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Abstract

The skin epithelium covers our body and serves as a vital interface with the external environment.
Here, we review the context-specific interactions between immune cells and the epithelium that
underlie barrier fithess and function. We highlight the mechanisms by which these two systems
engage each other and how immune-epithelial interactions are tuned by microbial and inflammatory
stimuli. Epithelial homeostasis relies on a delicate balance of immune surveillance and tolerance,
breakdown of which results in disease. In addition to their canonical immune functions, resident
and recruited immune cells also supply the epithelium with instructive signals to promote repair.
Decoding the dialogue between immunity and the epithelium therefore has great potential for
boosting barrier function or mitigating inflammatory epithelial diseases.
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Introduction

The outermost layer of our skin, the epidermis, serves as a
primary interface with the external environment. Encasing our
body, this physical barrier is reinforced by an immunological
arsenal that not only patrols the epithelium to protect from
harmful agents but also provides context-specific signals to
sustain the barrier’s integrity. Accumulating evidence points
to a dynamic immune-epithelial cross-talk that maintains a
healthy barrier and rapidly responds in times of duress. This
intertwined relationship between the skin epithelium and im-
munity starts even before birth and evolves throughout life (1,
2), incorporating cues from the external environment to main-
tain a state of alertness (3).

A stratified immune structure supports the skin in multiple
ways. Functionally specialized immune cells reside in the epi-
dermis, dermis and subcutaneous tissue, and engage their
surrounding parenchyma in an active cross-talk. Additionally,
the formation of productive immune responses requires con-
stant sampling of the epithelial barrier and transmission of
this information via lymph or migrating immune cells to the
cutaneous lymph nodes. These vital aspects of skin immunity,
which are beyond the scope of the present article, have been
extensively reviewed by Pasparakis and colleagues (4).

Here, we review recent advances in the field of skin epithe-
lial immunity, starting with a discussion of how the epidermis
is established and seeded with immune cells. We then ex-
plore studies highlighting the means by which immune cells

maintain tissue integrity and conversely the epithelium-
derived factors that dictate immune homeostasis. As the skin
experiences injurious and pathogenic stimuli, the coordin-
ated efforts of immune and epithelial populations protect the
host and aid in regeneration to restore barrier integrity. When
such interactions go awry, unchecked responses can lead to
inflammatory epithelial diseases and cancers (5, 6). Finally,
we end with a discussion on the therapeutic potential of lev-
eraging immune—epithelial interactions to treat skin diseases.

Epidermal development and establishment of
immunity

Shortly after gastrulation, the epidermis arises from the sur-
face of the ectoderm as a single layer of epithelial progen-
itors. These embryonically specified progenitors occupy the
lowermost or basal layer of the epidermis and regenerate this
tissue throughout an organism’s lifetime (7). As development
progresses, mitotically active progenitors repopulate the
basal layer and undergo a linear program of stratification and
differentiation to give rise to the suprabasal layers of the epi-
dermis (Fig. 1) (8, 9).

Essential to epidermal development is acquisition of a
watertight epidermal barrier that requires generation of a
proteinaceous and lipid layer termed the cornified enve-
lope. Kruppel-like factor 4 is a key orchestrator of barrier
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formation whose absence results in a catastrophic failure
to generate the cornified envelope, a significantly com-
promised epidermal barrier, and death shortly after birth
(10). Loss-of-function variants of filaggrin, an essential
cornified envelope protein, have been convincingly iden-
tified as a key predisposing factor for atopic dermatitis
(11). Similarly, genetic disruptions of not just the cornified
layer but any of the stratified epidermal layers result in
devastating diseases (12). Thus, embryonic specification
of the epidermis and subsequent establishment of a func-
tional barrier are vital to establish health and limit penetra-
tion of inflammation-inducing agents (12).

Cells of the immune system take residence in the lower-
most layers of the epidermis during embryonic development
and serve crucial roles in epithelial homeostasis, defense
and repair throughout life. First identified in the human epi-
dermis in 1868 by their namesake Paul Langerhans (13),
Langerhans cells (LCs) develop from primitive Csfr1+ yolk-
sac progenitors and fetal liver monocytes and arrive in the
epidermis shortly after specification from the ectoderm (1,
14). LCs are joined by dendritic epidermal T cells (DETCs)
at later stages of epidermal development (15). These intra-
epithelial lymphocytes were recently shown to be derived
from yolk-sac progenitors that develop in the fetal thymus,
seed the epidermis in small numbers and clonally expand
throughout life (2).

