimulation(58) analogous to the situation encountered in autoimmune disease. 

Additionally, IL2RA (CD25) and IL2 are known to be susceptibility genes for AA(59), 

providing evidence that CD25 on Tregs in humans may be necessary to blunt HF-
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associated autoinflammation. We speculate that evolutionarily conserved mechanisms of 

Treg immunoregulation in skin (e.g., CD25) may be required to tolerate the development of 

microanatomic structures of great cellular and antigenic complexity.

The technique of skin-specific Treg manipulation presented herein has long been a ‘wish 

list’ item of tissue Treg investigation(60). This approach offers several advantages over 

traditional methods of Treg modulation (e.g. Foxp3-Cre mice or Foxp3-CreERT2-GFP mice 

+ systemic Tamoxifen administration), which have remained the dominant methodology to 

study tissue Treg biology despite potentially affecting these cells throughout development 

and in all tissue compartments. These latter methods may also potentially lead to more 

pronounced phenotypes than if experiments were conducted in a manner that only alters 

Tregs in a tissue-specific context. Tissue-specific Treg modulation can be conducive to intra-

animal (paired) comparisons since an internal control (e.g., control-treated skin) can be used, 

which can potentially reduce the number of mice mice needed for a given experiment. While 

intra-animal comparisons allow more robust statistical analyses by mitigating variation 

and noise between different animals (inter-animal comparisons), it may lend more modest 

differences in inflammatory parameters and pathology. Furthermore, this technique could 

be extended to study tissue-specific immune functions in other organs that are amenable to 

topical application (e.g., conjunctiva) and surgical techniques could potentially be adapted to 

selectively study the immune system in visceral organs. Overall, more definitive conclusions 

of tissue Treg biology can be made by experimentation that modulates Tregs in an organ-

specific fashion.

Fundamentally, our data supports a model in which immunologic tolerance is not only 

confined to LOs but is also operant in non-LOs, congruent with the emerging concept that 

non-LOs can act as autonomous decentralized sites of cellular immunity(61). Ultimately, 

Tregs in these tissues may represent a final safeguard against autoreactive T cells that 

manage to evade tolerance in LOs.

Materials and methods

Study design

The aim of this study was to functionally manipulate Treg in skin to determine whether they 

have immunoregulatory functions. Thus, we developed a topical application method using 

4OHT to genetically modulate skin Tregs. This allowed for pairwise comparisons of control-

treated and contralateral 4OHT-treated skin in most experiments. Short- and long-term 

experiments in which skin Tregs were fluorescently-labeled, depleted, or had genes deleted 

were undertaken. Pathologic signs of inflammation were assessed using H&E sections of 

mouse skin and scored in a blinded fashion. Immunologic parameters of inflammation were 

evaluated by flow cytometry of single cell suspensions of skin and lymph node tissues. 

Cohort size was designed to be sufficient to enable accurate determination of statistical 

significance. Mice were assigned to treatment or control groups randomly.
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Animals

All animals were bred and maintained in a specific pathogen free mouse facility 

in accordance with the Laboratory Animal Resource Center and Institutional 

Animal Care and Use Committee of the University of California San Francisco 

(UCSF). Mice were socially housed under a 12-hour day/night cycle. Littermate 

controls were used for all experiments, and animals of both sexes were included. 

Sex, parental cage, and weaning cage were randomized among experimental 

groups. Strains used in this study include Foxp3-CreERT2-GFP (Foxp3tm9(EGFP/cre/

ERT2)Ayr); FoxP3DTR (Foxp3tm3(DTR-GFP)Ayr); Foxp3-GFP (Foxp3tm2Tch); Rosa26tdTomato 

(Gt(ROSA)26Sortm14(CAG-tdTomato)Hze); Rosa26iDTA (Gt(ROSA)26Sortm1(DTA)Mrc), Lgr5-

CreERT2 (Lgr5tm1(Cre/ERT2)Cle), CD25fl/fl (Il2ratm1c(EUCOMM)Wtsi), OT-I CD45.1 (kindly 

provided by Dr. Matthew Krummel), CTLA-4fl/fl (kindly provided by Dr. Arlene H. Sharpe), 

IL-2GFP (kindly provided by Dr. Casey T. Weaver), and Rosa26OVA (kindly provided by Dr. 

