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Summary

Foxp3" CD4" regulatory T (Treg) cells are a subset of immune cells that
function to regulate tissue inflammation. Skin is one of the largest organs
and is home to a large proportion of the body’s Treg cells. However, rela-
tive to other tissues (such as the spleen and gastrointestinal tract) the
function of Treg cells in skin is less well defined. Here, we review our
understanding of how Treg cells migrate to skin and the cellular and
molecular pathways required for their maintenance in this tissue. In addi-
tion, we outline what is known about the specialized functions of Treg
cells in skin. Namely, the orchestration of stem cell-mediated hair follicle
regeneration, augmentation of wound healing, and promoting adaptive
immune tolerance to skin commensal microbes. A comprehensive under-
standing of the biology of skin Treg cells may lead to novel therapeutic
approaches that preferentially target these cells to treat cutaneous autoim-
munity, skin cancers and disorders of skin regeneration.
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Introduction

As our major barrier to the outside world, the skin per-
forms an array of functions to protect and insulate us
from our environment. As such, skin harbours a large
community of commensal microbes and is routinely
subjected to pathogen invasion. In addition, robust
wound-healing mechanisms have evolved to repair the
high frequency of physical trauma inherent to skin, as
well as damage associated with exposure to ultraviolet
radiation. All of these processes interface with the
immune system, and hence the skin is endowed with a
complex immune cell repertoire that is unique to this tis-
sue. In addition, there is a finely coordinated system of
communication between epithelial cells and immune cells,
to both maintain tissue homeostasis and restore normal
function after insult. Hence, skin is a highly integrated
and immunologically active organ that constantly strives
to maintain a delicate balance between pro-inflammatory
and anti-inflammatory immune responses, in an attempt
to protect against invasion and mitigate tissue damage.
Self-reactive lymphocytes can migrate to tissues and,
under specific conditions, initiate autoimmune pathology.
Regulatory T (Treg) cells represent a subset of CD4" T
cells that largely act to suppress pathogenic immune
responses mediated by self-reactive cells, thereby estab-
lishing and maintaining tissue immune homeostasis. In
healthy individuals, the majority of Treg cells arise during

372

Keywords: autoimmunity; regulatory T cells; skin.

thmyic T-cell maturation upon high avidity recognition
of self-antigen (referred to as thymic Treg cells).! Alterna-
tively, Treg cells can be generated outside the thymus
after naive CD4" T cells encounter peripheral antigens in
the correct immunological context (referred to as periph-
eral Treg cells).” An imbalance between pathogenic effec-
tor T (Teff) cells and Treg cells results in chronic tissue
inflammation and autoimmunity.

Treg cells were initially described based on constitutive
expression of the high-affinity interleukin-2 (IL-2) recep-
tor a-chain, CD25.> Identification of forkhead box pro-
tein 3 (Foxp3) as the lineage defining transcription factor
promoting Treg cell development and function, permitted
a more comprehensive analysis of their phenotypic and
functional diversity.*> Similar to conventional Teff cells,
Treg cells represent a heterogeneous population, with
multiple subsets defined by their ontogeny, function and
tissue residence (reviewed in detail in refs ). An emerg-
ing body of literature suggests that unique populations of
Treg cells reside or infiltrate peripheral tissues where they
mediate specific functions that depend entirely upon the
tissue. In visceral adipose tissue, a population of Treg
cells preferentially expresses the peroxisome proliferator-
activated receptor-y, which confers highly specialized
functions, including expression of genes involved in glu-
cose and lipid metabolism.'® In addition, Treg cells that
infiltrate muscle and lung express the epidermal growth
factor receptor ligand, amphiregulin, enabling them to
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directly facilitate tissue repair.'"'* Although the molecular
signature and function of Treg cells in many tissues is
well documented, our understanding of the fundamental
biology of these cells in skin and how they differ from
Treg cells found in other organs is only beginning to be
elucidated. Here, we review what is currently known
about Treg cells that reside in murine and human skin,
with the emphasis on mechanisms of tissue trafficking,
in situ migration, maintenance, memory and control of
cutaneous autoimmunity.

