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Abstract

The skin comprises a complex coordinated system of epithelial tissue cells and immune cells that
ensure adequate immune reactions against trauma, toxins and pathogens, while maintaining tissue
homeostasis. Keratinocytes form the outermost barrier of the skin, and sense changes in barrier
integrity, intrusion of microbial components and stress molecules. Thus, they act as sentinels that
continuously communicate the status of the organ to the cutaneous immune system. Upon damage
the keratinocytes initiate a pro-inflammatory signaling cascade that leads to the activation of
resident immune cells. Simultaneously, the tissue mediates and supports immune-suppressive
functions to contain inflammation locally. After resolution of inflammation, the skin provides a
niche for regulatory and effector memory T cells that can quickly respond to reoccurring antigens.
In this review we discuss the central role of keratinocyte-derived signals in controlling cutaneous T
cell immunity.

1. Introduction

The skin provides the outermost barrier of the body to the environment, and therefore is in
constant contact with environmental toxins, pathogens, mechanical stress and commensal
bacteria. The skin itself comprises a physical barrier that consists of layers of keratinocytes
in different differentiation statuses, and the underlying dermis that mostly consists of
extracellular matrix produced by fibroblasts. Due to its exposed location the skin is equipped
to sense tissue damage and infection. During an immune response the skin signals to the
resident immune cells, thereby initiating clearance of infection and promoting tissue
regeneration. Immune responses in the skin have to be strictly balanced to prevent systemic
inflammation and maintain tissue integrity, a sensitive process that is supported by the skin
tissue cells such as keratinocytes and fibroblasts.
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While the role of innate immune cells in skin immunity is of great importance to tissue
immunity, this review will primarily highlight the interactions between non-hematopoietic
tissue cells, and T cells. Specific sentinel lymphoid structures and epithelial immune
functions in other peripheral tissues such as the mucosa-associated lymphoid tissue (MALT)
and the bronchus-associated lymphoid tissue (BALT) have been described and reviewed in
great detail [1-3], and therefore we aim to highlight the importance of epithelial cells in
regulating cutaneous immune responses. We will focus on the unique role of keratinocytes in
orchestrating the skin immune system with an emphasis on skin-tropic and skin-resident T
cells in skin immune homeostasis and inflammatory responses. We will discuss how
keratinocytes sense damage and danger and initiate the signaling cascade leading to specific
T cell responses. Additionally, we will introduce mechanisms that establish and maintain
immune homeostasis and memory, and discuss how the tissue is able to imprint a specific T
cell phenotype.

2. Player introductions — Cellular components of the skin

The skin is a highly organized organ that consists of various layers, all of which have unique
functions that contribute to barrier integrity and host-defense. The outer layer of the skin is
formed by the epidermis, which is underlaid by the dermis[4]. The epidermis is mainly
comprised of keratinocytes (up to 95% of all cells) and can be divided into different layers
(see Figure 1) that are formed by sequential differentiation stages of these cells. The life
cycle of keratinocytes leads to constant self-renewal of the epidermis. The basal layer
(stratum basale) constitutes the inner epidermal layer, which is in contact with the dermis via
various structural proteins that form the basement membrane zone. Keratinocytes of the
basal layer proliferate and subsequently differentiate and move up (outwards) until they
reach the cornified layer (stratum corneum) and are finally shed in a process called
desquamation. The stratum corneum consists of dead and flattened keratinocytes that are
embedded in a lipid matrix and form the first and outermost physical and chemical barrier
against pathogen entry and prevents water loss. Lamellar bodies produced by cells of the
underlying stratum granulosum support the chemical barrier function of the stratum corneum
by shedding of various lipids, fatty acids and anti-microbial peptides (AMPs). Epidermal
barrier integrity and function of the stratum corneum is reviewed in detail elsewhere [5,6].
The importance of an intact skin barrier is exemplified by the increased prevalence of
allergic sensitization and development of atopic dermatitis when the epidermal barrier is
compromised, for example due to mutations in the filaggrin gene or a perturbed lipid
metabolism [7-9]. In addition to these intrinsic genetic factors, epithelial cells are influenced
by the environment and the microbiome, which can further determine the outcome of
immune responses towards potential allergens and pathogens, which is reviewed in detail in
[10]. Although primarily formed by keratinocytes, the stratum basale also contains
melanocytes which produce the skin pigment melanin and also contribute to the innate
immune function of the skin [11]. The immune functions of the epidermis are greatly
supported by a specialized population of antigen-presenting cells, namely CD1a*
Langerhans cells (LCs) [12]. Additionally, innate lymphoid cells [13], y8 T cells (in humans
epidermis-associated; primarily V61*%) [14] and dendritic-epidermal T cells (DETCs; in mice

Immunol Lett. Author manuscript; available in PMC 2020 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klicznik et al.

