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Abstract: The keratinocyte (KC) is the main functional and structural component of the epidermis, the
most external layer of the skin that is highly specialized in defense against external agents, prevention
of leakage of body fluids and retention of internal water within the cells. Altered epidermal barrier
and aberrant KC differentiation are involved in the pathophysiology of several skin diseases, such
as atopic dermatitis (AD). AD is a chronic inflammatory disease characterized by cutaneous and
systemic immune dysregulation and skin microbiota dysbiosis. Nevertheless, the pathological
mechanisms of this complex disease remain largely unknown. In this review, we summarize current
knowledge about the participation of the KC in different aspects of the AD. We provide an overview of
the genetic predisposing and environmental factors, inflammatory molecules and signaling pathways
of the KC that participate in the physiopathology of the AD. We also analyze the link among the KC,
the microbiota and the inflammatory response underlying acute and chronic skin AD lesions.

Keywords: keratinocyte; atopic dermatitis; allergic inflammatory response; keratinocyte differentiation;
skin microbiome; in vitro atopic dermatitis models; pharmacological therapy

1. Introduction

The skin is an organ in constant renewal that covers the body surface. Its total surface
area is commonly calculated around 2 m2 considering variables such as height and weight;
however, folds and invaginations, such as hair follicles and sweat ducts, substantially
increase the surface area to 25 m2 [1,2]. The skin fulfills specific functions of protection,
restraint, thermal regulation and sensitivity, which are carried out in the three layers that
constitute the skin (from bottom to top): hypodermis, dermis and epidermis [3] (Figure 1).
The hypodermis is the deepest layer of the skin that lies below the dermis and adjoins
the deep fascia that covers the skeletal muscle. It is made up of loose connective tissue
and stored fat [4], and cells such as fibroblasts, macrophages, and mainly adipocytes.
Main functions of the hypodermis are to work as a caloric reserve, thermoregulation and
shock absorber [5]. The dermis is located above the hypodermis and is composed of
two main extracellular matrix (ECM) components, i.e., collagen and elastin fibers, which
are synthesized by fibroblasts. Afferent nerve endings and arteries also penetrate to the
dermal deep region. The dermis has notable functions providing tone, strength, resistance,
sensitivity and nutrients to the epidermis [6,7]. In addition, this layer of the skin is of
great importance since it contains innate immune cells such as dermal and plasmacytoid
dendritic cells (DCs), macrophages, mast cells, γδ T cells and innate lymphoid cells (ILC),
crucial in the function of defense in both human and mouse [8–13]. The epidermis is
located more externally and contiguous to the ECM and covers the dermis. It is a semi-
permeable stratified keratinized epithelium highly specialized in defense against external
agents [3,14]. In addition to keratinocytes (KCs), which are the main functional and
structural components of epidermal barrier, Langerhans cells, γδ T cells, resident memory
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T cells (mainly CD8+), melanocytes and Merkel cells are found in this layer, both in mice
and humans [8,10,11,15–18].

Figure 1. Anatomy of the skin. This image represents the three main layers of the skin, including the
most abundant cellular populations in each layer, together with the immune cells present in each
anatomical region. Created with BioRender.com (access date: 26 August 2021).

Finally, on the epidermis, the microbiota has an important role in skin health, either
modulating the immune response by generating an anti-inflammatory effect or inhibiting
the colonization of multiple pathogens [19–21]. Skin microbiota is highly diverse and
mainly composed by bacterial, fungal, and viral populations, although microbial biomass is
relatively reduced compared to that in the gut and airways [22]. Bacterial skin microbiota is
mainly represented by three genera: Staphylococcus, Corynebacterium, and Propionibacterium,
which represent over 60% of the bacterial species in the skin [23]. Fungal population on
the skin is composed by Malassezia, Aspergillus, Penicillium, Epicoccum, and Candida [24].
Finally, the skin virome has been poorly studied and although respiratory and enteric virus
transmission by hand contact is well documented [25,26], viruses are not normal inhabitants
of the skin. Studies in healthy skin have demonstrated the presence of cutaneous human β-
and γ-papillomaviruses (HPVs), polyomaviruses and circoviruses [27,28]. All these data
highlight the great complexity of the skin microbiota.