Treg cell trafficking to skin

The skin and gut are the two largest barrier tissues in
mammals. Hence, it is important for these organs to
mount strong immune responses in the face of constant
threat from the outside environment. Accordingly, these
tissues are highly susceptible to ‘collateral damage’ incited
by recurrent and robust inflammatory reactions. It is
interesting to speculate that the skin and gut house rela-
tively large Treg cell populations in attempts to mitigate
tissue damage incited by these responses. Of the CD4" T
cells that reside in the gastrointestinal tract of adult mice,
approximately 10-20% are Treg cells."” In the skin of
adult mice, 20-60% of CD4" T cells are Treg cells. In
normal human adult skin, approximately 20% of tissue-
resident CD4" T cells are Treg cells, compared with ~ 5%
found in peripheral blood and 5-10% found in human
adult colon."” Interestingly, many of the Treg cells in the
gastrointestinal tract are peripheral Treg cells induced by
commensal microbes.'® However, the skin appears to be
quite different. It has recently been shown that an abrupt
wave of T-cell receptor (TCR) aff expressing T cells accu-
mulate in murine skin from postnatal day 6 to day 13 of
life. Of which, 80% are highly activated Treg cells.'* This
marked accumulation during this defined window of
postnatal development appeared specific to Treg cells, as
other immune and T-cell subsets were unchanged during
this period. An influx of Treg cells was not observed in
skin-draining lymph nodes, nor in the intestinal lamina
propria. Inhibition of lymphocyte migration during this
window of time resulted in a preferential accumulation of
Treg cells in the thymus. Interestingly, both hair follicle
development and commensal microbes played a role in
Treg cell accumulation in neonatal skin, both of which
result in increased expression of the chemokine CCL20
from hair follicle epithelial cells.'” A subset of Treg cells
in the neonatal thymus express high levels of CCR6 (the
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receptor for CCL20) and these Treg cells preferentially
migrate to skin during this defined window of postnatal
tissue development (Fig. la). Hence, it appears that,
unlike the gut, Treg cell migration from the thymus is
responsible for the initial seeding of this cell population
in murine skin early in life. However, similar to the gut,
commensal microbes play an active role in this process.
Whether a ‘wave’ of Treg cell migration also happens in
human skin during a defined developmental window
remains to be elucidated. It is also relevant to note that
Scurfy mice (which lack functional Treg cells) succumb
to a fulminant systemic inflammatory response at a
young age. These mice have pronounced skin inflamma-
tion and alopecia, perhaps reflecting the necessary and
important role of neonatal Treg cells in suppressing skin
inflammation early in life, as has been shown in other
organs.'®

Investigation of tissue homing receptor expression on
CD4" CD25™ Foxp3™ Treg cells in the peripheral circula-
tion of healthy human beings revealed that the majority
(between 68 and 90%) express a carbohydrate modifica-
tion of P-selectin glycoprotein ligand-1 called cutaneous
lymphocyte antigen (CLA)' and between 62 and 84%
express the skin-homing receptor CCR6.*>*' The func-
tional competency of Treg cell homing receptor expres-
sion was demonstrated in a chemotactic response assay to
the corresponding chemokines CCL17, CCL20 and
CCL22. Similar to human peripheral blood, approxi-
mately 60% of Treg cells in murine spleen express P-
selectin glycoprotein ligand-1,* which was required for
efficient infiltration of CD4" T cells into inflamed skin.*
In contrast, < 10% of peripheral blood Treg cells were
positive for the gut lamina propria homing receptor inte-
grin oy/f;. Skin-homing Treg cells in mice are defined by
co-expression of CCR4 and CD103.** The ligands for
CCR4 are CCL17 and CCL22, which are expressed by
endothelial cells in dermal post-capillary venules, and
myeloid cells, respectively.”> >’ The ligand for CD103 is
E-cadherin, which is expressed on epithelial keratinocytes
in skin.”® In a study using congenically marked wild-type
and CCR4-deficient mixed bone marrow chimeras, it was
found that the absence of CCR4 expression on Treg cells
conferred a competitive disadvantage on these cells to
accumulate in skin and lung.** In contrast, neither
CCR6-deficient nor CCR10-deficient CD4" T cells dis-
played any detectable defects in their ability to migrate to
skin.”® These studies support a functional role for CCR4
expression on Treg cells for trafficking to skin. Taken

Figure 1. Skin regulatory T (Treg) cell trafficking and maintenance. (a) An abrupt wave of Treg cells accumulate in skin early in neonatal life.