Angelika Stoecklinger).

Administration of Tamoxifen, 4OHT, diphtheria toxin, and FTY720

Tamoxifen (Sigma-Aldrich) was dissolved in corn oil (Sigma-Aldrich) at 37°C by shaking 

overnight. For Cre recombinase induction in Foxp3iDTA, Foxp3ΔCTLA−4, and Foxp3ΔCD25 

mice, Tamoxifen was administered intraperitoneally at a dose of 100 mg/kg every three 

days for 4 weeks and 2 weeks, respectively. In experiments using Lgr5iOVA mice, Cre 

recombinase was activated via intraperitoneal injection of Tamoxifen on days −6 and −5. 

In experiments using topical 4OHT (Sigma-Aldrich), 5 mg of 4OHT was dissolved in 

10 ml of acetone (Sigma-Aldrich) to generate a stock concentration of 500 μg/ml. 4OHT 

was further diluted with acetone to generate working concentrations of 100 μg/ml (1:5 

dilution), 50 μg/ml (1:10 dilution), or 20 μg/ml (1:25 dilution). 100 μl of 4OHT/acetone 

at a working concentration was then applied to anesthetized mice in a dropwise manner 

to one side of exposed dorsal back skin of mice shaved in a mohawk configuration to 

cover the entire shaved skin surface (no depilation is performed). Acetone alone was 

applied in the same manner to the contralateral side of shaved dorsal back skin. Given 

the relatively high vapor pressure of acetone, there is no residual liquid to remove from the 

skin and the mice are returned to their cage. This procedure is repeated for 5 consecutive 

days for some experiments and then applied every two to three days for 2–4 weeks in 

extended experiments. Foxp3tdTomato mice, 4OHT was used at a concentration of 20 μg/ml. 

In experiments involving, Foxp3ΔCTLA−4 and Foxp3ΔCD25 mice, 4OHT was used at a 

concentration of 50 μg/ml. In experiments involving Foxp3iDTA mice, 4OHT was used 

at a concentration of 100 μg/ml. In experiments involving FTY720 (Selleck Chemicals) 

treatment, 25 μg of FTY720 in 100 μl of PBS was injected intraperitoneally every three days 

for 4 weeks until tissues were harvested.

Tissue Processing

After euthanasia, whole back skin was shaved and dissected. Any remaining scapular or 

inguinal fat was removed, and the remaining tissue was weighed, finely minced with 

scissors, placed in a 50 mL conical containing 3 mL of digestion media (2 mg/mL 

collagenase XI, 0.5 mg/mL hyaluronidase, 0.1 mg/mL DNase in RPMI with 10% calf 
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serum, 1% HEPES, 1% non-essential amino acids, 1% GlutaMAX, and 1% penicillin-

streptomycin), and digested in a bacterial shaker for 45 minutes at 37°C and 225 rpm. 

Digestion was then quenched with 10 mL of cold RPMI and samples were vortexed for 

10 seconds and strained through 100 μm strainers. The resulting single cell suspension 

was then plated in 96-well plates for staining. For lymph node samples, axillary, brachial, 

and inguinal lymph nodes (“SDLN”, collectively) were dissected and mashed through a 

40 μm filter with a 5 mL syringe plunger into cold media. For cutaneous epithelial cell 

preparations for flow cytometric analysis, 2.25 cm2 of back skin was harvested and defatted 

mechanically using forceps. Skin was placed dermis side down in a well of a 12-well plate 

with 1 mL of Thermolysin (0.25 mg/ml; Sigma) and placed in a 37°C incubator for 1 

hour. Skin epithelium was gently disassociated from the underlying dermis in a petri dish 

containing 1 mL RPMI/HEPES/P-S/FCS media using forceps and minced with scissors. 