Intriguingly, both LCs and DETCs are sustained inde-
pendently of adult hematopoiesis and renew locally (1, 16)
relying on survival signals from the adjacent epithelium (1,
14). LCs require 1L-34, and DETCs are sustained by epithe-
lium-derived IL-7 and IL-15 (17, 18). Adult epidermis is poorly
vascularized and largely relies on environmental oxygen (19).

In this regard, the poor blood supply may necessitate the
maintenance of a self-sustaining immune—epithelial network
that is not dependent on bone marrow progenitors. These de-
velopmentally established epithelial networks are overridden
during inflammation as new blood vessels seep into the epi-
thelium, bringing with them a slew of marrow-derived cells to
replenish dying or migrating cells and also provide a broader
immune arsenal to defend the barrier. Indeed, during inflam-
mation, monocytes gain entry into the epidermis via hair fol-
licles and replenish depleted LCs (20).

The epidermis also has a remarkable ability to gener-
ate appendages, such as the hair follicle, which serves
as an epicenter for cutaneous immunity (21). As epider-
mal development progresses, signals emanating from the
underlying mesenchyme induce epidermal invaginations
called hair placodes (Fig. 1) (22). Downgrowth of placo-
des and maturation into functional follicles are controlled
by activating Wnts that stabilize the LEF1-B-catenin
complex in epithelial progenitors (23, 24). Hair follicle
morphogenesis is tightly linked to the homeostasis of reg-
ulatory T cells (Tregs) in neonatal skin. Follicular epithelial
cells express the chemokine CCL20 to recruit Tregs to the
epidermal-dermal interface (Fig. 1). Mice overexpressing
the Wnt inhibitor Dkk1 lack hair follicles and fail to accu-
mulate Tregs (25). It is still unknown whether and how
DETCs, LCs, Tregs or other dermal resident immune cells
may talk back to the developing epithelium and provide
instructive developmental cues. Though animals deficient
in these cell types do not exhibit overt epidermal barrier
defects (26, 27), it remains to be seen if developmen-
tal deficiencies in specific immune populations alter the
behavior of newly generated skin epithelia.
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Fig. 1. Establishment of immunity during epidermal development. Early in embryonic development, the epidermis is specified as a single layer
of progenitors that stratify to give rise to the differentiated superbasal layers. The outermost layer of the epidermis is known as the stratum
corneum and provides a watertight barrier. LCs and DETCs colonize prior to birth and rely on local survival factors (IL-34 and IL-7/IL-15, respec-
tively) produced by adjacent keratinocytes. Within moments of birth, the skin is colonized by commensal microbes, which inhabit the surface of
the skin and invaginations like hair follicles. Commensal colonization induces CCL20-mediated migration of commensal-specific CCR6* Tregs

into neonatal skin.



Balancing immune tolerance and surveillance

On the one hand, as a portal for pathogen invasion and a
tissue that is routinely exposed to carcinogens, the epider-
mis requires constant surveillance by cells of the immune
system (28). On the other hand, when left unchecked, these
same immune guardians can cause devastating diseases.
Epidermal homeostasis, therefore, impinges on a constant
negotiation between tolerance and surveillance.

Tregs at the epidermal interface

Tregs, localized in close apposition to the epithelium, rep-
resent a dominant mode of tolerance in the skin (29, 30).
Microbial colonization of the epidermis shortly after birth
results in the accumulation of commensal-specific Tregs that
are critical for maintaining tolerance to surface commensals
(Fig. 1) (31). Blocking the neonatal wave of Tregs results in
severe epithelial inflammation and loss of tolerance to com-
mensals following epidermal scarification (31). Precisely how
commensal antigens permeate the neonatal epidermis and
are perceived by the immune system remains an open ques-
tion. One possibility is that generation of commensal-specific
Tregs relies on LC-mediated capture of surface antigens and
induction of Tregs (32).