Commensal microbe elicitation of the chemokine CCL20 from hair follicle epithelial cells attracts CCR6-expressing Treg cells to preferentially

migrate to skin during this defined window of postnatal tissue development. (b) Treg cells in skin are maintained and/or induced by interactions
with both epidermal Langerhans cells (LCs) and CD141" dermal dendritic cells (DDCs). Skin-homing Treg cells are defined by expression of
CCR4, CD103, cutaneous lymphocyte antigen (CLA), and FuT7. (M)’ or ‘(H)’ denotes pathways that have been identified in mouse or human,

respectively.
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together, several studies suggest that a large proportion of
Treg cells in the systemic circulation of mice and humans
have the propensity for trafficking to skin.

The carbohydrate determinants of E-selectin and P-
selectin binding are generated by the enzyme o-1,3-fuco-
syltransferase VII (FuT7).>° FuT7-deficient Treg cells in
the mouse display no overt impairments in Treg cell dif-
ferentiation or function, as determined by assessment of
canonical marker expression and suppression of Teff cells
in vitro.”" Interestingly, wild-type and FuT7-deficient Treg
cells adoptively transferred into neonatal scurfy mice were
equal in their ability to accumulate in lymphoid and most
non-lymphoid tissues, including the spleen, and the gas-
trointestinal tract.>’ However, the accumulation of FuT7-
deficient Treg cells in skin was significantly reduced. Con-
sistent with these findings, Treg cells are reduced in non-
inflamed skin of adult mice harbouring a germline muta-
tion in FuT7, as determined by flow cytometric quantifi-
cation of CD25™ CD4* T cells. These results indicate that
FuT7 expression is required for optimal Treg cell traffick-
ing to skin in the absence of inflammation.

Treg cell localization and migration in skin

Treg cells in both murine and human skin appear to
occupy a specialized anatomic niche. In non-inflamed
healthy human skin, CD4" Foxp3" Treg cells preferen-
tially reside in close association with hair follicles, with
very few cells detected in the interfollicular dermis and
epidermis.'”*** In agreement with these histological
findings, flow cytometric quantification of human skin
revealed that Treg cells are most abundant in regions with
high hair follicle density (i.e. scalp and face).’” Intravital
multiphoton imaging of healthy (non-inflamed) mouse
flank skin revealed that intradermal Treg cells are often
located in clusters around hair follicles.®® In a separate
study, dermal CD4" T cells and CD11c¢" myeloid cells
were found in close association around murine hair folli-
cles, which was in part dependent on the T-cell-derived
chemokine CCL5.% Taken together, these findings suggest
that Treg cells preferentially localize to the hair follicle
niche in healthy non-inflamed skin.

Effector T-cell-mediated clearance of pathogens and
subsequent resolution of inflammation require finely
coordinated migratory behaviour at the inflamed tissue
site. Although the molecular mechanisms employed by T
cells to extravasate into tissues have been well docu-
mented, the pathways that mediate T-cell trafficking
within tissues are less well understood. Intravital monitor-
ing of CD4" T-cell migration in inflamed mouse dermis
showed that these cells preferentially migrate in directions
parallel to local collagen fibres.*® Administration of a
blocking antibody directed against integrin f3;, or its pair-
ing subunit partner, integrin o, blocked T-cell interac-
tions with the extracellular matrix and led to an arrest of
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dermal migratory activity. Blockade of other integrin f;
pairing partners, o, o, o4 or oy and o, in combination
failed to impair T-cell motility, suggesting that o, is
uniquely required for CD4" T-cell mobility in inflamed
dermis.”® This study did not discriminate between Treg
and Teff cells in the total CD4" pool. Hence, it will be
important to determine if there is a differential require-
ment for integrin «, utilization between these different T-
cell lineages in skin during an inflammatory response.
This is especially important because dermal Treg and Teff
cells have been shown to differ in their interstitial migra-
tory capacity in non-inflamed mouse skin. In this setting,
Treg cells are predominantly stationary, with a small pro-
portion (< 10%) actively migrating or significantly chang-
ing cell shape’® In contrast, Teff cells uniformly
demonstrate higher levels of motility (as evidenced by
mean displacement rate) relative to skin Treg cells. It is
interesting to speculate that the dichotomy in Treg cell
motility in non-inflamed skin may represent distinct spa-
tially organized Treg subsets with unique functions.