Media containing epithelial fragments was pipetted up and down using a P1000 pipette 20 

times before filtering through 100 μm strainers. Cells were counted and stained for flow 

cytometry.

Flow Cytometry

Single-cell suspensions were pelleted and resuspended in PBS with 2% FBS containing 

fluorophore-conjugated antibodies listed in the key resources table (Table 2). Cells were 

initially stained with antibodies targeting cell surface proteins and Ghost 510 viability 

dye (Tonbo Biosciences) for 30 min. For intracellular staining, cells were then fixed and 

permeabilized using the Cytofix/Cytoperm kit (BD Biosciences). For experiments involving 

intracellular cytokine staining (ICS), single cell suspensions were plated at 4 × 106 cells/

well in a 96-well round bottom plate, resuspended in 1X cell stimulation cocktail (Tonbo 

Biosciences), and incubated at 37°C for 4 hours before antibody staining. Samples were run 

for analysis on a BD Fortessa or sorted on a BD FACS Aria2.

For all cell types, initial forward scatter vs. side-scatter gates were carefully adjusted by 

backgating on live CD45+ and/or live CD45− populations to include all cells and exclude 

debris. Strict dead cell and doublet exclusion was performed prior to gating for immune 

cells (CD45+) and/or epithelial cells (CD45−). αβT cells were gated as CD45+ TCRβ+ 

and subsetted into Teffs (CD4+FoxP3−), Tregs (CD4+FoxP3+), CD8 T cells (CD8+). 

Non-αβT cells were gated as CD45+ CD3+ γδ+ and subsetted into dermal γδ T cells 

(TCRβ− CD3mid) and dendritic epidermal T cells (DETCs, TCRβ− CD3hi). GFP fluorescent 

protein expression in Foxp3CreERT2-GFP mice and IL-2-GFP reporter mice was used to 

report Foxp3 expression and IL-2 expression, respectively. Macrophages (CD64+ CD11b+ 

CD11c−) and dendritic cells (CD64-MHCII+CD11c+) were gated after excluding T cells, 

eosinophils (CD45+ Ly6G− CD11b+ Siglec-F+), and neutrophils (CD45+ Ly6G+ MHC 

II−). HFSCs in skin epithelial preparations were gated as CD45− Sca-1- EpCAMint CD34+. 

GFP fluorescent protein expression in Lgr5iOVA mice was used as a proxy for OVA-GFP 

fusion protein expression. Cell numbers were calculated by quantifying cell numbers on a 

NucleoCounter (ChemoMetec) prior to staining.
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Immunofluorescence microscopy

For immunofluorescent tissue staining, shaved back skin strips, lung lobes, colon segments, 

inguinal lymph nodes, mesenteric lymph nodes, and spleens from Foxp3tDtomato mice were 

fixed in 2% paraformaldehyde on a rocker at room temperature for 4 hours. After washing 

in PBS, tissues were embedded in optical cutting temperature compound (OCT) and flash-

frozen in isopentane (Sigma) cooled with dry ice. 10 μm sections were cut on a cryostat 

(ThermoFisher Cryostar NX50) onto SuperFrost Plus slides. Tissue sections were air-dried 

for one hour, washed in PBS, and mounted in ProLong Gold antifade reagent with DAPI 

(ThermoFisher). Tissues were imaged on a Keyence Fluorescence BZ-X810 microscope. 

The number of tdTomato+ Tregs was quantified per 200x high power field (HFP) across 6 

randomly HFPs per tissue section.