Page 3

only [15,16]) as well as adaptive a.f tissue resident T cells (discussed in more detail below)
can be found throughout the epidermis [17] (Fig.1).

The epidermis also gives rise to a number of specialized appendages also called adnexal
structures like sebaceous glands and hair follicles (HFs) that extend down into the
underlying dermis. HFs fulfill several unique immune functions in the skin and in some
ways substitute for organized lymphoid structures that are not present in healthy skin. For
instance, HFs have been shown to serve as a reservoir for various commensals [18] and as a
preferred site for immune cell location [19-22].

The dermis consists mostly of extracellular matrix (ECM) of elastin fibers and collagens that
is secreted by dermal fibroblasts. The ECM gives pliability and stability to the skin and
additionally supports infiltrating and resident immune cells, such as mast cells,
macrophages, innate lymphoid cells (ILCs), y& T cells and af T cells. These skin-homing
immune cells can enter the tissue by extravasation via dermal post-capillary venules that
express specific surface molecules and support directed migration (discussed below).

3. Readiness to sense damage

Due to its location, the skin faces constant physical stress, mechanical or chemical damage
and encounters environmental toxins and pathogens as well as commensal bacteria. Upon
barrier breach and intrusion of microbes the skin is poised to kick-start anti-microbial
responses and to recruit and activate effector cells. To do so, keratinocytes, fibroblasts and
skin-resident immune cells function as sentinels that are equipped to detect danger signals,
such as microbial components, chemicals or certain stress signals released by damaged cells.
Below we briefly discuss mechanisms used to sense any disruption of skin homeostasis.

3.1 TLRs and NLRs

Keratinocytes express a wide range of pattern recognition receptors (PRRs). Toll-like
receptors (TLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs) are constitutively expressed by keratinocytes and allow sensing of pathogen
associated molecular patterns (PAMPs) which are highly conserved microbe-derived motifs
[23] (Fig.1). TLRs can be grouped as cell-surface TLRs (TLR 1,2,4,5, and 6) and TLRs that
reside in intracellular compartments (TLR 3, 7, 8, and 9) that sense specific motifs derived
from bacteria, fungi or viruses. Some TLRs form heterodimers allowing them to sense a
broader range of molecules. Keratinocytes constitutively express TLRs 1-6, 9 and 10 (the
latter in humans only) [24-26]. Functional TLR2 recognizes ligands expressed by Gram-
positive bacteria, and TLR4, TLR5 are specific for Gram-negative lipopolysaccharides and
bacterial flagellin, respectively. On the other hand, TLR3 can recognize double stranded
RNA originating from viruses, and keratinocytes treated with polyl:C, a TLR3-ligand,
produce the inflammatory cytokines TNFa and IL-6 [27], which regulate keratinocyte
proliferation as well as T cell differentiation [28]. Interestingly, Th1-derived IFN-vy increases
TLR3 expression in keratinocytes, enhancing anti-viral activity against herpes simplex virus
type-1, which although a DNA virus, produces dsRNA during its replication [29].
Engagement of TLRs and NLRs activates different transcription factors, such as NF-xB and
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interferon-regulatory factors (IRFs) that result in the production of pro-inflammatory
cytokines and type | interferons, respectively [30].

3.2 Endogenous danger signals: alarmins

In addition to pathogens tissue and cell damage caused by physical insult, excessive heat or
cold or chemical insults, as well as UV radiation can cause skin damage and disturb skin
function. This damage is signaled via endogenous danger molecules, so called alarmins.
Among the produced alarmins are defensins, S100 proteins, heat-shock proteins and
cathelicidins (LL37) that show direct anti-microbial action (Fig.1), as well as chemokines
and cytokines that activate and recruit innate and adaptive immune cells. Additionally
keratinocytes store cytosolic IL-1a that requires no further cleavage and allows for rapid
activation of adjacent immune cells in case of cell damage [31]. Similar to IL-1a, IL-25 and
IL-33 are stored within the cells and their secretion is released upon contact with proteases
or defective barrier (Fig.1 & 2), which results in activation of adaptive and innate immune
cells [32-34]. Alarmins can further be secreted by innate and adaptive effector cells when
they are activated by PAMPs or other alarmins [23].

4. Responding to damage

Homeostatic expression of chemokines by keratinocytes and chemokine receptors by skin-
tropic immune cells allows immune cell recruitment and retention within the tissue in
absence of inflammation. However, in case of tissue damage or infection rapid changes of
the expression of inflammatory chemokines by keratinocytes as well as tissue-resident
immune cells allow for the recruitment of effector immune cells and in parallel to rapidly
activate the resident immune cells. These changes are triggered by cytokines produced in
response to tissue damage or infection.