Tissue-resident memory Treg cells

Over the past several years there has been a rapid growth
in our understanding of tissue-resident memory (Trm)
cells, with many studies performed in skin (reviewed in
ref. 37). These studies have identified the existence of a
specialized adaptive immune cell that responds to antigen
upon initial encounter and is maintained in tissues after
antigen clearance, poised to respond with accelerated
kinetics upon subsequent antigen exposure. Although this
phenomenon has been well documented in CD8" T cells
and CD4" Teff cells, memory within the Treg cell lineage
is only beginning to be understood (reviewed in detail in
ref 38). Several studies support the notion that tissue-resi-
dent memory Treg cells exist and that they may play a
major role in mitigating tissue damage upon repeated
antigen exposure. To study memory Treg cell responses
in skin, transgenic mice were generated in which a
defined model antigen (ovalbumin; OVA) could be indu-
cibly expressed in basal epithelial keratinocytes.”” OVA
expression in this system largely mimicked the pattern of
tissue-restricted self-antigen expression, in that it was
constitutively expressed in the thymus but tightly regu-
lated in skin through administration of doxycycline. Thy-
mic expression of OVA led to the generation of a large
proportion of antigen-specific Treg cells that populated
secondary lymphoid organs. However, these Treg cells
were unable to prevent autoimmunity, as induction of
OVA expression in skin resulted in pronounced inflam-
mation. This was closely followed by the accumulation of
highly activated OVA-specific Treg cells in skin that
resolved the disease, despite continued antigen expression.
Interestingly, these Treg cells persisted in skin long after
antigen was extinguished, and upon subsequent antigen
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expression, they were able to respond with accelerated
kinetics resulting in an attenuation of skin inflammation.
A similar phenomenon was observed in an experimental
model of fetal tolerance.*” More recently, a subset of Treg
cells induced by inflammation were retained in peripheral
tissues that expressed unique gene expression profiles
when compared with their counterparts in secondary
lymphoid organs.*' Taken together, these studies and
others suggest the existence of tissue-resident Treg cells
with ‘memory-like’ properties. In attempts to determine
if these findings translate to humans, Treg cells were
extensively phenotyped in adult and fetal human skin.
These studies revealed that almost all Treg cells in the
skin of healthy adults express the RO isoform of CD45
(CD45R0), indicative of previous or current antigen
exposure. In addition, they also expressed T-cell memory
associated markers, including CD27 and BCL-2. ‘Mem-
ory Treg cells in skin had a lower proliferative index
when compared with a similar population found in
peripheral blood and had a reduced capacity to migrate
out of skin in a humanized mouse skin transplant
model.”> These results suggest that Treg cells in non-
inflamed human skin are a slow cycling tissue-resident
population. Interestingly, Treg cells in human fetal skin
(identified as CD45" CD3* CD4" Foxp3*) predominantly
lacked CD45RO expression, indicating that most of these
cells encounter antigen after or during birth.”> Taken
together, an emerging body of literature suggests the exis-
tence of Treg Trm cells. How these cells differ from con-
ventional Trm cells and how long they can persist in the
absence of antigen in specific tissues remains to be deter-
mined.

Control of Treg cell maintenance in skin

Given their critical role in suppressing inflammation,
defining the cellular and molecular pathways involved in
activating and maintaining Treg cells in tissues is of fun-
damental importance. It is well established that a large
proportion of Treg cells require IL-2 for their develop-
ment in the thymus and maintenance in secondary lym-
phoid organs.*> However, whether IL-2 plays a central
role in the maintenance of Treg cells (or specific Treg
subsets) in peripheral tissues remains to be fully eluci-
dated. The Treg cells present in spleen and lymph nodes
express low levels of the IL-7 receptor o chain (CD127),*
but expression of this cytokine receptor is increased on
subsets of Treg cells found in peripheral tissues. Antigen-
specific Trm Treg cells in murine skin expressed higher
levels of CD127 compared with naive Treg cells found in
skin-draining lymph nodes.”> Using a model of inducible
self-antigen expression, the functional role of the IL-7
pathway in maintaining this Treg cell subset in skin was
tested. Although IL-2 was necessary for the accumulation
of Treg cells in skin during antigen exposure, a subset of
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Trm Treg cells required IL-7 for their maintenance in this
tissue after cessation of antigen expression.”> The depen-
dence on IL-7 may represent a dynamic adaptation to
survive in a tissue with relatively lower local concentra-
tions of IL-2 when compared with secondary lymphoid
organs. Consistent with this notion, maintenance of both
CD4" and CD8" tissue-resident cells in mouse skin has
been shown to be dependent on keratinocyte-derived IL-
7. In addition, it has been shown that IL-2 is necessary
for Treg cell maintenance in murine secondary lymphoid
organs, but not for subsets of Treg cells that reside in
non-lymphoid tissues such as the liver and intestine.
Instead, the maintenance of these cells was dependent on
continued signalling through the co-stimulatory receptor
inducible T-cell co-stimulator (ICOS).*> Whether a subset
of Treg cells in human skin depend on IL-7 for their
maintenance and function remains to be determined.
Most tissue-resident Treg cells in healthy adult skin
express low levels of CD127, equivalent to that observed
on Treg cells in peripheral blood.*?

