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Abstract

The skin is a unique immune organ that constitutes a complex network of physical,

chemical, and microbiological barriers against external insults. Keratinocytes are the most

abundant cell type in the epidermis. These cells form the physical skin barrier and

represent the first line of the host defense system by sensing pathogens via innate immune

receptors, initiating antimicrobial responses and producing various cytokines,

chemokines and antimicrobial peptides, which are important events in immunity. A

damaged epidermal barrier in atopic dermatitis allows the penetration of potential

allergens and pathogens to activate keratinocytes. Among the dysregulation of immune

responses in atopic dermatitis, activated keratinocytes play a role in several biological

processes that contribute to the pathogenesis of atopic dermatitis. In this review, we

summarize the current understanding of the innate immune functions of keratinocytes in

the pathogenesis of atopic dermatitis, with a special emphasis on skin-derived

antimicrobial peptides and atopic dermatitis-related cytokines and chemokines in

keratinocytes. An improved understanding of the innate immunity mediated by

keratinocytes can provide helpful insight into the pathophysiological processes of atopic

dermatitis and support new therapeutic efforts.



Introduction

Atopic dermatitis (AD) is one of the most frequent chronic and recurrent inflammatory

skin conditions, and it is characterized by intense itching at different stages of eczematous

lesions [1]. One hallmark of AD is an accumulation of inflammatory cells, including T

cells, macrophages, eosinophils and mast cells, in lesional tissue [1]. Histopathological

examination of nonlesional atopic skin reveals a sparse perivascular T-cell infiltrate in

the dermis, which suggests that immune dysregulation is a key defect in AD [1]. During

the past decade, significant progress was made in our understanding of immune

dysregulation in AD. The contribution of different T-cell subsets and a complex interplay

between inflammatory cells and epidermal keratinocytes emerged as critical components

in disease pathogenesis.

Epidermal keratinocytes are the prominent cell type in human skin. These cells are

essential for permeability barrier formation and provide the mechanical strength of the

skin. As the first line of defense against harmful external invaders, keratinocytes express

different pattern recognition receptors (PRRs) on their cell surfaces that allow these cells

to recognize various pathogens and initiate immune responses. Keratinocytes secrete a

range of effector molecules, including cytokines, chemokines, antimicrobial peptides

(host defense peptides (HDPs)), growth factors and lipid mediators, which contribute to



the recruitment of inflammatory cells. Keratinocytes play a significant role in the

regulation of skin immune homeostasis. Therefore, an imbalance in keratinocyte activities

is associated with development and progression of AD. Herein, we summarize the recent

progress in understanding the immunological barrier functions of keratinocytes and the

roles of these cells in the pathogenesis of AD.



Overview of keratinocyte biology

The skin provides several types of defensive functions, including physical, thermal,

permeability and an immune barrier to protect the integrity of human beings. The

epidermis is responsible for the primary barrier function of the skin. A keratinized

stratified squamous epithelium is composed of cells called keratinocytes. These cells

undergo a process of epidermal differentiation or keratinization from the basal layer to

differentiating spinous, granular, and cornified layers [2]. The keratinocytes in each layer

have unique morphological and biochemical features and are under the control of a highly

complicated and tightly regulated process. Several transcription factors, including

transcription factors p63, AP-2y, Notch and the Wnt signaling pathways play key roles in

controlling keratinization via influencing the proliferation, differentiation and survival of

keratinocytes [2]. The transition of proliferating basal keratinocytes to differentiating

keratinocytes is associated with a switch in expression from basal keratin 5 and keratin

10 to suprabasal keratins (keratin 1, 2 and 10), which are markers of keratinocyte

differentiation [3]. Other keratins are expressed in a specific body site or a cell-specific

manner. For example, keratin 9 is specifically expressed in the suprabasal layer of the

stress-bearing epidermis, and keratins 6, 16 and 17 are expressed in hyperproliferative or

regenerating epidermis [3].



The expression of a marker for late keratinocyte differentiation, profilaggrin, and its

further degradation products is a calcium-dependent process [4]. Profilaggrin is the main

protein of keratohyalin granules, which are located within keratinocytes of the granular

layer [4]. After the proteolytic processing of profilaggrin, mature filaggrin is further

degraded into free amino acids, trans-urocanic acid and pyrrolidone-5-carboxylic acid,

which are components of a natural moisturizing factor [4]. Filaggrin promotes the

aggregation of keratin filaments into tight bundles, which facilitate the flattening of

keratinocytes. The highly insoluble cornified cell envelope (CE) precursor proteins,

including envoplakin, periplakin, involucrin, loricrin and small proline-rich proteins, are

polymerized and cross-linked via keratinocyte-specific transglutaminases in a calcium-

dependent manner to form the CE at the inner surface of the cell membrane [5]. Therefore,

terminally differentiated keratinocytes consist of tightly packed keratin filaments that are

covalently attached to the CE, which provides a permeable barrier to prevent

transcutaneous water loss and the entry of harmful substances.

Intercellular adhesion complexes are important regulators of the epidermal integrity

and prevent the entrance of harmful substances and pathogenic microorganisms by tightly

sealing the paracellular space between adjacent keratinocytes [6]. The intercellular

adhesion complexes are composed of desmosomes, adherens junctions and tight junctions



[6]. Desmosomes and adherens junctions provide attachment sites for the keratin

filaments and actin filaments, respectively, which hold the keratinocytes together and

contribute to the mechanical strength and structural continuity of the entire epidermis [6].

In contrast, tight junctions are specifically restricted to the apical borders of keratinocytes

in the granular layer. The major components of tight junctions include the claudins,

occludin and junction adhesion molecules [6,7]. Tight junctions limit the passage of

substances and are crucial in the regulation of keratinocyte proliferation and

differentiation [7].

During keratinization, the epidermal lipid composition also changes extensively.

Specialized lipid-rich organelles called lamellar bodies are responsible for the epidermal

lipid in cutaneous barrier homeostasis. Lamellar bodies are found in the keratinocytes of

the upper spinous and granular layers. These bodies consist of closely packed stacks of

numerous dense membrane-bound sacs that are rich in lipids, including the

glucosylceramides, sphingomyelin, phospholipids and cholesterol, and contain several

lipid-processing enzymes, such as glucocerebrosidase, sphingomyelinase and

phospholipase A [8]. The contents are extruded into the stratum granulosum/stratum

corneum interface, and the lipid precursors undergo hydrolysis and enzymatic conversion

into ceremide, free fatty acids and cholesterol to form intercellular lipid sheets [8]. An



overview of epidermal differentiation is shown in Fig. 1. Skin-derived HDPs, such as

cathelicidin LL-37 and human B-defensins (hBDs), are stored in the lamellar bodies until

release [9,10]. Therefore, the secreted lamellar body contents are required for normal

epidermal permeability functions and antimicrobial defense mechanisms.

Keratinocytes provide skin structure and play roles in the initiation and modulation of

host immune responses via recognition of danger signals and the production of various

cytokines, chemokines and HDPs. As first responders, the keratinocytes express various

PRRs, including Toll-like receptors (TLRs), nod-like receptors (NLRs) and C-type lectin

receptors [11]. These receptors recognize highly conserved structure components of

microorganisms, known as pathogen- or damage-associated molecular patterns. Different

PRRs work in concert in the promotion of potent innate immune responses against

microbes. Functional expression in keratinocytes was shown for extracellular TLRs

(TLR1, 2, 4, 5 and 6) and intracellular TLRs (TLR3 and 9) following stimulation by their

corresponding TLR-specific ligands [12]. Briefly, TLR2, together with TLR1 or TLR6,

recognize motifs of Gram-positive bacteria, such as peptidoglycan and lipoteichoic acid

[12]. Lipopolysaccharides (LPS) and bacterial flagellin activate TLR4 and TLRS on

keratinocytes, respectively [12]. Viral recognition via the intracellular receptors TLR3

and TLRO stimulates interferon (IFN)-mediated antiviral responses [12]. C-type lectin
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receptors on keratinocytes recognize fungal surface components [11], and NLRs are

activated by both exogenous danger signals, such as ultraviolet B, and endogenous danger

signals, including cancer [13,14].