4.1 Kick-starting the response

Should a barrier breach occur PAMPs and other danger-associated signals (such as alarmins)
stimulate TLRs and NLRs (Fig.2). TLR engagement leads to the activation of several
response pathways through interferon regulatory factors (IRF), which are transcription
factors that regulate gene expression in response to pathogen-derived danger signals. In
particular, IRFs specify the transcription and secretion of target proteins, such as type |
interferons (e.g. IFN-a,, IFN-B) and pro-inflammatory cytokines (e.g. IL-6, TNF-a). Type |
interferon secretion by KCs prepares yet unaffected keratinocytes for the coming danger
through the regulation of several genes, so called IFN-stimulated genes (ISGs)[30]. ISGs
have a wide range of functions including pathogen recognition, inhibition of translation
and/or transcription especially directed against viruses and also viral RNA degradation [35].
For example, TLR3-signaling drives IRF6-dependent mRNA-expression for interferon-g
(IFN-p), the interleukin-12 (IL-12) family member I1L-23p19 by keratinocytes[36].
Similarly, IRF1 and IRF3 expression by keratinocytes regulate anti-viral immunity and
MHC class | expression by keratinocytes[37][38]. IRF5 and NF-xB, downstream of TLRs
are known to target pro-inflammatory cytokine transcription [39] (Fig.2). Interestingly, IRF6
also regulates keratinocyte migration, which might become relevant in wound repair [40].
On the other hand, NLR signaling leads to the activation of the inflammasome via NLRP3,
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resulting in the activation of the pro-inflammatory cytokines IL-1p and IL-18. The NLRs
NOD1 and NOD2 are constitutively expressed by keratinocytes and sense bacterial products
and contribute to inflammation by activating the NF-xB, IRF3 and 5 and MAPK signaling
pathways [39,41]. Upon sensing of alarmins or microbial motifs keratinocytes release TNF-
a, IL-1a, IL-1p and IL-18. IL-1 acts in an autocrine manner on KC, by inducing the
expression of IL-1R and IL-1R antagonist; the latter acts as a competitive inhibitor of IL-1a
and is crucial in balancing/resolving inflammatory responses. Additionally IL-1a stimulates
the production of other pro-inflammatory cytokines such as IL-6, IL-8, and TNF-a and also
stimulates the expression of various adhesion molecules endothelial cells [42] (Fig2).

Importantly, IL-1a secretion by keratinocytes alone is not enough to activate effector T cells
in the periphery. Skin macrophages, upon IL-1R signaling secrete CXCL2 that attracts
dermal DCs and initiates the formation of dermal DC-T cell clusters in the skin, which
promotes antigen-dependent activation of effector T cells [43], emphasizing the importance
of the myeloid cell compartment in eliciting cutaneous immune responses. Thus, IL-1a can
act as a pro-inflammatory stimulus to a variety of tissue resident immune cells, such as LCs,
dermal DCs, macrophages and T cells as well as adjacent keratinocytes and mediates
increased leukocyte recruitment to the skin. Similarly, the activation of TLRs leads to the
secretion of specific subsets of cytokines that will lead to the activation of epidermal LCs
and also dermal dendritic cells.

4.2 Calling in the troops - recruitment of T cells to the skin

In order to recruit antigen-specific adaptive T cells the skin supports the egress of antigen-
presenting cells to the draining lymphoid organs (Fig.2). Keratinocyte-derived TNF-a
induces the activation and migration of Langerhans cells (LCs) to the skin-draining lymph
nodes where they present antigen to T cells [44](Fig.2). The LC-T cell interaction in the skin
draining lymph nodes induces expression of cutaneous leukocyte antigen (CLA) on T cells.
CLA binds preferentially to its ligand, E-selectin, whose expression on the endothelium is
increased in inflamed skin [45].

Effector T cells express certain combination of surface receptors that are used for migration
as well as retention in the tissue. The current concept suggests the target tissue is imprinted
in the draining lymph nodes by antigen presenting cells [46]. Subsequently, a proportion of
T cells that infiltrate the skin will develop into tissue resident memory cells.

Likewise, TNF-a and IL-1p secreted upon damage induce CCL27 expression in adjacent
keratinocytes [47] (Fig.2). Thus, via alarmin secretion and TLR/NLR engagement that
results in NF-kB pathway activation, keratinocytes can both initiate and amplify the pro-
inflammatory signaling cascade, thereby orchestrating infiltration, activation and
differentiation of leukocytes (Fig.2). In fact, this intricate process is quite compartmentalized
and different keratinocyte populations of the HF have been shown to produce stress signals
and chemokines that regulate recruitment of monocyte-derived precursors of LCs to the
epidermis [48]. In human and murine HFs, keratinocytes of the infundibulum express
CCL20 which signals to the CCR®6 receptor to recruit T cells and LCs to the HF [22] (Fig.1).
CCL20 and CCL27 attract memory T cells via their CCR6 and CCR10 receptors that are
expressed on most skin-tropic lymphocytes, which are characterized by their expression of
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CLA [49] (Fig.2). The importance of the CCL27-CCR10 axis is underlined by impaired
lymphocyte recruitment in the skin if it is lost. Conversely, CCR10 expression is increased in
patients that suffer from psoriasis, topic or allergic-contact dermatitis, leading to increased
leukocyte recruitment to the skin[50].