In addition to growth and survival signals provided by
specific cytokines, interactions with other skin-resident
cells have been implicated in Treg cell homeostasis and
maintenance in this tissue. Fibroblasts are an abundant
accessory cell type found in skin. These cells have been
shown to elaborate T-cell chemoattractant factors and are
required for T-cell emigration from skin explant cultures,
as well as maintenance of skin homing marker expres-
sion.* Their role in supporting human skin Treg cell sur-
vival was demonstrated using fibroblast monolayer-skin
Treg cell co-cultures. Fibroblasts were able to preferen-
tially induce proliferation of CFSE-labelled purified
CD25" CD4" T cells from skin in a contact-dependent
manner, suggesting that interactions between these cell
types may play a role in skin Treg cell biology. Dendritic
cells (DCs) resident to tissues have the capacity to readily
present antigen to memory T cells in skin, a process that
bypasses cellular recruitment from afferent lymphatics or
peripheral circulation.*”*® Langerhans cells (LCs) are an
epidermal resident DC population in both mouse and
human skin, and are believed to constitute the major first
line of defence against pathogenic encounters. Seneschal
et al. set out to explore the role of LCs in the function
and homeostasis of human skin-resident Treg cells.*” Rel-
ative to dermal DCs, LCs isolated directly from skin pref-
erentially induced the proliferation of Treg cells in a cell-
contact-dependent manner in vitro. This induction
involved interactions with MHC class II and the co-sti-
mulatory molecules CD80 and CD86, as determined by
antibody blockade in the co-culture system.*” In situ, LCs
were found in close association with proliferating Treg
cells in the epidermis and follicular epithelium of human
skin. It is postulated that the interaction between skin-
resident Treg cells and LCs plays a role in recall or mem-
ory responses and so may serve to mediate rapid
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attenuation of these robust immune reactions. Further
evidence supporting a regulatory role for LCs comes from
contact hypersensitivity studies in mice, where both con-
stitutive and inducible ablation of LCs result in exagger-
ated contact hypersensitivity responses.”® Although the
cytokine expression or generation of Treg cells in this
model was unaltered, a significant expansion of hapten-
specific T cells was observed, that was associated with IL-
10 derived from LCs. Both LC-derived IL-10-mediated
suppression and full LC maturation required LC expres-
sion of MHC class II, suggesting that cognate CD4-MHC
Class II interactions are necessary to inhibit antigen-speci-
fic effector T-cell responses.50 Overall, these studies
ascribe a regulatory role for LCs in both mouse and
human skin.

Distinct DC populations may also influence the migra-
tory and retentive signals imparted to skin T cells
through the conversion of vitamin metabolites present in
tissues. In the gastrointestinal tract, CD103 expressing
lamina-propria-resident DCs convert dietary vitamin A to
retinoic acid, and in doing so, promote expression of the
gut homing receptors integrin a,/f; and CCR9.”" Given
the direct exposure of skin to ultraviolet radiation, cuta-
neous DCs uniquely possess the capacity to convert the
inactive form of sunlight-derived vitamin D to its biologi-
cally active metabolite, 1,25(OH),D; (Fig. 1b). This reac-
tion serves to induce the expression of the chemokine
receptor CCR10 on responding T cells, while suppressing
gut-homing receptor expression.”® Although these studies
have not specifically discriminated between Teff and Treg
cell subsets, vitamin-D3-inducible CD141% dermal DCs
resident in human skin have been shown to preferentially
expand Treg cells that suppress cutaneous inflammation
in vivo.”> The differential metabolic ability of distinct DC
populations in skin may serve to appropriately activate or
suppress regulatory pathways in specific immunological
contexts.