Tregs specific for epithelial antigens also occupy this niche
and prevent autoimmune responses. LCs were recently
shown to capture a keratinocyte cell adhesion molecule,
Desmoglein 3 (Dsg3), and to generate Dsg3-specific Tregs
(33). Chronic exposure to epidermal antigens in the context
of ongoing inflammation also results in generation of Tregs
that attenuate autoimmune responses and sustain homeo-
stasis thereafter (34). Similarly, chronic skin pathogens such
as Leishmania major also create a regulatory environment
to promote the accumulation of IL-10-producing Tregs (35).
During inflammation, keratinocytes up-regulate expression
of RANK ligand [receptor activator of nuclear factor (NF)-xB
ligand] and, via LCs, augment local and systemic Tregs (36).
At homeostasis, epidermal LCs provide tonic signals to pro-
mote local proliferation of this diverse repertoire of commen-
sal-specific, epithelium-specific and pathogen-specific Tregs
at the dermis—epidermis junction (37). Thus, the coordinated
and context-specific efforts of epithelial cells and antigen-
presenting LCs promote tolerance by generating Tregs both
at steady state and during inflammation.

Homeostatic effectors and resident memory

Implicit in the need for regulation is the persistence of active
immune effectors and resident memory cells that patrol
the barrier even in conditions of health (3, 38). Intriguingly,
dysbiosis of skin commensals and translocation of surface
microbes to regional lymph nodes are observed at the steady
state in Rag-deficient mice (39). Thus, even in the absence of
overt barrier disruptions, adaptive immune effectors provide
constitutive signals to limit penetrance of resident bacteria.
In contrast to neonatal commensal colonization, interac-
tions with surface commensals in the adult epidermis lead
to enhancement of local effector afy and yd T cells (40-42).
Specific commensal species have the ability to elicit unique
subsets of local effector cells. For instance, commensals
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belonging to the Corynebacterium genus promote activation
of dermal IL-17A* Vy4+ vd T cells, whereas certain strains of
the ubiquitous skin commensal Staphylococcus epidermidis
induce S. epidermidis-specific IL-17A* CD8* T cells (Tc17s)
that persist in the basal layer of the epidermis (40, 42). Upon
epicutaneous challenge with the fungal pathogen Candida
albicans, commensally elicited Tc17s rapidly produce IL-17A
to stimulate epithelial anti-microbial ST00A8 and ST100A9 pro-
duction and limit the establishment of infection (40).

Infections of the skin by viruses also generate resident
memory CD103* CD8* T cells (T,,.) that localize to the epider-
mis and confer rapid protection upon subsequent infections
(43). Intra-epithelial T, are formed from circulating effectors
elicited in the tissue by local inflammation and can persist
in the absence of local antigen presentation (44). T, . tether
to E-cadherin on adjacent keratinocytes via o f, and o f,
integrins, whose expression is dependent upon transform-
ing growth factor B (TGF-) signaling (45). Like DETCs, T,
homeostasis is tightly controlled by epithelium-derived IL-7
and IL-15 (46). It is thus no surprise that pathogen-induced
Tays displace DETCs in the epithelial niche, suggesting that
they are better equipped to compete for finite survival factors
(47).

Unchecked immune activation

Protective factors that reinforce the barrier in health are co-
opted in the context of inflammatory diseases such as pso-
riasis, typified by epithelial hyperplasia and hyperproliferation
(5). For instance, aberrant IL-17A signaling in keratinocytes
results in up-regulation of anti-microbial peptides such as
defensins, S100A8 and S100A9 and can perpetuate dis-
ease by recruiting and/or activating inflammatory immune
cells (48, 49). IL-22 produced by T, 17 and innate lymphoid
cells induces hyperproliferation and hyper-thickening of the
epidermis (50, 51). Analogous to responses to pathogens,
relapsing-remitting inflammatory epithelial diseases also
generate localized memory pools that are thought to drive
recurrent disease flares (52). T, intercalate within the epi-
thelium or line up at the epidermal-dermal border awaiting a
trigger. Subsequent perturbations presumably result in reac-
tivation of the immune—epithelial disease circuit.

Epithelial sensing and immunomodulatory functions

Just as immune cells can signal to the epithelium to drive
their activation, so, too, can epithelial cells act as generals
in controlling immunity. In this regard, epithelial cells sense
environmental cues and integrate this information to direct
immune homeostasis and instigate inflammation.