Interestingly, the type of injury can result in tailored activation, recruitment and/or local
activation of the most effective cell subset. For example, TLR3 signaling (e.g. in response to
its synthetic ligand, poly-1:C or its natural ligand, dsSRNA) induces IL-1p and IL-18
production, which polarize DC activation promoting T cell differentiation towards the Thl
subtype /n vitro [51]. Depending on the specific receptor engaged (e.g. TLR type),
keratinocytes secret distinct chemokines that lead to the attraction of different subsets of T
cells to the skin. For instance, keratinocytes secrete CXCL9 and CXCL10 upon TLR3
stimulation, both of which are known to recruit Thl T cells. Similarly, signaling through
TLRs 3 and 5 results in increased CCL20 and CCL27 secretion, which promotes memory T
cell recruitment specifically to the skin[24]. Thus, fine-tuning of the signals that control the
recruitment to the skin is crucial to maintain tissue homeostasis while still being able to
respond adequately to damage.

4.3 Cellular communication is a two-way street

By the above-described mechanisms keratinocytes trigger pro-inflammatory signaling
cascades that orchestrate infiltration, activation and differentiation of leukocytes via alarmin
secretion and TLR/NLR engagement. However, in addition to these pathways, damaged and
stressed keratinocytes may also communicate with their surroundings by altering their
surface phenotype. An example is the induction of certain MHC class-I related gene
products such as MICA, MICB and ULBP in humans and Rae-1, Mult and H60 in mouse
(Fig.2). All of these are ligands of NKG2D, an activating receptor that is expressed on a
variety of resident or infiltrating immune cells in the skin [52,53]. Expression of these
molecules is generally considered to mark “altered self” and activate the immune system in
order to eradicate dysfunctional/stressed cells. NKG2D is an activating receptor first
described on NK cells, but additionally, it is expressed by y6 T cells, CD8+ T cells and
NKT cells [54-56]. Furthermore, freshly isolated v T cells from human skin all express
NKG2D and even maintain the expression in subsequent cell culture. Thus the skin is able to
directly signal damage to effector T cells via upregulation of these various makers of cellular
stress [57]. In accordance with that idea, under pro-inflammatory conditions keratinocytes
can express MHC Il and ICAM-1 on their surface and lead to direct activation of antigen-
experienced memory CD4+ T cells [58]. However, cellular communication between
keratinocytes and immune cells of the skin is reciprocal. While keratinocytes can either
directly or indirectly activate skin T cells, T cell-derived cytokines IL-17 and IL-22 in turn
have been shown to promote the production of anti-microbial peptides and proteins as well
as alarmins by keratinocytes, thereby actively supporting the anti-microbial properties of the
skin and amplifying the inflammatory response [59]. Additionally, IL-17 and IFN-y are
known to trigger abnormal keratinocyte proliferation in psoriasis. Interestingly, the
antimicrobial peptide LL37 that is overexpressed by keratinocytes in psoriatic skin may
serve as a self-antigen for T cells in psoriatic patients [60].
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Taken together, by sensing changes in the barrier integrity, intrusion of microbial
components and stress molecules, keratinocytes act as sentinels that continuously
communicate the status of the organ to the resident immune system. NF-xB that is activated
by TLR/NLR signaling in response to danger represents one important link between innate
and adaptive immune system of the skin as it increases expression of adhesion molecules,
chemokines and cytokines all of which support the recruitment of additional leukocytes to
the site of inflammation [61]. Fast effector mechanisms such as release of pre-stored effector
cytokines and direct activation of resident cells ensure the rapid and effective response that
includes protection against infection and initiation of tissue-repair.

5. Immune surveillance

The ability to respond to danger signals (infection, damage) greatly relies on the interplay
between keratinocytes and immune cells. While keratinocytes sense the initial signals, they
quickly communicate changes or loss of tissue homeostasis to resident immune cells whose
response then supports to re-establish tissue integrity and homeostasis. T cells are important
players in skin immunity, which we will discuss in more detail in the following section.