Single-cell RNA sequencing

Skin Tregs were isolated from four Foxp3-CreERT2-GFP adult female mice. Back skin was 

harvested, enzymatically digested, and processed as detailed above. SDLN Tregs were 

prepared by harvesting pooled inguinal, brachial, and axillary LNs from two Foxp3-GFP 

reporter adult female mice and were processed as detailed above. Skin and SDLN Tregs 

(CD45+ TCRβ+ CD8− CD4+ GFP+) were sort purified on a BD FACSAriaII using a 100μm 

nozzle and sorted into RPMI + 10% FBS.

Samples were run on separate lanes of a 10X Chromium chip with 3’ v2 chemistry 

(10X Genomics) following manufacturer instructions by the UCSF Institute for Human 

Genetics Sequencing Core. Libraries were sequenced on an Illumina NovaSeq 6000. Fastq 

files were aligned to the mm10 reference genome and barcode matrices were generated 

using Cellranger 2.1. For skin Tregs, 2,058 median unique molecular identifiers (UMIs; 

transcripts) per cell, and 1035 median genes per cell were sequenced to 91.6% sequencing 

saturation with 88,229 mean reads per cell. For SDLN Tregs, For SDLN Tregs, 3,021 

median UMIs per cells, and 1,155 median genes per cell were sequenced to 88.4% 

sequencing saturation with 60,753 means reads per cell.

Spatial Transcriptomics

The procurement of archived patient formalin-fixed paraffin-embedded tissue was approved 

by the human research ethics committee of UCSF (21–33678) and was conducted according 

to the Declaration of Helsinki and a waiver of informed consent was granted as no 

study procedures were performed. Two scarring areata patient biopsy samples and two 

healthy human scalp skin samples were retrieved from the diagnostic and consultation 

archives of the UCSF Dermatopathology Service. Additionally, two alopecia areata patient 

biopsy samples were retrieved from the diagnostic and consultation archives of the UCSF 

Dermatopathology Service. H&E slides were reviewed by an expert dermatopathologist 

(J.N.C.) to confirm the diagnosis. FFPE tissue blocks for each sample were retrieved. A 

tissue microarray (TMA) was constructed by using an automated TMA machine to punch 

a 2-millimeter core from each tissue block in the region of interest and place the resulting 

tissue core into a separate paraffin block, such that the four cores were arrayed in a 2 × 2 

grid.
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Visium spatial gene expression slides for human FFPE and reagents kits were used 

according to manufacturer instructions (10X Genomics). Initial tissue sections confirmed 

a DV200 score of over 5. Next, a 5 μm section from the TMA was cut using standard 

microtomy and placed in one capture area (6.5 × 6.5 mm2) of a specialized 10x Visium 

slide. Each capture area contains ~5,000 barcoded spots that are 55 mm in diameter (100 

mm center to center between spots) providing an average resolution of 1 to 10 cells. 

The tissue section was then prepared according to the recommended protocols (tissue 

preparation guide CG000408). H&E image preparation was performed according to protocol 

(deparaffinization, H&E staining, Imaging and decrosslinking, CG000408). Spatial gene 

expression assay was performed according to the protocol CG000407. Libraries were 

prepared with Truseq Illumina libraries and sequenced on a NextSeq (Illumina). Sequencing 

was performed with the recommended protocol (read 1: 28 cycles; i7 index read: 10 cycles; 

i5 index read: 10 cycles; and read 2: 50 cycles), yielding 142,524,366 sequencing reads for 

the scarring alopecia TMA sample and 121,110,575 sequencing reads for the alopecia areata 

TMA sample. For the scarring alopecia TMA sample, 1,420 spots were identified as being 

under tissue were sequenced with a mean read per spot of 100,369 and 4,382 median genes 

per spot. For the alopecia areata TMA sample, 1,211 spots were identified as being under 

tissue were sequenced with a mean read per spot of 100,009 and 3,753 median genes per 

spot.