In the last decade, the KC has become a target of interest in various pathologies, due
to its wide versatility. KCs have the capacity of differentiation, regeneration and interaction
with various environmental components, as well as with other epithelial components, both
structural and immunological, and they function to maintain a state of balance within
healthy skin [29–32]. Alteration of skin homeostasis can generate dermatosis conditions
such as psoriasis, seborrheic dermatitis, and atopic dermatitis (AD), among others [33].
All these conditions significantly affect the quality of life of patients. Particularly, AD has
aroused particular interest in recent years since records indicate that it affects 15% of the
world population. This incidence has been recently altered in the general population, and
mainly in health care workers, by the intensive hygiene habits adopted because of the
pandemic by SARS-CoV2 [34].

In this review, we summarize the roles of KCs in the context of AD. We first review the
biology of the KC, and later review in detail the genetic and immunological profile of the
cell that predisposes the beginning and progression of disease, highlighting its interaction
with skin microbiota. Current knowledge about the use of the KC as an in vitro model
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to study AD is also reviewed. Finally, the pharmacological therapies target to restore KC
properties in AD treatment is presented.

2. Keratinocyte in Skin Homeostasis

The KC is the main component of the epidermal barrier. This cell differentiates as it
migrates through the different layers of the epidermis, by extension, from stratum basale
(SB), through stratum spinosum (SS) and granulosum (SG) to stratum corneum (SC) [3,35].
During cell migration through these strata, the KC undergoes different processes, including
proliferation, maturation (or differentiation) and cornification (Figure 2). In general, the
differentiation processes of KCs are widely regulated by calcium, which is related with the
fact that the highest calcium concentrations are found in the SB and SC [36,37].

Figure 2. Keratinocyte life cycle. This begins when the keratinocyte (KC) proliferates in the stratum
basale. Later, in a course of two weeks, it matures and migrates through the suprabasal layers
(spinosum and granulosum stratums) until reaching the top part of the skin, the stratum corneum.
Here, the KC acquires the highest degree of maturity and gradually loses viability. Finally, in
another two weeks, it moves through the cornified layer to be eliminated by flaking. Created with
BioRender.com (access date: 26 August 2021).

2.1. Proliferation Phase

The regeneration of epidermal cells takes place in the epidermal SB, a site where cells
are dividing. The basal cells, the main components of this stratum, are cuboidal shaped
cells with round to ovoid nuclei and evident tonofilaments within the cytoplasm [38]. In
the SB are also located melanocytes that are responsible for skin pigmentation, and Merkel
cells that take part in mechanoreception and interact with neurons [15,16,39]. Resident
memory T cell and γδ T cells, both with dendritic morphology, are located in this stratum
with important implications in local immune responses [40,41].

Basal cells are attached to the ECM of the basement membrane by focal adhesions,
mainly β1 integrins, and hemidesmosomes (HDs). The latter are composed of the α6β4
integrin that extracellularly act as a laminin receptor that preferentially binds to laminin-
332 [42,43]. α6β4 integrin is coupled with the transmembrane element bullous pemphigoid
antigen (BPAG)-2 (also known as BP180), which act as a functional unity that interacts
inside the cell with two plakins, BPAG-1 (also known as BP230) and plectin/HD-1, that
form that inner plaque of the HDs and are anchored to cytoskeletal keratin filaments (K)5
and K14 [44–47]. In turn, keratins modulate the location of the HDs [48]. In vitro, it has been
demonstrated that K5 and K14 play important roles in promoting phosphatidylinositol
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3-kinase-dependent cell proliferation and negatively modulating Notch1-dependent cell
differentiation [49]. To a large extent, the cell migration process begins with the activation
of the epidermal growth factor (EGF) receptor (EGFR), since it activates tyrosine kinase Fyn,
which phosphorylates the cytoplasmic domain of β4, causing the disassembly of HDs [45].

Basal cells undergo asymmetric perpendicular divisions that cause one daughter
cell to maintain adhesion with the ECM and the other cell to continue stratification [29],
probably in response to biomechanical signaling modulated by cell-cell contact [50,51].
Adherent junctions, which are related to cell-cell adhesion, organization of the cytoskeleton
and cell signaling [52], and desmosomes, which are adhesion joints that provide strength
to the skin, are also present in this stratum. The former are composed by P-cadherin and
E-cadherin, while the latter are constituted by the cadherins desmoglein (DSM) 2 and 3,
and desmocollin (DSC) 3 [51–54].