5.1 A home for T cells - skin forms a niche

The presence of memory T cells in the skin is crucial to ensure quick and adequate microbial
response to infection in case of barrier breach. Hence to support tissue homeostasis it is
advantageous for the skin to provide a niche for resident T cells that can respond quickly and
promote cutaneous immune responses. The importance of T cells in skin immunity is also
underlined by the impressive numbers of T cells in the skin. In humans it harbors twice the
number of T cells than the whole blood circulation, and 98% of all skin-tropic T cells
(characterized by CLA+CCR4+) are located in the skin while only 2% are circulating cells
[62]. For decades the classical view of T cell immunity in the skin suggested that effector
cells were continually circulating between the tissue, the draining lymph nodes and the
blood. However, using an elegant xeno-transplantation model Boyman et al. found that skin
resident T cells are sufficient to mediate immune responses, and that, at least in Psoriasis,
the initiation of cutaneous immune responses can occur independent of circulating T cells
[63]. Not surprisingly and in line with their diverse functions, memory T cell populations of
human skin are heterogeneous in terms of surface receptor expression and function [64].
There is emerging evidence that tissue-derived signals themselves can imprint these tissue
signatures [65,66]. In accordance with that idea, epidermal keratinocytes can induce CCR8
and CLA expression on T cells via yet unknown soluble factors, thereby controlling the
localization of skin-selective T cells[67]. To support these T cells within the tissue,
keratinocytes under steady state (i.e. in absence of inflammation) provide a variety of
survival and maintenance signals such as IL-7, IL-15 and TGF-p [20,68,69] (Fig.1).

5.2 Counter-regulation of inflammatory responses - keeping the balance

While initiating and instructing effector T cell responses is important to ensure clearance of
infections, it is also crucial to keep inflammation local. By contrast, uncontrolled immune
responses against innocuous antigens, like allergens or self-antigens within the skin can lead
to chronic inflammatory skin diseases such as psoriasis and atopic dermatitis. Many
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regulatory mechanisms are mediated by keratinocytes, either directly, for example via
secretion of TGF-B, TSLP or IL-1 antagonists (as discussed before) or indirectly by
supporting the generation and function of suppressive regulatory T cells (Fig.2).

5.2.1 Modulation of inflammatory responses by pro-inflammatory molecules
—Supporting the generation and maintenance of tissue T cells in the skin is just one part of
keeping the balance between inflammation and homeostasis. In the course of an ongoing
immune response it is vital to directly activate suppressive Treg to modulate inflammation
and prevent development of systemic inflammatory conditions. One mechanism to directly
support regulatory T cell (Treg) function during inflammation is the secretion of TSLP by
keratinocytes. TSLP (thymic stromal lymphopoietin), an important player of skin immunity,
is rapidly expressed by stressed keratinocytes and induces a variety of innate and adaptive
immune cells [70]. Expression of TSLP can induce the expression of many pro-
inflammatory factors like Tslp, Tfgh, Bmp7 as well as genes for pro-inflammatory
cytokines, /174, 11119, /24 and Kit/and the chemokine genes Cc/22, Cxcl1, Cxcl/9and Cxcl.
However, it has also been shown to signal specifically to skin-associated Treg that express
the TSLP-receptor and prevent rapid progression of a local skin response to a lethal systemic
condition [71]. Thus, in addition to their well-characterized role in pro-inflammatory
responses, keratinocytes also directly support immunosuppressive responses that are critical
for re-establishing homeostasis of the organism.

Similarly, TGF-p, whose release and maturation is increased in damaged or inflamed skin
and plays an important role in tissue remodeling and immune homeostasis of the skin [72],
shows pro-inflammatory as well as immunosuppressive functions that can balance the
outcome of an immune response. On the one hand, TGF-B can activate DCs to migrate to the
skin-draining lymph nodes and induce T cell homing to the skin in contact hypersensitivity
[73]. On the other hand, it can mediate the reduction of IFN-y production and cytotoxic
functions of CD8+ T cells [74], induce the formation of resident memory T cells in the
epidermis of the skin [65,69]. TGF-p also supported the /n vitro generation of skin allograft-
protective Treg in presence of TGF-B, IL-2 and retinoic acid [75].