Tissue-specialized functions of skin Treg cells

Treg cells represent a highly complex and heterogeneous
lineage with multiple specialized functions in both lym-
phoid and non-lymphoid organs. Independent of their
role in immune suppression, these cells are endowed with
tissue-specific functionality (reviewed in ref. 54). We are
only beginning to understand the unique functions of
Treg cells in skin. In mice, a subset of highly activated
Treg cells accumulate in skin early after full thickness
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wounding.”® Specific deletion of these cells early during
the wound-healing process attenuates wound closure and
re-epithelialization. In this setting, depletion of Treg cells
resulted in an interferon-y-dependent accumulation of
Ly-6C"¢" pro-inflammatory macrophages. It was found
that Treg cells infiltrating wounds express the epidermal
growth factor receptor (EGFR), and that conditional dele-
tion of EGFR on Treg cells resulted in delayed kinetics of
wound closure and increased pro-inflammatory macro-
phage accumulation (Fig. 2a). These results suggest that
Treg cells in skin co-opt a highly conserved regenerative
pathway to mediate this specialized function of tissue
repair.

As discussed previously, tissue-resident Treg cells pre-
dominantly localize around hair follicles (HFs).!73%-34
Hair follicles are highly specialized organelles of mam-
malian skin that undergo perpetual cycles of rest (telo-
gen) and regeneration (anagen), ultimately resulting in
the generation of a newly formed hair shaft.’® In addition
to immune cells, a major epithelial stem cell (SC) popula-
tion resides in the bulge region of HFs (HFSCs). Dysreg-
ulation of HFSC activation can result in insufficient SC
activity and so lead to a failure to regenerate hair.”” Inter-
estingly, several studies link Treg cells with HF biology.
Genome-wide association studies in alopecia areata, an
autoimmune disease in humans characterized by aberrant
HF cycling, have linked single nucleotide polymorphisms
in regions encoding ‘Treg signature’ genes, including the
high-affinity IL-2 receptor o (IL-2RA; CD25), the ikaros
family member Eos (IKZF4), cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and Foxp3.”®*° Consistent with these
reports, peri-follicular Foxp3" T cells are significantly
reduced in alopecia areata skin compared with healthy
controls.”” In addition, clinical augmentation of Treg cells
with low-dose IL-2 administration has shown efficacy in
treating individuals with alopecia areata who were resis-
tant to conventional therapies. Notably, the successful
hair regeneration observed in 80% of treated patients was
associated with an increased accumulation of Treg cells in
lesional scalp skin.®’ On a functional level, Treg cells have
recently been shown to play a role in HF cycling and hair
regeneration in murine skin.®*®* Immunophenotypic pro-
filing by flow cytometry revealed that Treg cell numbers
and activation in skin tightly correlate with specific
phases of the HF cycle. Treg cells were uniquely more
abundant in telogen skin relative to anagen skin, whereas
Teff and CD8" T cells showed an inverse relationship to
Treg cells. In addition, the proliferative and activation

Figure 2. Tissue specialized functions of regulatory T (Treg) cells in skin. (a) Subset of highly activated epidermal growth factor receptor

(EGFR) -expressing Treg cells accumulate in skin early after full-thickness wounding. These cells function to promote wound closure and

re-epithelialization through modulation of pro-inflammatory macrophage induction. (b) A subpopulation of Treg cells in telogen skin localize in

close proximity to hair follicle stem cells (HFSCs) in the bulge region of the hair follicle (HF). Treg cells facilitate hair regeneration through

expression of the Notch ligand Jagged-1 (Jagl), which is required to promote HF cycling by enhancing the activation and differentiation of

HESCs. (M)’ or ‘(H)’ denotes pathways that have been identified in mouse or human, respectively.
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status of skin Treg cells correlated with phases of the HF
cycle. Treg cells displayed a highly activated phenotype in
telogen skin compared with skin where HFs were all in
the anagen phase of the HF cycle. Interestingly, a subpop-
ulation of Treg cells in telogen skin localized in close
proximity to HFSCs in the bulge region of the HF. Line-
age-specific depletion of Treg cells resulted in a marked
attenuation of HF regeneration, both after depilation and
during the natural hair follicle cycle. Mechanistically, it
was found that Treg cell expression of the Notch ligand
Jagged-1 (Jagl) was required to promote HF cycling by
enhancing the activation and differentiation of HFSCs
(Fig. 2b). These studies reveal that Treg cells in skin play
a major role in HF biology and provide a mechanistic
link between skin-resident Treg cells and epithelial stem
cells that is critical for tissue function.