Although PRRs recognize products of pathogenic and commensal bacteria, several

commensal microorganisms do not normally trigger a pathogenic inflammatory response.

The well-established skin flora Staphylococcus epidermidis activates a protective

immune response via the induction of hBD production and suppresses the TLR3-

mediated inflammatory response via activation of TLR2 on keratinocytes [9,15], which

supports evidence that skin commensals are critical contributors to the maintenance of

immune homeostasis [16]. However, patients with AD have notable differences in skin

microbial community composition, including alterations in commensal microorganisms

and the presence of pathogenic bacteria [16]. Lesional and nonlesional atopic skin are

almost exclusively colonized with Staphylococcus aureus (S. aureus) [16]. The

abundance of S. aureus correlates with disease severity [16].

In response to immunological and inflammatory stimuli, keratinocytes produce

different sets of immune mediators that coordinate between keratinocytes and sentinel

skin-resident immune cells, including T cells, mast cells, macrophages and specialized

dendritic cells called Langerhans cells [11]. Keratinocytes and immune cells determine
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the appropriate adaptive immune responses. The antigen presenting cells recognize and

take up foreign proteins then transport the proteins to the draining lymph nodes for

priming of the appropriate immune responses. Aberrations in the interaction between

resident keratinocytes and T cells may activate inflammation and the immune circuits

responsible for the initiation, progression and persistence of inflammatory skin diseases,

such as AD.

Keratinocytes as a potent initiator of the inflammatory cascade in AD

A defective permeability barrier is of prime importance in the pathogenesis of AD.

Lesional and nonlesional AD skin show decreased stratum corneum hydration and an

abnormal expression of epidermal terminal differentiation markers, including involucrin,

loricrin and filaggrin [17,18]. The genes encoding these proteins are downregulated in

AD compared to normal subjects [17,18]. Filaggrin loss-of-function mutations are

associated with elevated serum immunoglobulin E levels and allergic sensitizations in

AD [17,18]. Dysregulation of the interleukin (IL)-1 axis may account for the initiation of

inflammatory responses in AD [19]. An upregulated expression of proinflammatory

cytokines, including IL-1p and IL-18, was observed in AD patients with filaggrin

mutation. These cytokines promote the chemotaxis of inflammatory cells and alter the

activity of multiple serine proteases, which results in further barrier disruption in AD [19].
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Danger signals from barrier disruption and microbial invasion trigger the production of

various keratinocyte-derived cytokines, such as IL-6, IL-18, IL-23, granulocyte-

macrophage colony-stimulating factor and tumor necrosis factor (TNF)-a, which exhibit

proinflammatory activities and promote the activation, differentiation and recruitment of

inflammatory cells to the skin in AD [20-23]. The combination of IL-1f, IL-6 and

transforming growth factor-f promote T helper (Th) 17 cell activation, which plays an

important part in the early stage of AD [20]. Increased IL-17 expression is associated with

acute skin inflammation in AD [20]. IL-17 induces the production of pro-inflammatory

cytokines and stimulates Th2 cells to produce IL-4, which likely contribute to the

initiation of AD inflammation [21,22].

Keratinocytes are the primary source of the chemokines that recruit inflammatory cells,

such as dendritic cells, mast cells, eosinophils and T cells, into AD skin [21,23]. The

increased production of diverse chemokines, such as eotaxin/CC chemokine ligand

(CCL) 11, monocyte chemotactic protein (MCP)-1/CCL2, MCP-4/CCL13, pulmonary

and activation-regulated chemokine (PARC)/CCLI18, and thymus and activation-

regulated chemokine (TARC)/CCL17, was demonstrated in lesional sites of AD [23,24].

Elevated serum levels of eotaxin-3/CCL26 and TARC/CCL17 also correlate with disease

activity in AD [23]. RANTES (regulated on activation, normal T-cell-expressed and
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secreted) is a potent chemokine in allergic inflammation, and it is higher in skin lesions

with severe AD than mild AD [25]. The chemokine receptor CCR3 binds

RANTES/CCLS, eotaxin/CCL11, eotaxin-3/CCL26 and MCP-4/CCL13, and it is

expressed selectively on eosinophils, basophils and Th2 cells, which leads to

amplification of Th2-cell recruitment and allergic response in AD [23,24]. Table 1

summarizes the keratinocyte-derived cytokines and chemokines that are involved in the

pathogenesis of AD.

Keratinocyte-derived cytokines regulate Th2 immunity

Keratinocyte-derived cytokines regulate effector T-cell differentiation in AD [21,23].

Barrier disruption stimulates keratinocytes to release Th2-promoting cytokines, including

thymic stromal lymphopoietin (TSLP), IL-25 and IL-33 [26]. Keratinocytes and other

epithelial cells at barrier surfaces in subjects with atopic diseases constitutively expressed

these early signals, which act on innate effector cells, such as dendritic cells, mast cells,

basophils and type-2 innate lymphoid cells (ILC2s) [26]. As mentioned above, various

transcription factors are implicated in keratinocyte activation. The overexpression of the

delta-N isoform of the transcription factor p63 (ANp63) in transgenic mouse epidermis

produced epidermal hyperplasia, defective epidermal differentiation, and Th2 cell-

mediated immunological changes that closely resembled human AD lesional skin [27].
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ANp63 also plays a role in mediating the itch response via regulation of the expression of

IL-31, IL-33 and TSLP, which are key mediators of pruritic eczema in AD [27]. Other

studies revealed the roles of the Notch signaling pathway in the regulation of

inflammation-related itch in AD [28]. A downregulation of Notch receptors is found in

lesional skin of patients with AD [28]. Disruption of Notch signaling in mice causes a

disturbance of the epidermal barrier and accelerates inflammatory dermal infiltration,

with increased expression of TSLP [28]. Therefore, transcriptional regulators of

keratinocyte development and differentiation may be involved in the pathogenesis of AD.

TSLP is an epithelial cell-derived IL-7-like cytokine that is released in response to

mechanical injury, microbial infection and allergen exposure [26,29]. Increased

expression of TSLP was observed in filaggrin knockdown keratinocytes after TLR3

ligand stimulation [30]. The role of TLR activation in TSLP overexpression is not

confined to TLR3 activation. Engagement of TLRS5 and TLR2/6 by their cognate ligands

also causes an upregulation of TSLP [31]. Enhanced enzymatic activity of kallikrein

(KLK) 5 drives the production of TSLP via G protein-coupled protease-activated receptor

2 [21,29,32]. The expression of TSLP in AD skin correlates with the severity of the

disease and the degree of epidermal barrier disruption [29]. TSLP directly activates

dendritic cells to polarize naive T cells toward Th2 cells that secrete IL-4, IL-5 and IL-
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13, which further induce TSLP release [26,31]. TSLP inhibits the production of HDPs,

including hBD-2, by keratinocytes, which correlates with the susceptibility of the skin to

infections [9]. In contrast, activation of TSLP enhances the neutrophilic killing function

that is an essential host defense mechanism against skin bacterial infection caused by

methicillin-resistant S. aureus and Streptococcus pyogenses [33]. TSLP has a

nonimmunological effect as a pruritogen and promotes robust scratching behaviors.