Quantification and statistical analysis

Statistical analyses were performed using Prism software package 9.0 (GraphPad). p values 

were calculated using two-tailed unpaired or paired Student’s t-test and one- or two-way 

ANOVA and as indicated in the Figure Captions. Apart from scRNAseq and spatial 

transcriptomics, all experiments were repeated 2–3 times, and all data points represent 

individual biological replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Natural life history of Tregs in skin revealed by localized fate-mapping.
A. Representative photo of a mouse with dorsal back skin shaved in a “mohawk” 

configuration. B. Experimental schematic in which Foxp3tdTomato mice were treated 

topically for 5 consecutive days with 4OHT on one side of shaved skin or vehicle control 

(acetone) on the contralateral side, and organs were harvested 2 days after the last treatment. 

C. Representative flow cytometry plots and quantification of % tdTomato+ of Tregs (live 

CD45+ TCRβ+ CD4+ CD8− Foxp3-GFP+) from the indicated organs following topical 

4OHT or vehicle control treatment. SDLN- skin draining lymph node, MLN- mesenteric 

lymph node. D. Representative medium-power images of tissue sections from the indicated 

organs following the treatment regimen outlined in (B) (bar = 50 μm); quantification 

of # tdTomato+ cells per high powered field (HFP). E. Experimental schematic which 

Foxp3tdTomato mice were treated topically for 5 consecutive days with 4OHT on shaved skin 

and skin was harvested at the indicated time points. F, G. Representative flow cytometry 

plots (F) and quantification (G) of % tdTomato+ of skin Tregs at the indicated time points. 

Statistics were calculated as a comparison to the day 0 timepoint. H. Quantification of # 

tdTomato+ cells per high powered field (HFP) in skin sections from the indicated time 

points. Data in C and D are representative of two independent experiments with similar 

results. Data in F, G, and H are pooled from two independent experiments. Results are 

shown as individual data points and mean +/− s.e.m (C) or individual data points and mean 

(D, G, H). Statistics are calculated by one-way ANOVA with Tukey’s test for multiple 

comparisons. ***p < 0.001, ****p < 0.0001.
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Figure 2. Skin regulatory T cells suppress hair follicle-associated inflammation.
A. Experimental schematic in which Foxp3iDTA mice were treated for 5 consecutive 

days with 4OHT on one side of shaved back skin and vehicle control (acetone) on 

the contralateral side and every three days thereafter for 4 weeks. A separate group of 

Foxp3iDTA mice were treated with intraperitoneal injection of Tamoxifen every three days 

for 4 weeks. Skin and skin draining lymph nodes (SDLN) were harvested at 4 weeks. 

B. Representative photo of SDLN (axLN: axillary, brLN: brachial, ingLN: inguinal) from 

Foxp3iDTA mice that underwent the indicated treatments; bar= 2 mm (left). Quantification 

of ingLN length measurements (right). C, D. Representative flow cytometry plots and 

quantification of % Tregs. E, F. Representative flow cytometry plots and quantification 

of # CD8+ T cells. G. Quantification of # Teffs (CD4+ Foxp3−). H. Quantification of 

pro-inflammatory cytokine production by CD8+ T cells and Teffs in skin and SDLN of 

Foxp3iDTA mice (interferon-γ: IFNγ, tumor necrosis factor-α: TNFα). I. Representative 

photomicrographs of dorsal back skin histology sections of Foxp3iDTA mice that underwent 

the indicated treatment (bar= 50 μm); inset: higher magnification of hair follicle (bar= 20 

μm), and quantification of # foci of hair follicle-associated inflammation (folliculitis). J. 
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Quantification of # CD8+ T cells in skin. Mice underwent the topical treatment regimen 

as depicted in (A) and were concurrently treated with intraperitoneal injections of control 

IgG or anti-CD8 depleting antibody every 5 days. K. Representative photomicrographs 

of histology during the indicated treatment conditions (bar = 50 μm), and quantification 

of # folliculitis foci in skin under the indicated treatment conditions. Data in B-K are 

representative of two independent experiments with similar results. Results are shown as 

individual data points and mean (B, I, K), individual data points and mean +/− s.e.m (D, F, 
G, H), or paired data points (J). Statistics are calculated by one-way ANOVA with Tukey’s 

test for multiple comparisons (B, D, F, and H (Tam comparison), and I), two-way ANOVA 