Future directions and unanswered questions

Given their robust ability to control inflammatory
responses, multiple therapeutic approaches are being
developed to augment Treg cell activity in the context of
autoimmunity, chronic inflammatory disease and organ
transplantation. In contrast, approaches to inhibit Treg
cell function are actively being explored for the treatment
of cancer. Despite the growing body of work investigating
the biology of Treg cells in skin, many fundamental ques-
tions remain to be addressed.

Treg cells in human skin may be very different from
Treg cells in mouse skin. It is important to appreciate the
many anatomical and immunological differences between
mouse and human skin. Non-inflamed mouse epidermis
is only two to three cell layers thick, whereas normal
human epidermis is much thicker. There are entire popu-
lations of immune cells (such as dendritic epidermal T
cells and dermal TCR-gamma delta T cells) that are
abundant in mouse skin and present at low numbers if at
all in human skin.®* ¢

It therefore follows that skin Treg cells analysed from
these species may differ with respect to mechanisms
required for their establishment, maintenance and func-
tion. Treg cells in murine skin are intimately linked with
HF morphogenesis early in life,'” and also with adult HE
cycling.®* The active growth phase of the HF cycle (anagen)
in murine dorsal skin lasts only 2-3 weeks with a high
degree of synchronicity between individual HFs. In con-
trast, human HF cycling is highly mosaic and asyn-
chronous, with an anagen duration that can last for several
years.”® Given that Treg cells preferentially localize to HFs
and HF biology is quite different between species, it is
unknown whether the biology of Treg cells relative to HF
function elucidated in mouse skin will translate to humans.

The vast majority of studies analysing mechanisms of
Treg-mediated suppression have focused on Treg cells
derived from peripheral blood or secondary lymphoid
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organs, such as the spleen or lymph nodes; not from
peripheral tissues. Of peripheral tissues, the lung and gas-
trointestinal tract have been the most extensively studied.
In these organs, Treg-derived IL-10 is essential for main-
taining immune homeostasis.”” However, this was not the
case for skin, as mice with a specific deletion of IL-10 in
Treg cells showed no signs of de novo cutaneous inflam-
mation. Currently, the mechanisms used by Treg cells to
regulate inflammation in skin are largely unknown. There
may be a high level of redundancy between well-accepted
mechanisms of immune regulation elucidated in other tis-
sues, such as IL-10 secretion and CTLA-4 expression.
Alternatively, Treg cells in skin may use unique, previ-
ously unidentified pathways. Research focused on eluci-
dating the immune regulatory mechanisms employed by
Treg cells in both human and mouse skin is of funda-
mental importance in attempts to better understand how
these cells function in this tissue. With the advent of
humanized mice that harbour stably engrafted human
skin, in vivo modelling of the human cutaneous immune
system and functional aspects of human skin Treg cell
biology is possible.*>*>”"”? In addition, because human
skin is highly accessible, comprehensive analysis of
immune cells in skin biopsy specimens from patients
enrolled in clinical trials testing immunomodulatory
agents is another important avenue of assessing how Treg
cells function in human tissues.