Epithelial sensing molecules

The skin epithelium forms the front line of defense against
invading pathogens and noxious agents. It is also routinely
subjected to damage-causing injurious stimuli. As such,
epithelial cells are equipped with a myriad of pattern-rec-
ognition receptors (PRRs) that sense pathogen-associated
molecular patterns (PAMPs) and damage-associated mo-
lecular patterns (DAMPs) (53). PRRs, such as Toll-like re-
ceptors (TLRs), NOD-like receptors (NLRs) and various
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nucleic acid-sensing molecules, are expressed not only
on the surface of keratinocytes but also in various subcel-
lular compartments such as the endosome (Fig. 2) (54).
Engagement of surface TLRs by exogenous stimuli in-
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UVB-mediated injury serves as an example of where cyto-
solic sensing of self-non-coding RNAs by TLR3 induces
an inflammatory signaling cascade (Fig. 2) (55). Similarly,
inflammation and tissue damage result in cytoplasmic dou-

ble-stranded (ds) DNA, which can be sensed by absent
in melanoma 2 (AIM2), leading to activation of the inflam-
masome and secretion of IL-1p and/or IL-18 (Fig. 2) (56).

duces activation of classical inflammatory programs such
as NF-kB and interferon regulatory factor (IRF) and thus
spawns a pro-inflammatory insult (Fig. 2).
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Fig. 2. Epithelial inflammation and memory. Under homeostatic or ‘naive’ conditions, epithelial cells tether to each other by forming adherens
junctions via E-cadherin and p120, which keeps inflammatory NF-kB activation at bay. These adherens junctions in the plasma membranes of
the cells at the top-left of the figure (purple arrow heads) are shown in more detail below them. Barrier disruption and loss of cell-to-cell contact
result in p120-mediated NF-xB nuclear translocation and in expression of inflammatory cytokines and chemokines. Epithelial cells express a
number of PRRs that sense PAMPs and DAMPs including TLRs, NLRP3 and AIM2. Ligation of these receptors also induces downstream inflam-
matory transcriptional programs and/or activation of the inflammasome and processing of cytokines from the ‘pro’ to active forms. In some
instances, ligation of TLRs can also be anti-inflammatory. Following skin injury, LTA from the commensal bacterium S. epidermidis dampens
TLR3-mediated inflammation in a TRAF1-dependent manner. Inflammatory cytokines secreted by epithelial cells modulate immune cell function
and can also signal autonomously into the epithelium to activate inflammatory transcription factors such as STATs, NF-kB and IRFs. Following
resolution, epithelial progenitors retain a memory of inflammation by maintaining chromatin accessibility at key stress-response genes. These
‘poised’ loci enable a more rapid transcriptional response to secondary stimuli.



Underscoring the importance of the inflammasome in epi-
thelial biology, a number of cutaneous autoimmune condi-
tions are associated with perturbations in this pathway (57,
58). Familial cold autoinflammatory syndrome, Muckle-Wells
syndrome and neonatal-onset multisystem inflammatory dis-
ease, which are catalogued as cryopyrin-associated periodic
syndromes and caused by autosomal-dominant mutations
in the NLR-family pyrin domain-containing 3 (NLRP3) gene.
These gain-of-function mutations in the NLRP3 gene result
in increased inflammasome activation and overproduction of
IL-14, resulting in skin inflammation (58).

The expression and function of sensing molecules on
keratinocytes can be dynamically regulated by inflamma-
tory cytokines such as tumor necrosis factor-a, and liga-
tion of PRRs can serve not only to signal immunity but also
to enhance the physical barrier by reinforcing cell adhesion
molecules (59, 60). Sensing molecules on the epithelium
can also dampen inflammation. Lipoteichoic acid (LTA) from
S. epidermidis down-regulates the TLR3-mediated keratino-
cyte injury response by signaling via TLR2 (Fig. 2) (61). Thus,
far from being static cells of the barrier, the skin epithelium
has intrinsic means of monitoring its environment and is
dynamically tuned by exogenous stimuli.