(J and K: 4OHT vs. 4OHT comparison), and paired two-tailed Student’s t-test (B, D, F-H, 
K (ctrl vs. 4OHT comparison)). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <0.0001, ns = 

not significant.
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Figure 3. Skin Tregs exhibit a heightened immunoregulatory gene signature.
(A to F and H) scRNAseq of sort-purified Tregs (gating: live CD45+ TCRβ+ CD4+ CD8− 

GFP+ cells) from dorsal back skin and SDLNs of adult Foxp3-CreERT2-GFP mice. (A and B) 

Unsupervised clustering of combined (A) and separate skin and SDLN Treg scRNAseq data 

(B). (C) Graphical summary of the frequency of Tregs in each cluster according to tissue. 

(D) Heatmap displaying the top 10 differentially expressed (DE) genes for each cluster when 

comparing clusters 1 to 11 (ranked by fold change). (E) Heatmap of select genes involved 

in immune tolerance/immunoregulation. (F) Feature plot displaying the immune regulatory 
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gene signature in combined skin and SDLN scRNAseq data. (G) Violin plot of the immune 

regulatory gene signature split by tissue. (H) Violin plots of the immune regulatory gene 

signature in each individual cluster split by tissue type. Horizontal triangle in grayscale 

denotes decreasing expression score moving left to right. Data are representative of one 

experiment (A to H). Statistics were calculated by unpaired Wilcoxon rank sum test of 

SDLN Tregs pooled from two mice and skin Tregs pooled from four mice (G). ****P < 

0.0001.

Cohen et al. Page 26

Sci Immunol. Author manuscript; available in PMC 2024 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. CTLA-4 expression on skin Tregs is dispensable for immune homeostasis.
(A) Feature plots of Ctla4 gene expression in skin and SDLN Tregs. Dashed oval indicates 

relative location of cluster 4 (Fig. 3A). (B) Representative flow cytometry plots and 

quantification of the frequency and expression level of CTLA-4 on skin and SDLN Tregs.(C) 

Experimental schematic in which Foxp3ΔCTLA−4 mice were treated for five consecutive 

days with 4OHT on one side of shaved back skin and vehicle control (acetone) on 

the contralateral side and every 2 days thereafter for 4 weeks. A separate group of 

Foxp3ΔCTLA−4 mice was treated with intraperitoneal injection of tamoxifen every 3 days 

for 4 weeks. Skin and SDLNs were harvested at 4 weeks. (D) Representative flow cytometry 

plots and quantification of % CTLA-4+ Tregs and mean fluorescence intensity (MFI) of 

CTLA-4 expression on Tregs. (E) Representative flow cytometry plots and gating of CD8+ 

T cells, Teffs, and Tregs and quantification of the frequency of Tregs. (F) Quantification 

of number of Teffs and CD8+ T cells. (G) Quantification of proinflammatory cytokine 

production by CD8+ T cells and Teffs in skin. (H) Quantification of MFI of CD80, 

CD86, and MHCII expression on DCs (live CD45+ TCRβ− CD3ε− MHCII+ CD64− 

CD11c+) or macrophages (Macs; live CD45+ TCRβ− CD3ε− MHCII+ CD64+ CD11c−). (I) 

Representative photomicrographs of dorsal back skin histology sections of Foxp3ΔCTLA−4 

mice that underwent the indicated topical treatment (scale bar, 50 μm) and quantification 

of the number of foci of HF-associated inflammation (folliculitis). Data in (A) to (I) are 

representative of two independent experiments with similar results. Results are shown as 

individual data points and mean ± SEM (B, D, and H), paired data points (E to G), 

or individual data points and mean (I). Statistics were calculated by unpaired two-tailed 