Keratinocyte-derived TSLP acts directly via TSLP receptors located on cutaneous

sensory neurons and contributes to pruritus induction [34]. Recent clinical trial data

demonstrated improvement in atopic itch and the severity of associated atopic conditions

after treatment of patients with a monoclonal anti-TSLP antibody [26,35].

IL-25 and IL-33 are also key keratinocyte-derived mediators of the allergic reaction

and initiate the development of the Th2 response [26,36]. IL-25 (IL-17E) is a member of

the IL-17 family, and it shares structural similarity with other IL-17 members [36]. IL-25

signals via IL-25 receptors, which are composed of the IL-17B receptor, named IL-17

receptor homologue 1 (IL-17Rhl), and Evi27 [36,37]. A recent immunohistochemical

study of IL-25 expression in the skin of patients with AD revealed an increased number

of IL-25- and IL-17Rh1-expressing cells in lesional and nonlesional AD skin compared

to skin from healthy individuals [38]. Keratinocytes constitute the majority of IL-25-
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expressing cells in AD skin [38]. Allergen-activated mast cells, eosinophils, basophils

and dermal dendritic cells also secrete IL-25 [36,38]. An increased number of IL-25-

expressing dendritic cells was also detected after LPS stimulation [38]. Keratinocyte-

derived IL-25 is involved in the induction of Th2 cells via direct activation of naive CD4"

T cells or ILC2 activation to promote innate type-2 immune responses [36]. IL-13

production in activated ILC2 consequently promotes TARC/CCL17- and macrophage-

derived chemokine (MDC)/CCL22-mediated recruitment of Th2 cells in AD lesional skin

[39]. Unlike other IL-17 cytokine members, IL-25 suppresses cell-mediated immunity by

preventing the development of the Th1 or Th17 immune response [36]. Elevated levels

of IL-25 in atopic lesional skin suppress the synthesis of filaggrin by keratinocytes, which

compromises the skin barrier function [38].

IL-33 is a pro-inflammatory cytokine in the IL-1 family that is closely related to IL-1[3

and IL-18 in structure [40]. IL-33 is produced by endothelial cells and various epithelial

cells, including keratinocytes, constitutively express IL-33 as an inactive precursor [40].

In response to infection or tissue injury, the IL-33 precursor is immediately cleaved by

caspase-1 to form an active secreted IL-33 [40]. Subsequently, active IL-33 activates mast

cells, basophils and ILC2 to secrete 1L-4, IL-5 and IL-13 via the receptor suppression of

tumorigenicity 2 (ST2) [26,40]. In addition to triggering Th2 polarization, IL-33 promotes
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the secretion of pruritic cytokines, including TSLP and IL-31, from keratinocytes and

Th2 cells, respectively, which amplifies Th2 responses [26]. Similar to TSLP, IL-33

mediates the itch response via the activation of itch-sensing sensory neurons [40]. IL-33

directly disrupts epidermal barrier function via the downregulation of filaggrin expression

and the tight junction protein expression of claudin-1 [40-42]. Therapeutic strategies to

inhibit IL-33 or ST2 receptor activities are under investigation as treatments for moderate

to severe AD. An anti-IL-33 monoclonal antibody Etokimab was used in recent phase 11

clinical trials, which found beneficial effects in AD with an associated substantial

reduction in skin inflammatory cascades [26,43].

Altered keratinocyte-derived HDP expression in AD

In addition to the production of various cytokines and chemokines, keratinocytes are a

primary source of HDPs. Differentiating keratinocytes in the epidermis express protective

skin-derived HDPs, such as cathelicidin LL-37, hBDs, S100A7 and RNase 7 [44]. These

peptides exhibit broad-spectrum antimicrobial activities against commonly found skin

pathogens, pro- and anti-inflammatory properties and immunomodulatory activities [44].

The immunomodulatory functions of HDPs include chemoattractant activity, the

induction of cytokine and chemokine production and promotion of cell proliferation and

migration [44]. HDPs also possess beneficial effects on the maintenance of epithelial
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barrier function via the regulation of transepidermal water loss [45] and induction of the

localization and distribution of tight junction proteins, which leads to improvement of

tight junction barrier function [44].

LL-37 is the only human member of the cathelicidin HDP family [10]. The precursor

protein of LL-37 is hCAP18 (human 18-kDA cationic antimicrobial protein) and

localized in the lamellar bodies of keratinizing cells [10]. hCAP18 is cleaved via a

proteolytic process of epidermal serine proteases, such as KLKS5 and KLK?7, to form the

active peptide LL-37, which is released into the intercellular spaces and creates a

protective barrier against infectious agents [10]. Several resident and infiltrating immune

cells, including Langerhans cells, dendritic cells, neutrophils and mast cells, synthesize

and release LL-37 in response to inflammatory stimuli [10]. In addition to the

antimicrobial activity against various pathogens that colonize atopic skin, LL-37 may be

useful in the treatment of AD. For example, LL-37 upregulates the nerve repulsion factor

semaphorin 3A (which is reduced in AD) [46] and suppresses nerve elongation factors,

including nerve growth factor [47]. LL-37 may restore the impaired skin barrier in AD

patients via its ability to induce the distribution of tight junction proteins in keratinocytes

[48]. The finding that mice deficient in a mouse homolog to LL-37, the cathelin-related

antimicrobial peptide, exhibit a delay in the recovery of the permeability barrier following
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acute perturbation further demonstrates the role of LL-37 in the maintenance of skin

barrier homeostasis [45]. LL-37 exhibits pro- and anti-inflammatory effects, and it is

involved in keratinocyte differentiation [10]. The immunomodulatory effects of LL-37

may contribute to the pathogenesis of AD via its ability to exert chemotaxis of mast cells,

promote histamine production and induce chemokine receptor expression CCR2 and

CXCR4, which are expressed on the cell surface of eosinophils [10,23,49,50].

hBDs are also key players in keratinocyte-driven immunity. hBD-1 is constitutively

expressed in suprabasal keratinocytes, sweat glands and the sebaceous glands, and hBD-

2, hBD-3 and hBD-4 are induced via stimuli, such as microbial pathogens and pro-

inflammatory cytokines, such as IL-1f, IL-17, IL-22 and TNF-a [9]. hBDs are expressed

in the lamellar bodies of the spinous layer and the intercellular space of the upper

epidermis in a pattern that is similar to LL-37 [9]. The potent antimicrobial activities of

hBDs likely vary depending on their cationicity [44]. hBD-3 demonstrates the strongest

antimicrobial activity against S. aureus, herpes simplex virus and Candida species [9].

Notably, these microbial pathogens are abundant on AD skin and associated with immune

dysregulation and disruption of the skin barrier in AD [17]. hBD-3 exhibits powerful

antimicrobial activity and enhances the skin barrier function via the induction of the
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keratinocyte tight junction proteins involved in maintaining permeability barrier

homeostasis [9,51].

Although the expression of HDPs is greatly increased during infection, inflammation

and injury, LL-37 and hBDs are altered in atopic individuals [9,44]. The expression of

LL-37, hBD-2 and hBD-3 is lower in AD lesions compared to psoriatic skin lesions, and

this downregulation affects the susceptibility to skin infection in AD patients [9,44,52,53].

The reduced levels of HDPs may be explained by the predominance of Th2-derived

cytokines, which act as strong inhibitors of LL-37, hBD-2 and hBD-3 production

[9,44,53-55]. The pruritic cytokines, including IL-31 and TSLP, also have inhibitory

effects on the production of these HDPs [9]. Defects in the lamellar body secretory system

in AD lead to an aberrant expression of KLKs with increased enzymatic activities, which

accelerates the proteolytic degradation of LL-37 [10]. Filaggrin mutation in AD skin

promotes perturbation of the skin barrier and affects the lamellar body secretory system,

but the impact of filaggrin on HDP expression is controversial [9].