5.2.2 Skin supports residence and generation of regulatory T cells—In
addition to fine-tuning pro-inflammatory and suppressive responses, the skin harbors a great
number of Treg that stably reside within the tissue [21]. Recently it was confirmed that more
than 95% of Treg that reside in healthy human skin are antigen-experienced memory Treg
(mTreg). Interestingly these mTreg preferentially reside near HFs in both human and murine
skin [20,21], (Fig.1). It is likely that HFs serve as a niche for increased presentation of
microbial and other HF-associated antigens that are not expressed in the thymus, and might
thus play an important role as a niche for the induction of peripheral tolerance towards
commensals. HFs might also be central in the initial seeding of the skin with Treg during
development. Treg are among the first ab T cells to enter the skin and neonatal murine skin
recruits Treg within a certain window of time via CCL20 signaling to induce commensal-
specific tolerance [22]. Interestingly the peak of Treg infiltration in neonatal skin coincides
with postnatal HF morphogenesis [76]. Thereby the HF recruits Treg to the entry point of
commensals potentially supporting development of peripheral Treg. These tissue-Treg then
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directly support regenerative processes of HFs by expression of the Notch ligand family
member Jagged 1 (Jagl) [77]. Additionally, Treg support the regeneration of the tissue
during wound healing by attenuating IFNg production via EGFR-dependent mechanisms
[78]. These data indicate that Treg fulfill various functions to support tissue homeostasis and
indeed, Treg in the skin are heterogeneous in their ontogeny and function [79]. The
importance of antigen-specific tissue resident mTreg in resolving autoimmune inflammation
could be shown with an inducible mouse model for skin autoimmunity. Using tetracycline-
induced ovalbumin expression by keratinocytes, Rosenblum et al. demonstrated that the
persistent expression of self-antigen favors the induction of suppressive Treg that resolved
organ-specific autoimmunity in mice [80,81]. Interestingly, exposure to persistently
expressed self-antigen led to the preferential maintenance of mTreg in this model, which was
dependent on skin-derived IL-7 [20]. This demonstrates that keratinocyte-derived signals
such as IL-7 [82,83], as well as antigen persistence in the skin can switch the balance from
pro-inflammatory to suppressive immune responses.

6. Skin remembers - T cell memory

Inflammatory responses and the control of the same are important mechanisms in healthy
human skin tissue. Based on the exposed position of the skin recurring encounters with a
specific antigen are likely to occur over the life of an individual, such as bacterial antigen
upon barrier breach. In order to quickly respond to reoccurring antigens, formation and
maintenance of T cell memory allowing for a quick secondary response is crucial.

6.1 T cell memory formation is mediated by keratinocyte-derived factors

As we will discuss later in more detail, entry into the skin is crucial for progenitors of tissue-
resident memory T cells (TRM) to turn on the TRM transcription profile [69]. Although the
exact mechanisms of TRM development are not fully understood yet, the modulation of the
sphingosine-1-phosphate receptor (S1PR1) signaling by upregulation of CD69 plays a
central role in memory formation (Fig.1). The transcriptional downregulation of SIRP1
seems to be required for the establishment of CD8+ memory T cells, since forced expression
of S1IR1P leads to failure of CD8+ TRM induction in the skin of mice [84]. In addition to
CD69, keratinocyte-derived factors such as TGF-B, TNF-a and 1L-33 [65,69,84] lead to
transcriptional downregulation of S1IRP1 independent of TCR stimulation. The presence of
CD69 alone may not be sufficient to induce tissue-residency and it is likely that other
receptors or ligands are involved in memory T cell maintenance in the skin. E-cadherin that
is expressed by keratinocytes, acts as an interaction partner for CD103, which is part of the
agPy integrin. CD103 is selectively upregulated upon tissue entry of T cells even in absence
of local antigen stimulation [85] which is essential to localize to epithelial tissues and retain
TRM in the skin [69]. Expression of CD103 on human CD4+ and CD8+ T cells /n vitrois
induced by keratinocyte-derived TGF-p [86]. Additionally, Watanabe et al. showed that
keratinocytes alone are able to induce CD103 expression in T cells [64] (Fig.1).

Thus, keratinocytes directly support the establishment of resident memory T cells within the
tissue, which is beneficial when it comes to secondary infections and allows for an even
faster and more effective anti-microbial response. Given their heterogeneity [64] it is
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apparent that memory T cells in the skin show different effector functions. While Treg have
already been shown to promote wound healing in mice [78] it is likely that there are other
memory T cell subsets that support tissue regeneration similar to skin-resident innate cells
[87,88].