Epithelial inflammatory programs

Engagementof PRRs, breaches in the barrier and/or inflamma-
tory signaling in the epithelium induce programs of inflamma-
tion. Not only are epithelial cells the recipients of inflammatory
signals, they can also lead the charge and incite inflamma-
tion. Overexpressing inflammatory factors such as activated
signal transducers and activators of transcription (STATs) or
cytokines under the control of keratinocyte-specific promot-
ers has illustrated that their expression in epithelial cells is
sufficient to elicit disease (62, 63). Keratinocyte-derived
cytokines not only activate immune cells but also can auton-
omously feed back on keratinocytes to potentiate disease.
IL-19, IL-20 and IL-24 are potent STAT3-inducing pro-inflam-
matory cytokines that are produced by and act on keratino-
cytes themselves to trigger disease (Fig. 2) (64, 65).

Highlighting their possible inductive role in psoriasis,
epidermal-specific deletion of JunB was sufficient to induce
psoriasis-like inflammation (66). Indeed, genome-wide asso-
ciation studies have identified JunB as a susceptibility fac-
tor (66), indicating that genomic variations in inflammatory
disease may mediate their effect via the epithelium. The
anti-microbial and immune-activating factors S100A8 and
S100A9, mapped to susceptibility loci PSORS4, are found to
be strongly induced in psoriatic keratinocytes (48), suggest-
ing that epithelium-produced factors are essential for poten-
tiating disease.

Loss of cell-to-cell contact results in autonomous epithe-
lial activation of inflammatory programs. Epithelium-specific
loss of the adherens junction protein p120 leads to autono-
mous epithelial NF-xB activation, expression of chemokines
and immune infiltration (Fig. 2) (67). Atopic dermatitis, a dis-
ease strongly associated with barrier defects, is character-
ized by epidermal expression of the alarmin thymic stromal
lymphopoietin (TSLP) (68, 69). Consistently, mouse mod-
els of epidermal overexpression of TSLP recapitulate the
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development of atopic dermatitis (62). The aforementioned
barrier breaches result in microbes penetrating into the lower
epidermal and dermal layers, which contributes to the pheno-
type. However, barrier-deficient mice reared under germ-free
conditions or treated with antibiotics also have cutaneous
inflammatory responses (70, 71). Thus, immune activation
programs are hardwired into the epithelial barrier and do not
require exogenous microbial signals.

Epithelial progenitors remember inflammation

As inflammation resolves, it imprints the tissue with a mem-
ory. Basal epithelial progenitors were recently shown to bear
this memory, which enhanced their response to subsequent
injuries (72). Progenitors retained this memory at the level
of chromatin, maintaining accessibility of key inflamma-
tory genes. These inflammation-poised progenitors rapidly
increase expression of transcripts of genes governed by
memory domains, allowing them to regenerate tissue faster
than naive counterparts (Fig. 2). Several questions remain.
How is memory encoded in the epithelium and passed on
from progenitor to progeny? Does memory always confer a
regenerative advantage, or can it have deleterious implica-
tions for disease? Relapsing-remitting epithelial diseases
often afflict the same skin site (5). Understanding how epithe-
lial memory contributes to the site specificity of these condi-
tions may help devise novel interventions to treat disease.

Sanctuary from immunity

Epithelia have evolved clever ways of shielding themselves
from the surveilling immune system by hiking up expression
of immunosuppressive factors and down-regulating immune-
activating molecules. The hair follicle and in particular the stem
cells of the follicle exhibit several properties of immune privilege
including an enrichment of immune-dampening factors such as
TGF-B1 and also reduced expression of the antigen presenta-
tion molecule, major histocompatibility complex class | (MHCI)
(73, 74). Agudo et al. recently linked the activation status of
hair follicle stem cells to their immune-evasive capacities.
Quiescent stem cells down-regulate expression of MHCI, sug-
gesting that these precious follicle-generating cells couple
cell cycling with immune detection as a possible way to limit
hyperplasia (74). Privilege, however, is not a permanent state,
as inflammatory cues can override these programs with devas-
tating consequences. Alopecia areata, a hair-loss disorder, has
strong associations with genetic loci responsible for immune
regulation, suggesting that such pathways are vital to preserve
this appendage from autoimmune onslaught (75).