Although the expression of HDPs is generally low in AD skin compared to psoriasis,

increased levels of LL-37 and hBDs were reported in lesional AD skin compared to

healthy controls [9,54]. The role of IL-17 and IL-22 in AD emerged recently, and both

cytokines are potent inducers of LL-37 and hBDs, which may partially explain the
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upregulation of HDPs in lesional AD skin compared to normal subjects [9,58-60]. Skin

damage following excessive scratching in AD may underlie the increase in HDP

expression in inflammatory atopic skin [9].

S100A7 and RNase 7 are induced in AD lesional skin [44,56,57]. ST00A7, or psoriasin,

belongs to the S100 protein family, which is a low molecular weight protein family that

is characterized by the presence of EF-hand calcium-binding proteins [56]. Their

encoding genes are located within the epidermal differentiation complex that encodes

many keratinocyte differentiation proteins, such as loricrin, involucrin and filaggrin [56].

Keratinocytes are a major source of SI00A7 in human skin, and its expression increased

following stimulation with inflammatory cytokines, growth factors, flagellin and vitamin

D [56,58]. SI00A7 promotes leukocyte chemotaxis and induces chemokine secretion, the

production of reactive oxygen species and the release of a-defensins from neutrophils

[59]. STI00A7 is also implicated in a number of skin inflammatory disorders, including

psoriasis, acne vulgaris, squamous cell carcinoma and AD [44,56]. SI00A7 preferentially

and very effectively controls the growth of Escherichia coli, which explains why this

bacterium rarely colonizes normal skin and AD skin [60].

The abundant expression of RNase 7 is induced in keratinocytes of inflammatory skin

disorders, including AD [57]. Numerous microbial elements and various inflammatory
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mediators, such as IL-1p and IL-17, contribute to the regulation of RNase 7, which

exhibits potential activity against S. aureus. [57]. RNase 7 plays an important role in the

host defense against infectious pathogens, and it inhibits Th2 cytokine production, which

prevents Th2-mediated allergic responses [57]. However, IL-31 prevents the expression

of RNase 7 during the host defense against S. aureus [57], which illustrates the complex

interplay between the innate and adaptive immunity in the regulation of HDPs in AD.

Keratinocytes in the allergic inflammatory cascade

AD is generally known as a Th2-driven disease. The ability of Th2 cytokines to

regulate the course of AD is a direct effect on keratinocytes. IL-4 and IL-13 expression

are increased in acute eczematous skin lesions and uninvolved skin of AD patients [1].

Keratinocytes constitutively express functional IL-4 and IL-13 receptors [61] and produce

the eosinophil chemokine eotaxin-3/CCL26 in response to IL-4 and 1L-13 [18,23]. IL-4

substantially induces a proinflammatory response in keratinocytes via potentiating IFN-y

and TNF-a in the induction of CXCR3 agonistic chemokines, such as monokine induced

by IFN-y/CXCL9, IFN-y-induced protein 10/CXCL10 and IFN-inducible T-cell o-

chemoattractant/CXCL11, which recruits more T cells into the inflamed skin [62]. I[L-4

and IL-13 attenuate the expression of keratinocyte structural components, including

keratin 1, keratin 10, filaggrin, involucrin, and loricrin, which leads to a worsening of



23

barrier dysfunction [61,63]. IL-4 and IL-13 also increase the protease activity of KLK7

in epidermal keratinocytes, which triggers skin desquamation via digestion of

desmosomal proteins [61]. Ceramide is a major lipid component of lamellar bodies, and

the IL-4-induced depletion of ceramide in AD skin leads to profound alterations of barrier

function, which results in xerosis skin [61].

IL-4 participates in allergic inflammation, defective skin barrier and bacterial

colonization of AD skin. IL-4 enhanced the expression of adhesion molecules for S.

aureus, including fibronectin and fibrinogen [64,65]. Microbial biofilms produced by S.

aureus also play important pathogenic roles in the initiation and development of AD via

regulation of inflammatory cytokine production in keratinocytes [16]. Biofilm-induced

IL-6 production reduces the expression of keratin 1, keratin 10 and filaggrin, which

affects keratinocyte differentiation and leads to an increased susceptibility to bacterial

infections [16,66]. The staphylococcal biofilm and superantigen play roles in Th2

polarization and the pathogenesis of pruritus via the induction of IL-31 expression in

atopic individuals [16].

The novel Th2 cytokine IL-31 is a critical cytokine in AD. Increased expression of IL-

31 occurs in pruritic AD lesions [67]. Th2 cells and mast cells primarily produce 1L-31

following stimulation with allergen, staphylococcal superantigen and reactive oxygen
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species [67]. Keratinocytes from AD patients express high levels of IL-31 receptors and

respond to IL-31 to produce various atopy-associated chemokines, such as TARC/CCL17

and MDC/CCL22 [23,67-69]. A coculture of IL-31-activated eosinophils with

keratinocytes resulted in the release of inflammatory cytokines/chemokines, including

IL-1B, IL-6, MCP-1/CCL2 and PARC/CCLI18 [70]. IL-31 also downregulates filaggrin

expression in keratinocytes, and it is implicated in itch induction via its receptor on

cutaneous nerve fibers in lesional skin [67,71,72]. The persistent scratching in AD causes

chronic inflammation and may lead to secondary infection [1]. Notably, the observation

that LL-37 and hBDs increase the production of IL-31 and other pruritogenic factors

suggests a harmful role of HDPs in the development of AD [73].

Histamine is a well-known pruritogenic mediator released by mast cells. The histamine

HI receptor is present on the surface of pruriceptive neurons, and it is predominately

expressed by human keratinocytes [74]. Histamine stimulates the inflammatory cytokine

cascade and downregulates the expression of keratinocyte differentiation-associated

proteins keratin 1, keratin 10, filaggrin and loricrin, and it inhibits the expression of tight

junction barrier proteins, which leads to barrier dysfunction during skin inflammation

[74,75]. In contrast, histamine contributes to innate immunity via the induction of hBD-

2 and hBD-3 production from keratinocytes [9].
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Th2 cytokines are predominant in the acute phase of AD, but IL-22 was implicated in

the chronic phase of AD when the epidermis becomes thickened due to the hyperplasia

of keratinocytes (acanthosis) [1,76]. IL-22 is a member of the IL-10 cytokine family, and

itis secreted by different types of T cells, including Th17 and Th22 cells [77]. Pronounced

infiltration of Th22 cells and increased expression of IL-22 in skin lesions of patients with

AD have been reported [77,78]. IL-22 has multiple effects on keratinocytes, including the

promotion of keratinocyte proliferation and migration via STAT3 phosphorylation, which

is downstream of the IL-22 receptor in keratinocytes [79]. IL-22 also compromises skin

barrier function via the downregulation of the expression of filaggrin, claudin and

epidermal transglutaminase 3 [80]. Activated Th22 cells induce the production of several

cytokines and chemokines, including pruritogenic mediators (TSLP and IL-33), and

contribute to chronic inflammation in atopic skin [80]. Beneficial effects of an anti-1L-22

monoclonal antibody (fezakinumab) in moderate to severe AD, including a profound

reduction in disease activity, were reported in a phase II clinical trial [81].
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Conclusion

As part of the innate immune system, keratinocytes initiate crosstalk between innate

and adaptive immune responses by regulating the release of several key molecules that

trigger inflammatory reactions and immune responses in AD (Fig. 2). An understanding

of the processes underlying AD should help in formulating appropriate therapies to

improve AD patient quality of life and prevent AD-related allergic disorders.