6.2 Skin imprints transcriptional profile of resident memory T cells

The skin tissue imprints not only memory formation and trafficking-receptor expression, but
also a tissue specific transcriptional profile that is shared among resident memory T cells
across various tissues [89,90]. While TRM are retained in the tissues via surface molecules
such as CD69 and/or CD103 and typically express these markers, the heterogeneity of
tissue-resident T cells is not covered by these two markers alone [91]. Specific gene
expression patterns that support residency and function of TRM in the skin rely on entry of
the cells into the epidermis driven by keratinocyte-derived chemokines (CXCL9, CXCL10
upon viral infection) as well as keratinocyte-derived cytokines such as IL-15 and TGFp [69]
(Fig.1). Moreover, human CD69+CD4+ and CD8+ memory T cells in human lung and
spleen share a core transcriptional profile that distinguishes them from CD69-CD4+ effector
memory T cells found in tissue and circulation [92]. Among the shared characteristics are
adhesion and inhibitory molecules such as CD49a, CD103 and CD101, PD-1, as well as the
production of pro-inflammatory cytokines such as IFNg, IL-2 and IL-17 to rapidly respond
upon activation in the tissue, as well as regulatory cytokines (IL-10) to limit excessive tissue
damage [89]. Although this shared transcriptional signature was observed across several
human organs, they did not include skin tissue and it will be interesting to see if the
described transcriptional profile can be extended to cutaneous resident memory T cells. Even
though tissue resident T cells share a common transcriptional profile, a recent study by
Wong et al. [66] using mass cytometry (CyTOF), revealed the significant influence of the
tissue sites on the differentiation of memory T cells. The group analyzed eight different
human tissues, including skin, liver, cord blood, PBMC, mucosal tissues and lymphoid
tissues for their resident populations of memory T cell. They discovered that CD69+ T cells
are diverse and comprise various subsets of tissue-resident cells that gain their tissue
specificity by distinct combinations of trafficking and functional markers. Using a barcoding
system combined with mass cytometry they analyzed trafficking, function, differentiation
and activation of different T helper subsets and could reveal that it is not the expression of a
single trafficking marker alone, but the combination of different receptors, that determines
the tissue specificity. Additionally, TRM populations are highly diverse across human tissues
and show clear tissue signatures that are independent of their T helper subtype. For example,
CCR2 is highly expressed on Th1 cells in the blood but almost absent on Th1 cells in the
lung [93]. Similarly, Duhen et al. identified a Th22 subpopulation in human PBMC that
identifies by expression of various skin homing receptors (CCR4, CCR10, CLA) and
produces IL-22 but no IL-17 [94]. However, CCR10 was only lowly expressed on IL-22
secreting cells across different tissues, indicating that there are important differences
between blood-derived T cells and tissue-derived T cells in activation, cytokine secretion
and probably function [66]. In addition to tissue-specific differences between TRM, species-
specific differences have recently been described. Homolog-of BLIMP in T cells (Hobit)
transcription factor was found to have a crucial role in CD8+ TRM differentiation /n vivo in
mice [90]. However, when looking at the differentially expressed genes in human TRM
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cells, Kumar et al could not find increased expression of Hobit in the human tissues,
emphasizing potential differences in the molecular control of human and mouse TRM
differentiation [89].

Interestingly, while the majority of skin-resident T cells will remain resident for a long
period of time [95], the view that all TRM cells remain sessile has recently been challenged
[96]. Also the notion that CD69 expression was sufficient to impart tissue residency was
challenged by the finding of re-circulating CD69+ CD8+ T cells in murine studies. This
study found that a proportion of non-lymphoid cells resident in the skin may exit the tissue
upon re-challenge with the same antigen to become resident in draining lymphoid organs
where they may boost the magnitude of recall responses [96] [97]. It is tempting to
hypothesize that the migration of resident T cells from non-lymphoid tissues to the draining
lymph nodes is promoted by the tissue itself, via modulation of the maintenance signals
(such as IL-15 or TGF-B), possibly upon re-encounter of an antigen or danger signals that
drive the spread of memory T cells generated on one skin site, in order to protect distant skin
sites.

Despite significant advances in understanding the regulation of cutaneous immunity,
mechanistic studies on the specific contributions of individual cell types and signals in the
genesis and severity of human inflammatory skin diseases remain difficult. Particularly the
reliance on animal models is problematic due to fundamental structural differences in the
skin in humans versus mice, and a lack of direct correspondence between cutaneous T cell
populations in these species. Currently, skin-tropic human T cells are often studied from the
peripheral blood where they can be readily identified based on their expression of the
cutaneous lymphocyte antigen (CLA) and skin-homing chemokine receptors such as CCR4,
CCR8 and CCR10. However, the developmental and functional relationship of these cells in
the blood with the different populations of T cells in the skin is still poorly understood.
Thus, mechanistic studies require the further development and refinement of humanized
mouse models such as xeno-grafting models that are designed to study cutaneous TRM
biology [64].

7. Conclusions

The skin is one of the largest immunological organs that due to its exposed location as a
barrier organ has to ensure adequate immune monitoring. For fast and effective clearance of
infections the skin provides a niche for various immune cells of the innate and adaptive
immune system. Memory, effector and regulatory T cell populations are induced and
maintained by skin-derived signals and in turn support tissue protective and regenerative
functions such as alarmin secretion or wound healing [59] [78].