Regeneration and repair

Owing to its function as a barrier tissue, the epidermis has
extraordinary capacity for regeneration and repair. Cells of
the interfollicular epidermis are constantly regenerating;
basal progenitors continually replenish the tissue as differ-
entiated cells are sloughed off the skin’s surface (76). By
contrast, hair follicles undergo cyclical bouts of rest and
regeneration (76). Whether and how immune mechanisms
contribute to the basal regenerative state of the interfollicular
epidermis remain to be examined.
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Observing the dynamic changes in immune composition
around cycling hair follicles has provided important clues
about the immune cell types that govern hair cycling (30,
77). Castellana et al. found that, whereas populations of epi-
dermal LCs are constant during the hair cycle, macrophage
subsets in the dermis fluctuate dramatically (77). In telogen
(the resting phase), macrophages are enriched around the
follicle but are lost during the active cycling phase (anagen).
Perifollicular macrophages undergo apoptosis towards the
end of telogen, releasing activating Wnts to promote hair
cycling during the natural cycle.

Ali et al. similarly found that Tregs are also enriched in
the vicinity of hair follicle stem cells in telogen and promote
anagen after chemical depilation. The effect is mediated by
Treg expression of the Notch ligand, Jagged 1 (JAG1) (30).
Accordingly, depletion of Tregs delays onset of depilation-
induced anagen. Tregs are also enriched in the hair follicle
stem cell niche when the follicular barrier is disrupted by
genetic ablation of E-cadherin (71), suggesting that these
cells can sense damage. Indeed, in wounded skin, Tregs up-
regulate expression of epidermal growth factor receptor and
attenuate macrophage inflammation to facilitate healing (78).

DETCs are another skin lymphocyte population that plays
a prominent role in wound healing (79). These epidermal
residents are rapidly activated by damaged keratinocytes
and, in turn, supply neighboring epithelial progenitors with
insulin growth factor (IGF) and keratinocyte growth factor to
promote their proliferation (80). Intriguingly, aging results in
breakdown of this DETC-epithelium cross-talk and a delay in
wound repair (81). Although human epidermis does not con-
tain DETCs, resident af T cells from human epidermis can
produce IGF upon activation (82). Thus, epithelial repair is
highly conserved across species, relying on instructive cues
from resident lymphocytes (82). Like their epidermal counter-
parts, dermal resident yd T cells also produce growth factors
that are essential for generation of new hair follicles following
wounding. Dermal v6 T cells express high levels of fibroblast
growth factor 9 and trigger Wnt expression by fibroblasts to
induce follicle neogenesis (83).

The question of whether resident lymphocytes produce
growth factors in response to damage signals and/or if they
are hardwired with repair programs during their specification
was recently addressed by Harrison et al. (84). Examining
commensally induced epidermal Tc17s shortly after skin
injury revealed their rapid responsiveness to epithelium-
induced alarmins such as IL-18 and IL-33 and subsequent
production of the pro-healing cytokine IL-13 to promote epi-
thelial cell migration, either directly or indirectly via accessory
cells (84). Thus, residence at the barrier demands that lym-
phocytes maintain flexible functional programs, making them
poised to respond acutely to local signals.

Conclusions and perspectives

We have discussed historical and recent findings highlight-
ing the complex interdependencies between epithelial cell
populations and resident immune cells. Although it is now
well accepted that optimal barrier function requires such
cross-talk as a means of rapidly adapting to varying envi-
ronmental conditions, much remains to be learned about the

precise mechanisms by which immune-epithelial interac-
tions are established and fluctuate over time. For instance,
the functional interactions between surface microbes and the
epithelium upstream of epidermal immunity are incompletely
understood. Defining the mechanisms of epithelial sensing
of microbes and damage, the precise downstream programs
induced and the consequences for immunity are areas of
active investigation.

Many questions remain. Which receptors are involved?
Is there functional specialization in populations of epithelial
cells that sense damage and microbial signals? Does each
layer of the epidermis, basal versus superbasal, maintain dis-
tinct sensing abilities and immune activation programs? Such
mechanistic understanding of environmental sensing by the
epithelium and its immune residents and the downstream effec-
tor programs that arise from this cross-talk may provide novel
interventional strategies to boost barrier function and repair.
Inflammatory and hyperproliferative diseases such as psoria-
sis and epithelial cancers are rooted in aberrant damage and
microbial sensing leading to unchecked inflammation and loss
of tolerance. Restoring health in this setting will require not just
an interruption of the aberrant immune—epithelial dialogue but
also reprograming of a healthy cross-talk. Eavesdropping on
the ever-changing conversation between immunity and the
skin epithelium is certain to reveal intriguing new ways in which
these two systems interface that can be leveraged to promote
skin health and mitigate disease.
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