27

Acknowledgments

The project was supported by a Grant-in-Aid for Scientific Research from the Ministry

of Education, Culture, Sports, Science and Technology, Japan (Grant number: 26461703)

to F.N. and the Faculty of Medicine, Chiang Mai University, Thailand (Grant Number:

054-2562 to P.C.). The authors thank Dr. Wasarut Rutjanaprom (Chiang Mai, Thailand)

for the graphic illustration and Michiyo Matsumoto for her secretarial assistance.



Conflict of interest

The authors declare no conflicts of interest.

28



29

References

1. Bieber T. Atopic dermatitis. Ann Dermatol. 2010; 22:125-37.

2. Lee J, Lee P, Wu X. Molecular and cytoskeletal regulations in epidermal
development. Semin Cell Dev Biol. 2017; 69:18-25.

3. WangF, Zieman A, Coulombe PA. Skin Keratins. Methods Enzymol. 2016; 568:303-
50.

4. Brown SJ, McLean WH. One remarkable molecule: filaggrin. J Invest Dermatol.
2012; 132:751-62.

5. Kalinin A, Marekov LN, Steinert PM. Assembly of the epidermal cornified cell
envelope. J Cell Sci. 2001; 114:3069-70.

6. Sumigray KD, Lechler T. Cell adhesion in epidermal development and barrier
formation. Curr Top Dev Biol. 2015; 112:383-414.

7. Brandner JM, Zorn-Kruppa M, Yoshida T, Moll I, Beck LA, De Benedetto A.
Epidermal tight junctions in health and disease. Tissue Barriers. 2015; 3:¢974451.

8. Wertz P. Epidermal Lamellar Granules. Skin Pharmacol Physiol. 2018; 31:262-8.

9. Chieosilapatham P, Ogawa H, Niyonsaba F. Current insights into the role of human

B-defensins in atopic dermatitis. Clin Exp Immunol. 2017; 190:155-66.



10.

11.

12.

13.

14.

15.

16.

30

Chieosilapatham P, Ikeda S, Ogawa H, Niyonsaba F. Tissue-specific Regulation of

Innate Immune Responses by Human Cathelicidin LL-37. Curr Pharm Des. 2018;

24:1079-91.

Coates M, Blanchard S, MacLeod AS. Innate antimicrobial immunity in the skin: A

protective barrier against bacteria, viruses, and fungi. PLoS Pathog. 2018;

14:¢1007353.

Miller LS. Toll-like receptors in skin. Adv Dermatol. 2008; 24:71-87.

Kim YK, Shin JS, Nahm MH. NOD-Like Receptors in Infection, Immunity, and

Diseases. Yonsei Med J. 2016; 57:5-14.

Ciazynska M, Bednarski IA, Wodz K, Narbutt J, Lesiak A. NLRP1 and NLRP3

inflammasomes as a new approach to skin carcinogenesis. Oncol Lett. 2020; 19:1649-

56.

Lai Y, Di Nardo A, Nakatsuji T, ef al. Commensal bacteria regulate Toll-like receptor

3-dependent inflammation after skin injury. Nat Med. 2009; 15:1377-82.

Kim JE, Kim HS. Microbiome of the Skin and Gut in Atopic Dermatitis (AD):

Understanding the Pathophysiology and Finding Novel Management Strategies. J

Clin Med. 2019; 8.



17.

18.

19.

20.

21.

22.

23.

31

Kim BE, Leung DYM. Significance of Skin Barrier Dysfunction in Atopic Dermatitis.

Allergy Asthma Immunol Res. 2018; 10:207-15.

Furue M, Chiba T, Tsuji G, Ulzii D, Kido-Nakahara M, Nakahara T, Kadono T.

Atopic dermatitis: immune deviation, barrier dysfunction, IgE autoreactivity and new

therapies. Allergol Int. 2017; 66:398-403.

Kezic S, O'Regan GM, Lutter R, et al. Filaggrin loss-of-function mutations are

associated with enhanced expression of IL-1 cytokines in the stratum corneum of

patients with atopic dermatitis and in a murine model of filaggrin deficiency. J Allergy

Clin Immunol. 2012; 129:1031-9 el.

Cesare AD, Meglio PD, Nestle FO. A role for Th17 cells in the immunopathogenesis

of atopic dermatitis? J Invest Dermatol. 2008; 128:2569-71.

Rerknimitr P, Otsuka A, Nakashima C, Kabashima K. The etiopathogenesis of atopic

dermatitis: barrier disruption, immunological derangement, and pruritus. Inflamm

Regen. 2017; 37:14.

Nakajima S, Kitoh A, Egawa G, et al. IL-17A as an inducer for Th2 immune responses

in murine atopic dermatitis models. J Invest Dermatol. 2014; 134:2122-30.

Homey B, Steinhoff M, Ruzicka T, Leung DY. Cytokines and chemokines orchestrate

atopic skin inflammation. J Allergy Clin Immunol. 2006; 118:178-89.



24.

25.

26.

27.

28.

29.

30.

32

Nedoszytko B, Sokolowska-Wojdylo M, Ruckemann-Dziurdzinska K, Roszkiewicz

J, Nowicki RJ. Chemokines and cytokines network in the pathogenesis of the

inflammatory skin diseases: atopic dermatitis, psoriasis and skin mastocytosis.

Postepy Dermatol Alergol. 2014; 31:84-91.

Niwa Y. Elevated RANTES levels in plasma or skin and decreased plasma IL-10

levels in subsets of patients with severe atopic dermatitis. Arch Dermatol. 2000;

136:125-6.

Roan F, Obata-Ninomiya K, Ziegler SF. Epithelial cell-derived cytokines: more than

just signaling the alarm. J Clin Invest. 2019; 129:1441-51.

Rizzo JM, Oyelakin A, Min S, et al. DeltaNp63 regulates IL-33 and IL-31 signaling

in atopic dermatitis. Cell Death Differ. 2016; 23:1073-85.

Melnik BC. The potential role of impaired Notch signalling in atopic dermatitis. Acta

Derm Venereol. 2015; 95:5-11.

Cianferoni A, Spergel J. The importance of TSLP in allergic disease and its role as a

potential therapeutic target. Expert Rev Clin Immunol. 2014; 10:1463-74.

Lee KH, Cho KA, Kim JY, Kim JY, Baek JH, Woo SY, Kim JW. Filaggrin

knockdown and Toll-like receptor 3 (TLR3) stimulation enhanced the production of



31.

32.

33.

34.

35.

33

thymic stromal lymphopoietin (TSLP) from epidermal layers. Exp Dermatol. 2011;

20:149-51.

Xie Y, Takai T, Chen X, Okumura K, Ogawa H. Long TSLP transcript expression

and release of TSLP induced by TLR ligands and cytokines in human keratinocytes.

J Dermatol Sci. 2012; 66:233-7.

Briot A, Deraison C, Lacroix M, et al. Kallikrein 5 induces atopic dermatitis-like

lesions through PAR2-mediated thymic stromal lymphopoietin expression in

Netherton syndrome. J Exp Med. 2009; 206:1135-47.

West EE, Spolski R, Kazemian M, Yu ZX, Kemper C, Leonard WJ. A TSLP-

complement axis mediates neutrophil killing of methicillin-resistant Staphylococcus

aureus. Sci Immunol. 2016; 1.

Wilson SR, The L, Batia LM, et al. The epithelial cell-derived atopic dermatitis

cytokine TSLP activates neurons to induce itch. Cell. 2013; 155:285-95.