2.2. Maturation Phase

The maturation phase begins when the daughter cells that leave the SB lose the ability
to duplicate and begin their migration through the different strata of the epidermis. This
process is accompanied by biochemical and morphological changes before cells die in the
SC [30,55].

Far from what was previously thought, HDs in conjunction with focal adhesions
facilitate KC migration to the SS [56,57]. The SS is characterized by a lower area consisting
of several layers of polygonal KCs with a spiny appearance due to the increased amount of
newly formed cell-cell junctions, and an upper area consisting of a layer of elongated and
flattened KCs parallel to the epidermal surface. Both keratohyalin granules and lamellar
bodies begin to appear in the last layer of the SS, although the latter can be only observed by
electron microscopy [38,58,59]. Content of both membrane-bound organelles are described
later due to their importance in the cornification process. Langerhans cells are also located
in the SS and play important functions in the uptake and processing of antigens [11,60].
On the other hand, cells of the SG are elongated and parallel to the surface of the skin,
as are their nuclei, with a high content of basic keratohyalin granules. These cells are
connected to the SS and SC cells through desmosomes [38]. Tight junctions (TJs), which
are structures composed of membrane proteins from the occludin and claudin families
associated with plaque proteins such as zonula occludens (ZO)-1 that facilitate the transport
of ions and solutes between neighboring cells [61,62], are formed and overexpressed in this
layer [61,63]. Living SG cells gradually begin to reduce their viability, and once they reach
the SC are known as corneocytes, which are dead cells devoid of nuclei and organelles.

In addition to morphological changes, the differentiation process is accompanied by
structural modifications in cell-cell junctions. When KCs exit the basal layer and migrate
upwards into the suprabasal layers, they stop expressing K5/K14 to express K1/K10
to form intermediate filaments, which participate in the dynamics of desmosomes and
therefore in the stratification of the epidermis, as has been observed in K1 and K10 knockout
mice [64]. It has been observed that desmosomes are larger and more abundant in lower
layers of the SS than in the upper layers, reducing even more in the SG [65,66]. These
variations, as well as the strength of these interactions, are conditioned by modifications in
the homophilic (DSC: DSC) or heterophilic (DSC: DSG) expression of proteins, the latter
providing greater strength [66,67]. Furthermore, DSG 2 and 3 of the lowest epidermal
layers are exchanged for DSG 1 and 4 in the most differentiated layers. On the other hand,
DSC 2 and 3 are ubiquitously expressed in the epidermis, while DSC 1 appears from the
SS [52]. In relation to TJs, while claudin 1 has been detected in plaques of the epidermis
from the SB to SG, with greater intensity in the suprabasal layers, occludin is present in
the SG and partly, in the transition cell layer, while ZO-1 is expressed from the SG to
the upper layers of the SS [61]. Concerning adherent junctions, P-cadherin is distributed
only in the SB, but E-cadherin is evenly distributed in all layers of the epidermis and is
essential for TJ formation, but not for desmosome [68–70]. On the other hand, gap junction
connexin (Cx) proteins are transmembrane channels that communicate adjacent cells [71].
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The configuration of the union gap is also related to the differentiation of KCs [72]. Thus,
Cx43 is particularly expressed in basal cells, while in more differentiated stages there is a
change to Cx26, Cx30 and Cx31 [72,73].

2.3. Cornification Phase

Corneocytes are dead cells that present with electrodense, polyhedral, elongated and
flattened morphologies, and are joined to each other by corneodesmosomes, serving as the
first line of defense against external agents [38,74]. In this layer, the cornified cell envelope
(CCE) is formed and reinforced with a lipid envelope. The process of KC migration
culminates in desquamation, i.e., the detachment of the corneocytes [30,55].