The antigen specificity of skin Treg cells and skin Trm
cells in general is poorly understood. What are the antigens
that skin Treg cells recognize? Given that thmyic Treg cell
selection requires interactions between high-affinity MHC
class II-self peptide complexes, are skin Treg cells specific
for self-antigens expressed in both the thymus and skin, or
are the majority restricted to foreign antigens derived from
commensal microbes? The thymus may ‘license’ a subset
of Treg cells to migrate to skin early in neonatal life in an
antigen non-specific fashion, and those that recognize
either self or commensal antigens are retained in the tissue,
whereas cells that lack productive TCR engagements are
lost over time. Because the skin is an organ that interfaces
with the external environment, it is subject to multiple
barrier breaches during the lifespan of an individual
Hence, peripheral Treg cells specific for antigens derived
from pathogens or from exposure to foreign material may
be generated in skin over time. In addition to skin Treg
cell antigen specificity, it is currently unknown whether
antigen recognition (i.e. TCR engagement) is necessary for
the maintenance or function of Treg cells in this tissue.
Indeed, a subset of Treg cells that infiltrate the lungs seems
to function in a TCR-independent fashion.'” Elucidating
the nature of antigens recognized by skin Treg cells may
be critical for the development of both local and systemic
antigen-specific therapies for autoimmune disease and can-
cer. Single-cell TCR sequencing of Treg cells from human
tissues may uncover o and f chain TCR pairings in

379



N. Ali and M. D. Rosenblum

individual cells that can be used to re-construct TCRs to
discover the antigens recognized by these cells.

Another fundamental question is how heterogeneous tis-
sue-resident Treg cells are with respect to ontogeny and
function, and how this heterogeneity differs in specific
inflammatory contexts when compared with the steady
state? Are there distinct skin Treg cell subsets that facilitate
HF cycling, skin regeneration and suppression of inflamma-
tory responses? In the lungs of mice, a distinct population of
amphiregulin-expressing Treg cells may preferentially medi-
ate tissue repair when compared with an anti-inflammatory
subset that expresses high levels of IL-10."> Interestingly,
Treg-derived amphiregulin and subsequent tissue regenera-
tion were induced in response to innate-like inflammatory
cues from the local environment, independent of TCR sig-
nalling. Tissue-specific cues that activate subsets of Treg cells
to perform specialized functions in skin have yet to be
defined. In addition, the immune and non-immune (i.e.
parenchymal) cells within skin that Treg cells modulate to
mediate these specialized functions are largely unknown. Do
Treg cells alter the function of keratinocytes, fibroblasts and/
or adipocytes in skin, and if so, how?

Treg cells comprise a large component of tumour-infil-
trating lymphocytes found in most human tumours and
in many tumour models in mice. Elevated frequencies of
these cells in tumours, for example in ovarian cancer,
have been correlated with worse clinical outcomes.”
However, the role of Treg cells in the pathogenesis of
human cancer is poorly understood. Do these cells pri-
marily function to suppress anti-tumour immune
responses early during tumorigenesis or do they function
to suppress these responses in advanced stage metastatic
disease, or both? Do Treg cells in tumours have alterna-
tive functions, independent of their roles in suppressing
anti-tumour immune responses? Targeted inhibition of
the immune checkpoint pathways programmed death
protein-1 (PD-1) and CTLA-4 has revolutionized therapy
for advanced cancer, with perhaps the most striking
results in melanoma, a tumour that arises in skin and
mucous membranes. Interestingly, a flow cytometric-
based analysis of a large cohort of metastatic melanoma
patients both before and after anti-PD-1 therapy
demonstrated an increased activation of CD8" tumour-
infiltrating lymphocytes, with no observable effect on
tumour-infiltrating Treg cell frequencies or activation sta-
tus.”* These results indicate that Treg cell modulation
plays a minimal role in mediating advanced tumour
regression in the context of anti-PD-1 monotherapy, and
that productive anti-tumour immune responses can be
achieved in the presence of highly activated tumour-infil-
trating Treg cells. Moving forward, it will be important to
elucidate whether Treg cells play a functional role in the
development or progression of melanoma or non-mela-
noma skin cancers such as basal cell carcinoma and squa-
mous cell carcinoma in humans.
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In summary, the skin is home to a large proportion of
Treg cells and many of these cells in the peripheral circula-
tion have the propensity to migrate to this tissue. Treg cells
play a major role in establishing and maintaining immune
homeostasis in tissues and are most likely comprised of mul-
tiple subsets with unique functions. Some of these functions
are most likely unique to skin and we are only beginning to
understand the cellular and molecular mechanisms by which
Treg cells function in this tissue. Because Treg cells are
thought to mediate the majority of their functions in the tis-
sues in which they reside, and optimal therapeutic
approaches directed at either augmenting or inhibiting these
cells will most likely require strategies that target specific
subsets, it is of fundamental importance to further define
the function of these cells in tissues such as skin.
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