Simpson EL, Parnes JR, She D, Crouch S, Rees W, Mo M, van der Merwe R.

Tezepelumab, an anti-thymic stromal lymphopoietin monoclonal antibody, in the

treatment of moderate to severe atopic dermatitis: A randomized phase 2a clinical

trial. ] Am Acad Dermatol. 2019; 80:1013-21.



36.

37.

38.

39.

40.

41.

42.

34

Liu Y, Shao Z, Shangguan G, Bie Q, Zhang B. Biological Properties and the Role of

IL-25 in Disease Pathogenesis. J Immunol Res. 2018; 2018:6519465.

Lee J, Ho WH, Maruoka M, et al. IL-17E, a novel proinflammatory ligand for the IL-

17 receptor homolog IL-17Rh1. J Biol Chem. 2001; 276:1660-4.

Hvid M, Vestergaard C, Kemp K, Christensen GB, Deleuran B, Deleuran M. IL-25

in atopic dermatitis: a possible link between inflammation and skin barrier

dysfunction? J Invest Dermatol. 2011; 131:150-7.

Leyva-Castillo JM, Galand C, Mashiko S, ef al. ILC2 activation by keratinocyte-

derived IL-25 drives IL-13 production at sites of allergic skin inflammation. J Allergy

Clin Immunol. 2020.

Imai Y. Interleukin-33 in atopic dermatitis. J Dermatol Sci. 2019; 96:2-7.

Ryu WI, Lee H, Bae HC, ef al. IL-33 down-regulates CLDN1 expression through the

ERK/STAT3 pathway in keratinocytes. J Dermatol Sci. 2018; 90:313-22.

Ryu WI, Lee H, Bae HC, Ryu HJ, Son SW. IL-33 down-regulates filaggrin expression

by inducing STAT3 and ERK phosphorylation in human keratinocytes. J Dermatol

Sci. 2016; 82:131-4.



43.

44,

45.

46.

47.

35

Chen YL, Gutowska-Owsiak D, Hardman CS, et al. Proof-of-concept clinical trial of

etokimab shows a key role for IL-33 in atopic dermatitis pathogenesis. Sci Transl

Med. 2019; 11.

Niyonsaba F, Kiatsurayanon C, Chieosilapatham P, Ogawa H. Friends or Foes? Host

defense (antimicrobial) peptides and proteins in human skin diseases. Exp Dermatol.

2017; 26:989-98.

Aberg KM, Man MQ, Gallo RL, ef al. Co-regulation and interdependence of the

mammalian epidermal permeability and antimicrobial barriers. J Invest Dermatol.

2008; 128:917-25.

Umehara Y, Kamata Y, Tominaga M, Niyonsaba F, Ogawa H, Takamori K.

Cathelicidin LL-37 Induces Semaphorin 3A Expression in Human Epidermal

Keratinocytes: Implications for Possible Application to Pruritus. J Invest Dermatol.

2015; 135:2887-90.

Umehara Y, Kamata Y, Tominaga M, Niyonsaba F, Ogawa H, Takamori K.

Antimicrobial peptides human LL-37 and B-defensin-3 modulate the expression of

nerve elongation factors in human epidermal keratinocytes. J Dermatol Sci. 2017;

88:365-7.



48.

49.

50.

51.

52.

53.

36

Akiyama T, Niyonsaba F, Kiatsurayanon C, ef al. The human cathelicidin LL-37 host

defense peptide upregulates tight junction-related proteins and increases human

epidermal keratinocyte barrier function. J Innate Immun. 2014; 6:739-53.

Niyonsaba F, Someya A, Hirata M, Ogawa H, Nagaoka I. Evaluation of the effects of

peptide antibiotics human B-defensins-1/-2 and LL-37 on histamine release and

prostaglandin D(2) production from mast cells. Eur J Immunol. 2001; 31:1066-75.

Niyonsaba F, Iwabuchi K, Someya A, Hirata M, Matsuda H, Ogawa H, Nagaoka [. A

cathelicidin family of human antibacterial peptide LL-37 induces mast cell

chemotaxis. Immunology. 2002; 106:20-6.

Kiatsurayanon C, Niyonsaba F, Smithrithee R, et al. Host defense (Antimicrobial)

peptide, human B-defensin-3, improves the function of the epithelial tight-junction

barrier in human keratinocytes. J Invest Dermatol. 2014; 134:2163-73.

Ong PY, Ohtake T, Brandt C, et al. Endogenous antimicrobial peptides and skin

infections in atopic dermatitis. N Engl J Med. 2002; 347:1151-60.

Nomura I, Goleva E, Howell MD, et al. Cytokine milieu of atopic dermatitis, as

compared to psoriasis, skin prevents induction of innate immune response genes. J

Immunol. 2003; 171:3262-9.



54.

55.

56.

57.

58.

59.

37

Reinholz M, Ruzicka T, Schauber J. Cathelicidin LL-37: an antimicrobial peptide

with a role in inflammatory skin disease. Ann Dermatol. 2012; 24:126-35.

Howell MD, Gallo RL, Boguniewicz M, Jones JF, Wong C, Streib JE, Leung DY.

Cytokine milieu of atopic dermatitis skin subverts the innate immune response to

vaccinia virus. Immunity. 2006; 24:341-8.

Eckert RL, Broome AM, Ruse M, Robinson N, Ryan D, Lee K. S100 proteins in the

epidermis. J Invest Dermatol. 2004; 123:23-33.

Rademacher F, Dreyer S, Kopfnagel V, Glaser R, Werfel T, Harder J. The

Antimicrobial and Immunomodulatory Function of RNase 7 in Skin. Front Immunol.

2019; 10:2553.

Niyonsaba F, Hattori F, Maeyama K, Ogawa H, Okamoto K. Induction of a

microbicidal protein psoriasin (SI00A7), and its stimulatory effects on normal human

keratinocytes. J Dermatol Sci. 2008; 52:216-9.

Zheng Y, Niyonsaba F, Ushio H, Ikeda S, Nagaoka I, Okumura K, Ogawa H.

Microbicidal protein psoriasin is a multifunctional modulator of neutrophil activation.

Immunology. 2008; 124:357-67.



60.

61.

62.

63.

64.

65.

38

Glaser R, Harder J, Lange H, Bartels J, Christophers E, Schroder JM. Antimicrobial

psoriasin (S100A7) protects human skin from Escherichia coli infection. Nat

Immunol. 2005; 6:57-64.

Hanel KH, Cornelissen C, Luscher B, Baron JM. Cytokines and the skin barrier. Int J

Mol Sci. 2013; 14:6720-45.

Albanesi C, Scarponi C, Sebastiani S, ef al. IL-4 enhances keratinocyte expression of

CXCR3 agonistic chemokines. J Immunol. 2000; 165:1395-402.

Omori-Miyake M, Yamashita M, Tsunemi Y, Kawashima M, Yagi J. In vitro

assessment of IL-4- or IL-13-mediated changes in the structural components of

keratinocytes in mice and humans. J Invest Dermatol. 2014; 134:1342-50.

Biedermann T, Skabytska Y, Kaesler S, Volz T. Regulation of T Cell Immunity in

Atopic Dermatitis by Microbes: The Yin and Yang of Cutaneous Inflammation. Front

Immunol. 2015; 6:353.

Cho SH, Strickland I, Boguniewicz M, Leung DY. Fibronectin and fibrinogen

contribute to the enhanced binding of Staphylococcus aureus to atopic skin. J Allergy

Clin Immunol. 2001; 108:269-74.



66.

67.

68.

69.

70.

71.

72.

39

Son ED, Kim HJ, Park T, et al. Staphylococcus aureus inhibits terminal differentiation

of normal human keratinocytes by stimulating interleukin-6 secretion. J Dermatol Sci.