Cornification is mediated by substances stored in keratohyalin granules and lamellar
bodies. The former contain proteins, such loricrin (LOR) and profilaggrin, which together
with involucrin (IVL) give rise to the CCE [75–77]. Lamellar bodies begin to be released
before the establishment of TJs, in the SG [78]. They store lipids, proteins, enzymes and
their inhibitors that provide substrates to the SC during the final phase of cornification, and
for timely desquamation [79]. They also contain antimicrobial peptides, such as human
beta-defensin (hBD) 2, hBD3, cathelicidin LL-37 and ribonuclease 7, that serve as part of
the skin microbial barrier [80–82]. The corneodesmosomes, junction structures that replace
to desmosomes, are widely distributed over the entire surface of the corneocytes of the
lower layer of the SC, and to a lesser extent in the superficial corneocytes. These arise
when corneodesmosin released from lamellar granules in the SG binds to DSG1 and DSC1,
giving rise to the corneodesmosome, which represents an important contribution for the
CCE in the replacement of plasma cell membrane with the macromolecular deposition of
proteins [76,77]. On the other hand, the profilaggrin released from keratohyalin granules
is proteolyzed into filaggrin (FLG) monomers that bind to K1 and K10 filaments of the
cytoskeleton, providing mechanical strength and flattering of corneocytes in the most
external skin layer [83]. In the intercellular spaces of the SG and SC, large amounts of
suprabasin (SBSN), a protein that serves as a substrate for the transglutaminase (TGM)
2 and 3, are deposited [84,85]. By the action of TGM, the corneocytes are then heavily
cross-linked and make up the CCE. Later, corneodesmosomes are degraded by kalikrein
and other enzymes to initiate natural desquamation, which leads to the establishment
of an effective epidermal barrier [76,83,86,87]. Desquamation is essential to maintain
the thickness and the self-renewal process of the epidermis [88]. Likewise, in the more
superficial cornified layer, nonapoptotic caspase 14 is essential in the catabolism of FLG into
hygroscopic amino acids, which are, together with their derivatives, important constituents
of so-called natural moisturizing factors (NMF). These FLG degradation products provide
moisture, maintain acidic pH and protect from UVB-induced damage [83,89,90].

The SC is elemental in the prevention of transepidermal water loss, a marker of
the inside-outside barrier; however, this function is favored by cohesion between the
corneocytes and because the corneocytes are covered by a lipid sheet made up mainly
of cholesterol, phospholipids, and glycoceramides [91,92]. The production of this lipid
envelope has been related to the decrease in pH that characterizes this stratum. A healthy
SC has an average pH of 4.7 [93] that is maintained by different mechanisms, among them
microbiota colonization [94,95]. Differential distribution of moisture and water retention
in the skin favors the establishment of a suitable niche for differential colonization of
microorganisms [23].

It has been reported that in the last stages of KC differentiation, and the first stages of
cornification, there is an increase in the expression of enzymes and antioxidant elements,
which together with the structural proteins are fundamental to the homeostasis of the
epidermis [96,97]. The main enzymes detected in the epidermis are superoxide dismutase,
glutathione peroxidase, and glutathione reductase; however, lipophilic and hydrophilic
nonenzymatic antioxidants, such as α-tocopherol and ubiquinol, or ascorbic acid, uric acid
and glutathione, respectively, are also found [98].



Int. J. Mol. Sci. 2021, 22, 10661 6 of 30

3. Participation of Keratinocyte in Predisposition, Onset and Progression
of the Atopic Dermatitis

AD is a chronic inflammatory disease of the skin characterized by eczematous lesions
and a sensation of intense itching. It originates from alteration of the integrity of the
epidermal barrier as a consequence of the interaction between genetic and environmental
factors [99–102]. Due to skin barrier defects, there is an increase in the permeability to
antigens, both of chemical and protein nature. Penetrating antigens interact with KCs,
which are described as hyperactive in people with AD, generating exaggerated responses
characterized by an excess of cytokines and chemokines that promotes local inflammatory
processes. At the onset, lymphocyte T-helper (Th) response is predominantly via Th2/Th22
with slight Th17 participation [103–105], but after chronic allergen exposition, Th1 cells join
this enhanced response [104]. The cocktail of cytokines released increases deterioration in
the epidermal barrier, inducing disease progression, which is known as the outside-inside-
outside hypothesis [106–108]. In the following sections, we review the participation on
the KC in different stages of AD, including genetic alterations in the cell that predispose
to disease onset, and the KC responses to different stimuli that favor the development,
maintenance and progression of AD.