Due to its size the skin is vulnerable to various insults that can occur simultaneously at
distinct sites. Thus, the tissue has developed mechanisms to support fast clearance of
infections via locally restricted inflammatory responses, while at the same time preventing
the development of organ-wide or even systemic inflammation. To this end the skin employs
signaling molecules that are locally restricted and often induce pro-inflammatory responses
while initiating suppressive functions [71,98].
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In summary, in this review we highlighted the central role of the epidermal barrier as the
main orchestrator of cutaneous immune responses. There are many more interesting aspects
of the skin immune system that we did not discuss here, such as the role of the extracellular
matrix in modulating cell trafficking during an immune response or the crosstalk between
the commensal microbiota and the tissue, which are reviewed elsewhere[99][100]. However,
the existing data underline the importance of tissue-derived signals that should be considered
when studying immunological processes in tissues. We believe that elucidating the immune-
regulatory functions of the skin will be key in the development of treatment options for
diseases such as chronic wounds of the skin, autoimmune skin diseases or skin cancer.
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Highlights:

. Keratinocytes sense changes in the skin barrier, damage, cell stress, and
intrusion of microbes

. Keratinocytes act as sentinels that communicate the status of the skin

. Keratinocyte-derived signals orchestrate and shape cutaneous immune
responses

. Keratinocytes help to maintain tissue homeostasis

. Skin tissue supports long-lived memory T cells to promote immune protection
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Figure 1: Keratinocytes are equipped to sense tissue status and maintain T cell niche.
The human epidermis is mainly comprised of keratinocytes and can be divided into different

layers. Keratinocytes function as sentinels that are equipped with TLRs and NLRs to sense
danger signals, such as microbial components, chemicals or stress signals released upon
damage, so called PAMPs and alarmins. Alarmins are produced by keratinocytes themselves
and show anti-microbial properties, such as secretion of LL37. Additionally, keratinocytes
are equipped with pre-stored cytokines, such as IL-1a, IL-25 and IL-33 that are released
upon cell damage. The immune function of the epidermis is supported by specialized
populations of antigen-presenting cells, CDla+ Langerhans cells (LC), as well as innate
lymphoid cells, and adaptive tissue-resident T cells. CCL20 produced by keratinocytes of
the HF co-localizes LC and Treg and thus HF may serve as a niche for the induction of
peripheral tolerance. Similarly, y6 T cells are often associated with adnexal structures.

The human skin provides a variety of survival and maintenance signals such as IL-7, IL-15
and TGF-B to support the maintenance of tissue-resident T cells that ensure quick response
to infection. Keratinocyte-derived CCL27 and CCL20 allow for the recruitment of T cells
from the blood that express CCR10 and CCR®6 respectively to non-inflamed tissue. T cells
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that sense the chemokine gradient can extravasate through post-capillary venules mediated
by E-selectin - CLA interaction and ICAM-1. Upon tissue entry T cells change their surface
receptor expression, probably induced by tissue-derived signals. In order to maintain
antigen-experienced T cells within the epidermis, downregulation of SIPR1 and
upregulation of CD69 are supported by IL-15 and TGF-B. In addition, TGF-B induces
upregulation of CD103 on T cells that allows them to interact with E-cadherin on
keratinocytes, which supports the retention of resident memory T cells.
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Figure 2: Keratinocytes orchestrate damage response and its regulation in human skin.
Upon tissue damage pre-stored cytokines are released from damaged cells and initiate

immediate effector functions in adjacent cells. Sensing of microbial components and stress
molecules (PAMPs and alarmins) by TLRs and NLRs result in the activation of pro-
inflammatory signalling pathways such as NF-xB and IRF transcription. This leads to the
increased production of pro-inflammatory cytokines, such as IL-1a, IL-1p, IL-18, TNFa
and type I interferons. Keratinocyte-derived TNFa activates Langerhans cells to migrate to
skin-draining lymph nodes and activate naive or central memory T cells that upregulate CLA
expression upon interaction with the LC. Additionally, the pro-inflammatory cytokines
mediate the upregulation of chemokines and adhesion molecules on post-capillary venules
as well as on adjacent keratinocytes, which promotes recruitment of circulating skin-tropic T
cells from the blood.

In addition to these mechanisms, keratinocytes upregulate MHC class I-related gene
products on their surface that engage NKG2D on CD8+ T cells and y5 T cells. Pro-
inflammatory cytokines also allow keratinocytes to directly activate antigen-experienced
memory CD4+ T cells. Activated T cells in the tissue secrete pro-inflammatory cytokines,
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(e.g. IFN-y), that in turn activate chemokine secretion by keratinocytes and increased
alarmin and anti-microbial peptide (e.g. LL37) production.

TGF-p and TSLP secretion is increased upon tissue damage, and while both cytokines
induce a variety of pro-inflammatory gene products and induce migration of LCs to skin-
draining lymph nodes, they are essential to keep the inflammation local and support its
resolution by directly signaling to Treg. TGF-p also promotes the local formation of resident
memory T cells to provide quick response in case of a secondary antigen encounter.
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