2014; 74:64-71.

Nakashima C, Otsuka A, Kabashima K. Interleukin-31 and interleukin-31 receptor:

New therapeutic targets for atopic dermatitis. Exp Dermatol. 2018; 27:327-31.

Bilsborough J, Leung DY, Maurer M, et al. IL-31 is associated with cutaneous

lymphocyte antigen-positive skin homing T cells in patients with atopic dermatitis. J

Allergy Clin Immunol. 2006; 117:418-25.

Dillon SR, Sprecher C, Hammond A, et al. Interleukin 31, a cytokine produced by

activated T cells, induces dermatitis in mice. Nat Immunol. 2004; 5:752-60.

Cheung PF, Wong CK, Ho AW, Hu S, Chen DP, Lam CW. Activation of human

eosinophils and epidermal keratinocytes by Th2 cytokine IL-31: implication for the

immunopathogenesis of atopic dermatitis. Int Immunol. 2010; 22:453-67.

Cornelissen C, Marquardt Y, Czaja K, et al. IL-31 regulates differentiation and

filaggrin expression in human organotypic skin models. J Allergy Clin Immunol.

2012; 129:426-33, 33 el-8.

Hanel KH, Pfaff CM, Cornelissen C, et al. Control of the Physical and Antimicrobial

Skin Barrier by an IL-31-IL-1 Signaling Network. J Immunol. 2016; 196:3233-44.



73.

74.

75.

76.

77.

78.

40

Niyonsaba F, Ushio H, Hara M, ef al. Antimicrobial peptides human [-defensins and

cathelicidin LL-37 induce the secretion of a pruritogenic cytokine IL-31 by human

mast cells. J Immunol. 2010; 184:3526-34.

Thangam EB, Jemima EA, Singh H, ef al. The Role of Histamine and Histamine

Receptors in Mast Cell-Mediated Allergy and Inflammation: The Hunt for New

Therapeutic Targets. Front Immunol. 2018; 9:1873.

Gschwandtner M, Mildner M, Mlitz V, et al. Histamine suppresses epidermal

keratinocyte differentiation and impairs skin barrier function in a human skin model.

Allergy. 2013; 68:37-47.

Klonowska J, Glen J, Nowicki RJ, Trzeciak M. New Cytokines in the Pathogenesis

of Atopic Dermatitis-New Therapeutic Targets. Int J Mol Sci. 2018; 19.

Jin M, Yoon J. From Bench to Clinic: the Potential of Therapeutic Targeting of the

IL-22 Signaling Pathway in Atopic Dermatitis. Immune Netw. 2018; 18:e42.

Nograles KE, Zaba LC, Shemer A, et al. IL-22-producing "T22" T cells account for

upregulated IL-22 in atopic dermatitis despite reduced IL-17-producing TH17 T cells.

J Allergy Clin Immunol. 2009; 123:1244-52 e2.



79.

80.

81.

82.

83.

84.

41

Boniface K, Bernard FX, Garcia M, Gurney AL, Lecron JC, Morel F. IL-22 inhibits

epidermal differentiation and induces proinflammatory gene expression and

migration of human keratinocytes. J Immunol. 2005; 174:3695-702.

Lou H, Lu J, Choi EB, et al. Expression of IL-22 in the Skin Causes Th2-Biased

Immunity, Epidermal Barrier Dysfunction, and Pruritus via Stimulating Epithelial

Th2 Cytokines and the GRP Pathway. J Immunol. 2017; 198:2543-55.

Guttman-Yassky E, Brunner PM, Neumann AU, et al. Efficacy and safety of

fezakinumab (an IL-22 monoclonal antibody) in adults with moderate-to-severe

atopic dermatitis inadequately controlled by conventional treatments: A randomized,

double-blind, phase 2a trial. ] Am Acad Dermatol. 2018; 78:872-81 ¢6.

Szegedi K, Lutter R, Res PC, Bos JD, Luiten RM, Kezic S, Middelkamp-Hup MA.

Cytokine profiles in interstitial fluid from chronic atopic dermatitis skin. J Eur Acad

Dermatol Venereol. 2015; 29:2136-44.

Thijs JL, Strickland I, Bruijnzeel-Koomen C, et al. Serum biomarker profiles suggest

that atopic dermatitis is a systemic disease. J Allergy Clin Immunol. 2018; 141:1523-

Feliciani C, Gupta AK, Sauder DN. Keratinocytes and cytokine/growth factors. Crit

Rev Oral Biol Med. 1996; 7:300-18.



42

85. Yoon J, Leyva-Castillo JM, Wang G, et al. IL-23 induced in keratinocytes by

endogenous TLR4 ligands polarizes dendritic cells to drive IL-22 responses to skin

immunization. J Exp Med. 2016; 213:2147-66.

86. Albanesi C. Keratinocytes in allergic skin diseases. Curr Opin Allergy Clin Immunol.

2010; 10:452-6.



43

Figure legends

Figure 1. Epidermal keratinocyte differentiation

During the process of epidermal differentiation, keratinocytes synthesize vital

components that are necessary for epidermal barrier function. The expression patterns of

keratin intermediate filaments and transglutaminases correlate with the stage of epidermal

differentiation. The intercellular adhesion complexes, including desmosomes and tight

junction, provide strong mechanical attachments between adjacent keratinocytes.

Lamellar bodies are secretory organelles containing lipids and enzymes that contribute to

the formation of the epidermal lipid barrier. Keratohyalin granules are expressed in the

stratum granulosum and contain profilaggrin, which is the precursor of filaggrin, which

facilitate the aggregation of keratin filaments, and loricrin is a major component of the

cornified cell envelope.

Figure 2. The contribution of keratinocyte-derived mediators to the pathogenesis of

atopic dermatitis

An impaired epidermal barrier in atopic dermatitis (AD) allows for the penetration of

potential allergens, irritants and pathogens, such as Staphylococcus aureus, to initiate the
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immune activation of keratinocytes. Activated keratinocytes produce a plethora of

proinflammatory cytokines and chemokines, including eotaxin/CC chemokine ligand

(CCL) 11, eotaxin-3/CCL26, monocyte chemotactic protein (MCP)-4/CCL13, regulated

on activation, normal T-cell-expressed and secreted (RANTES)/CCLS5, and thymus and

activation-regulated chemokine (TARC)/CCL17, which attract and activate Langerhans

cells (LCs), dendritic cells (DCs), eosinophils, basophils, mast cells, type-2 innate

lymphoid cells (ILC2) and T helper (Th) 17 cells. The cytokines released by these cells

induce Th2 polarization, which plays a key role in the pathogenesis of AD. Keratinocytes

also produce Th2-promoting cytokines, including thymic stromal lymphopoietin (TSLP),

interleukin (IL)-25 and IL-33, which further amplify the Th2 immune responses and

exacerbate AD by inducing itching. TSLP, IL-33 and Th2 cytokines (IL-4, IL-13 and IL-

31) inhibit the expression of skin-derived host defense peptides (HDPs), and increased

expression of IL-22 upregulates HDP production in the chronic stages of AD. HDPs,

including LL-37, human B-defensins (hBDs), SI00A7 and RNase 7 improve the skin

barrier integrity and promote antimicrobial barrier function in AD skin. GM-CSF,

granulocyte-macrophage colony-stimulating factor; Ig, immunoglobulin; TNF, tumor

necrosis factor.
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Table 1. The keratinocyte-derived cytokines/chemokines associated with AD pathogenesis