Student’s t test (B and I), paired two-tailed Student’s t test (D to H; ctrl versus 4OHT 
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comparison), or one-way ANOVA with Tukey’s test for multiple comparisons (D; Tam 

comparison). *P < 0.05, ***P <0.001, and ****P < 0.0001. ns, not significant.
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Figure 5. CD25 expression on skin Tregs restrains hair follicle-associated inflammation.
(A) Feature plots of Il2ra gene expression in skin and SDLN Tregs. (B) Representative 

flow cytometry plots and quantification of the frequency and expression level of CD25 on 

skin and SDLN Tregs. (C and D) Representative flow cytometry plots and quantification of 

% and number of IL-2 expression in lymphocyte subsets from skin of IL-2–GFP reporter 

mice. IL-2–GFP+ gates were set according to wild-type C57Bl/6 controls. (E) Experimental 

schematic in which Foxp3ΔCD25 mice were treated for five consecutive days with 4OHT 

on one side of shaved back skin and vehicle control (acetone) on the contralateral side 

and every 2 days thereafter for 4 weeks. A separate group of mice was treated with 

intraperitoneal injection of tamoxifen every 3 days for 4 weeks. Skin and SDLNs were 

harvested at 4 weeks. (F) Representative flow cytometry plots and quantification of % 

CD25+ Tregs and mean fluorescence intensity (MFI) of CD25 expression on Tregs. (G and 

H) Quantification of # Tregs, Teffs, and CD8+ T cells. (I) Quantification of the proliferation 

index (% Ki-67+) of Teffs and CD8+ T cells. (J) Quantification of proinflammatory cytokine 

production by Teffs and CD8+ T cells. (K) Representative flow cytometry histogram 

plot and quantification of Foxp3 MFI in skin Tregs. (L) Representative flow cytometry 

histogram plots and quantification of pSTAT5 MFI in skin Teffs and CD8+ T cells. (M) 
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Representative photomicrographs of dorsal back skin histology sections of Foxp3ΔCD25 

mice that underwent the indicated topical treatment (scale bar, 50 μm) and quantification 

of number of foci of hair follicle–associated inflammation (folliculitis). (N and O) Ubiq-

CreERT2 × IL-2fl/fl mice were shaved in a mohawk configuration and treated with topical 

4OHT or vehicle control for 4 weeks as in (C). (N) Quantification of # Tregs in skin. (O) 

Quantification of Foxp3 MFI in skin Tregs. Data in (A) to (L) are representative of two 

independent experiments with similar results. Data in (M) to (O) show pooled data from two 

independent experiments. Results are shown as individual data points and mean ± SEM (B, 

C, D, and F), paired data points (G to L, N, and O), or individual data points and mean 

(M). Statistics were calculated by unpaired two-tailed Student’s t test (B and M), paired 

two-tailed Student’s t test (F to L, N, and O; ctrl versus 4OHT comparison), or one-way 

ANOVA with Tukey’s test for multiple comparisons [C, D, and E; Tam comparison (F)]. *P 
< 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns, not significant.
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Figure 6. Skin Tregs restrain autoimmune attack of hair follicle stem cells.
A. Schematic and model of experimental timeline in which bone marrow from Foxp3iDTA 

donor mice was transferred to irradiated OVA-expressing Lgr5iOVA recipients. Lgr5iOVA 

mice were treated with Tamoxifen intraperitoneally (i.p.) for two consecutive days to induce 

OVA in bulge hair follicle stem cells (HFSCs), followed by irradiation and transfer of 1 × 

107 Foxp3iDTA bone marrow cells. Following bone marrow reconstitution, chimeric mice 

underwent adoptive transfer of 1 × 106 OT-I T cells (CD45.1+). One week after OT-I T 

cell transfer, mice were shaved in a mohawk configuration and topical 4OHT or vehicle 

was applied for 5 consecutive days. Skin and skin draining lymph nodes (SDLN) were 

harvested 2 days thereafter. B. Quantification of the mean fluorescence intensity (M.F.I.) 