Cytokine/ Receptor Up-regulation Target cell Effect Reference
chemokine
CCL1 CCRS Allergens, DCs, LCs, Chemoattractant for [23,24]
(I1-309) molluscum T cells DCs, LCs and
contagiosum, memory T cells
S. aureus
CCL2 CCR2 IFN-y DCs, monocytes, Chemoattractant for [23,24]
(MCP-1) T cells DCs, monocytes and
T cells
CCLS CCRI1, IL-4, IFN-y, Basophils, DCs, = Chemoattractant for [23-25]
(RANTES) CCR3, TNF-a eosinophils, DCs, eosinophils,
CCR5 T cells, monocytes and
fibroblasts, T cells
keratinocytes
CCL11 CCR3 IL-4, IL-13, Basophils, DCs,  Chemoattractant for [23,24]
(Eotaxin) IFN-y eosinophils, eosinophils
T cells
CCL13 CCR2, IL-1, IL-4, Basophils, DCs,  Chemoattractant for [23,24]
(MCP-4) CCR3 IFN-y, TNF-o.  eosinophils, DCs, eosinophils,
monocytes, basophils and T cells
T cells
CCL17 CCR4 IL-31, TNF-a, NK cells, Chemoattractant for [23,24,67]
(TARC) IFN-y T cells Th2 cells
CCL18 CCRS Allergens, T cells Chemoattractant for [23,24]
(PARC) staphylococcal LCs and memory
superantigens T cells
CCL20 CCR6 TGF-p T cells, DCs Chemoattractant for [23,24]
(MIP-3a) DCs and memory
T cells
CCL22 CCR4 IL-13, IL-31 T cells Chemoattractant for [67]
(MDC) Th2 cells
CCL26 CCR3 IL-4, IL-13, Eosinophils, Chemoattractant for [23,24]
(Eotaxin-3) IFN-y T cells eosinophils and

T cells
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Table 1. Continued

Cytokine/ Receptor Up-regulation Target cell Effect Reference
chemokine
CCL27 CCR10 IL-1B, TNF-ao T cells Chemoattractant for [23,24]
(CTACK) memory T cells
IL-1B IL-1RI, TLR4 ligands, T cells, Proinflammatory [19,20,23,
IL-1RACP skin barrier endothelial cells, cytokines; induction 82]
disruption fibroblasts of T cell activation
and basophil
histamine release
IL-1RA IL-1R1 IL-4, IL-13 T cells, Anti-inflammatory  [19,82]
endothelial cells, activity
fibroblasts
IL-6 IL-6R, TLR4 ligands, = Macrophages, Pro-inflammatory [20,21,82]
gp130 viruses, IL-1, B cells, T cells cytokines;
TNF-a chemotaxis;
induction of Th17
differentiation
IL-7 IL-7R - Eosinophils, Induction of Th17 [83,84]
B cells, T cells activation and
eosinophil
development
IL-17A IL-17RA, IL-1B, IL-6, T cells, Induction of Th17 [20-22]
IL-17RE  TGF-B keratinocytes activation
IL-18 IL-18Ra, TLR4 ligands, Basophils, DCs,  Pro-inflammatory [19,23]
IL-18RB  staphylococcal —macrophages, cytokines; induction
enterotoxin, neutrophils, of IgE production
viruses, B cells, NK cells, and activation of Th2
allergens e.g. NKT cells, T and mast cells

house dust
mites, [FN-y,
proteases

cells, endothelial
cells, fibroblasts,

keratinocytes
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Cytokine/ Receptor Up-regulation Target cell Effect Reference
chemokine
IL-23 IL-23R, TLR4 ligands  DCs, LCs, NK Induction of Th17 [85]
IL-12RB1 cells, NKT cells, and Th22
Th17 cells differentiation;
promotion of
epidermal thickening
IL-25 IL-17RA, TLR4 ligands, Basophils, Induction of ILC2 [36,39]
(IL-17E) IL-17RB  ovalbumin eosinophils, mast and Th2 activation;
cells, ILC2, NKT promotion of IL-13
cells, T cells, production and
endothelial cells  epidermal
hyperplasia
IL-33 ST2 Allergen e.g. Basophils, DCs,  Induction of Th2 [21,26,40]
(ILIRL1), house dust eosinophils, immune response;
ILIRAcCP mite, ILC2s, activation of ILC2
rhinoviruses, macrophages,
fungi, protease, mast cells,
filaggrin B cells, NK cells,
deficiency T cells
GM-CSF CDl116 TLR2 ligands, = Macrophages, Stimulation of [23,84]
(GM- PMA, T cells, granulocyte and
CSFRoa)  histamine, keratinocytes macrophage
IL-1, TNF-a, activation; induction
skin barrier of Th2 immune
disruption, response
ultraviolet
TNF-a TNFR-1, TLR4 ligands, Macrophages, Proinflammatory [23,86]
TNFR-2  mechanical NK cells, cytokines; induction
injury, T cell, epithelial ~ of chemoattractant
ultraviolet cells, fibroblasts  and adhesion

molecules ICAM-1
and CXCL-8
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Table 1. Continued

Cytokine/ Receptor Up-regulation Target cell Effect Reference
chemokine
TSLP TSLP- TLR1/2, TLR3, Basophils, DCs, Induction of Th2 [23,26,29]
receptor ~ TLR4 ligands, eosinophils, differentiation and
(IL-7Ra)  skin barrier mast cells, B pruritus; promotion
disruption, cells, NKT cells, of dendritic cell
proteases T cells maturation

CCL, CC chemokine ligand; CTACK, cutaneous T-cell-attracting chemokine; DC,
dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; gp,
glycoprotein; ICAM, intercellular adhesion molecule; IFN, interferon; Ig,
immunoglobulin; IL, interleukin; IL-1RA, IL-1 receptor antagonist; IL-1RAcP, IL-1
receptor accessory protein; ILC, innate lymphoid cell; LC, Langerhans cell; MCP,
monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MIP,
macrophage inflammatory protein; NK cell, natural killer cell; PARC, pulmonary and
activation-regulated chemokine; PMA, phorbol myristate acetate; RANTES, regulated on
activation, normal T cell expressed and secreted; ST2, suppression of tumorigenicity 2;
TARC, thymus and activation-regulated chemokine; TGF, transforming growth factor;
Th, T helper; TLR, Toll-like receptor; TNF, tumor necrosis factor; TSLP, thymic stromal

lymphopoietin



Epidermal differentiation

Stratum corneum

Stratum granulosum
Keratin 1, 2 and 10

Stratum spinosum
Transglutaminase 1, 3and 5

Stratum basale
Keratin 5 and 14

Lipid bilayers
Conified cell envelope

Tight junction
Keratohyaline granule

(containing loricrin,
profilaggrin)

Lamellar body

Desmosome



Microbiota e.g. Allergens/irritants Scratch Pathogenic bacteria
S. epidermidis e.g. S. aureus

. k Altered skin barrier a%
b N\oe C

Tight junction
Acanthosis

O
'3:% Keratinocyte

LC

Keratinocyte

kN

Proinflammatory

cytokines

Proinflammatory Chemokines Th2 promoting = HDPs

cytokines e.g. eotaxin/CCL11, cytokines e.qg. LL-37, hBDs,

e.g. IL-1B. IL-6. eotaxin-3/CCL26, e.g. TSLP, IL-25, S100A7, RNase 7

IL-13, IL-23, MCP-4/CCL13, IL-33

GM-CSF, TNF-a RANTES/CCLS, l .

TARC/CCL17 I;?:amme 020 IL-22

Histamine / 0 2__3 1 ¢

- > .. @

Mast cell

Mast cell O

Basophll O

Basophil Eosinophil
Eosinophil

Sensory nerve

v

Itch

-13
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