of GFP expression in Lgr5+ cells (gated on live, CD45−, Sca-1- EpCAMint CD34+) from 

Lgr5iOVA mice that were treated with the Tamoxifen and 4OHT regimen and harvested on 

day 14 as described in (A). C. Representative flow cytometry plots and quantification of 
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% skin Tregs. D. Representative flow cytometry plots and quantification of % skin OT-I T 

cells. E, F. Representative flow cytometry plots and quantification of % Ki-67 and CD25 of 

OT-I T cells. G. Quantification of interferon-γ (IFNγ) and tumor necrosis factor-α (TNFα) 

producing skin OT-I T cells. H, I. Representative flow cytometry plots and quantification 

of % and # of Lgr5-GFP+ HFSCs. J. Quantification of M.F.I. of GFP in Lgr5+ cells. K. 

Representative medium- and high-powered views from photomicrographs of dorsal back 

skin histology sections of chimeric mice; bar= 50 μm (left panels) and 20 μm (right panels). 

Arrowheads indicate apoptotic bulge keratinocytes and arrows indicate intraepithelial bulge 

lymphocytes. L. Quantification of # foci of bulge-associated inflammation, intraepithelial 

(IE) bulge lymphocytes, and apoptotic bulge keratinocytes. M-P. Experimental results 

utilizing Foxp3ΔCD25 → Lgr5iOVA chimeric mice with quantification of % CD25 on skin 

Tregs (M), # skin epithelial OT-I T cells (N), GFP M.F.I. in Lgr5-GFP+ cells (O), and foci 

of bulge-associated inflammation (P). Data in A-L are representative of two independent 

experiments with similar results. Data in M-P shows pooled data from two independent 

experiments. Results are shown as individual data points and mean +/− s.e.m (B), paired 

data points (C-G, I-J, and M-O) or individual data points and mean (L, P). Statistics are 

calculated by paired two-tailed Student’s ttest (C-G, I-J, and M-O), or unpaired two-tailed 

Student’s t-test (L, P). **p < 0.01, ***p <0.001, ****p <0.0001, ns = not significant.
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Figure 7. Human autoimmune alopecia demonstrates a heightened IL-2 signaling gene signature 
around hair follicles.
A, E. Medium-power photomicrographs of hematoxylin and eosin (H&E) stained tissue 

sections representative of regions of pathology in human scarring alopecia (SA), alopecia 

areata (AA) and corresponding regions in healthy scalp skin (HS) as denoted by the dashed 

boxes in Figure S9B and S10A. In (A), arrowheads indicate lymphocytic inflammation 

around hair follicles, and asterisks indicate perifollicular fibrosis. In (E), arrowheads 

indicate lymphocytic inflammation around hair follicles, and asterisks indicate involutional 

hair follicles. Bar = 50 μm. B, F. Medium-power images of spatial transcriptomic (ST) 

feature plots of the IL2-STAT5 pathway, and CD8 and Treg gene signatures superimposed 

on the corresponding H&E images in (A) and (E). C, H. Unsupervised clustering of ST 

data from two samples of SA and two samples of HS, and two samples of AA and two 

samples of HS as demonstrated in Figure S9C and S10B. D, I. Feature plots of SA, AA, 

and HS spatial transcriptomic data displaying the IL2-STAT5 pathway, and CD8 T cell 

and Treg gene signatures. E, J. Violin plots of the IL2-STAT5 pathway in ST clusters 

representative of microanatomic stromal niches in diseased and healthy skin. Bar represents 

mean. Horizontal triangle in greyscale denotes decreasing expression score moving left to 

right. Data are representative of one independent 10X Visium capture area each for the 

scarring alopecia TMA sample and the alopecia areata TMA sample.
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