3.1. Genetic Background of the Keratinocyte Predisposing to Atopic Dermatitis

It is widely accepted that AD is a multifactorial disorder. As aforementioned, the
inclination to develop the disease results by the interaction of genetical and environmental
factors [109]. Although environmental factors play an important role as triggers of AD, ge-
netic factors stand out for predisposition. Family history strongly impacts on the tendency
to develop AD. A study in Hungary demonstrated that 65.5% of children with AD had an
ascendency of atopic diseases [110], while in Sweden, parental history of asthma and/or
allergic rhinoconjunctivitis and allergy to furred animals and/or pollen increased the odds
ratio (OR) to 2.0 for AD in children up to 4 years [111]. Genetic predisposition is a highly
determinant factor to increase the susceptibility of developing AD. Genetic alterations re-
lated to AD, and in which the KC has important participation, include those that represent
epidermal barrier dysfunctions and dysregulation of innate immune response.

The human FLG gene (FLG) is located in a locus named epidermal-differentiation
complex on chromosome 1q21 and, as summarized in Table 1, many polymorphisms and
loss-of-function (LOF) mutations in FLG generate a high risk of developing AD [102]. In
homozygotes or compound heterozygotes LOF mutations of the FLG gene, the expressed
FLG is impaired, which leads to compromised integrity of the epidermal barrier [83].
Although many mutations have been described worldwide, Asian populations have high
frequency of the distribution of these genetic variations on AD patients. Commonly, a LOF
mutation in FLG acquires more importance in AD onset in the first two years of life, while
AD development in childhood or adults may be influenced by other factors [112]. It is
surprising that some mutations do not affect the levels of NMF, which may indicate that
type 2 skin inflammation causes NMF reduction [113,114].
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Table 1. Polymorphisms and mutations associated with AD with participation of KCs.

Structural Genes

Gene Polymorphism/
Mutations Mechanism Prevalent Populations OR Reference

FLG P478S
Prevents the protease cleavage through

serine phosphorylation, and then affects the
FLG aggregation to keratin filaments

Asian (Taiwan)
Asian (Korean)

5.67
1.877 [115,116]

3321delA
Premature termination codon 41 bases

downstream that stops protein translation in
filaggrin repeat domain 2

Asian 3.54 [112,117]

S2554X, S2889X, S3296X,
K4022X, R501X Nonsense mutations Asian 3.54 [112,117]

2282del4
Deletion of four base pairs that results in a
premature stop codon and complete loss of

FLG production

Northern European
European American
African American

NR
5.6
2.5

[118,119]

Innate immune response

TLR2 R753Q

Alteration of the function of the intracellular
signaling portion

homologous to the IL-1 receptor designated
as Toll/IL-1 receptor

(TIR) domain.

German
Italian

NR
NR [120]

R677W Associated with reduced NF-κB activation
and to increase the risk of bacterial infection [121]

TLR4 D299G Impaired dimerization of TLR4 and MD-2 in
presence of ligand Italian 2.46 [122,123]

DEFB1 A692G

Generates an NF-kB transcription
factor-binding sequence in the position -20 of

the 5′ untranslated region (5′ UTR) with a
plausible effect on the expression of hBD2

Mexican 3.21 [124]

G1654A
In exon 2, meaning a changed Val37Ile next

to six conserved cysteine residues that could
affect its folding

Mexican 17.37 [124]

TSLP rs11466749 Means a change 813A/G European American 0.6 [125,126]
rs10043985 Means a change 597T/C African American 0.5 [125,127]
rs2289276 Means a change 1350C/T American African 1.8 [125,127]

OR, odds ratio; NR, no reported.

Other genes also expressed in KCs and involved in the innate immune response
have been associated with AD development. The Toll-like receptors (TLRs) 2 and 4 have
an important role in the activation of the innate immune response on AD [128,129]. For
the TLR2 receptor, two clinically relevant single nucleotide polymorphisms (SNPs) with
missense changes have been documented, namely R753Q and R677W [130,131], and for
TLR4 two SNPs, D299G and T399I, have been described [132]. Another member of the
innate immune response secreted by KCs is hBD2 [133]. In the DEFB1 gene some SNPs
have substantial effects on the function of hBD2,with direct impacts on AD onset, namely
A692G and G1654A [134,135]. Thymic stromal lymphopoietin (TSLP) is produced by KCs
and induces generation of Th2 cells with consequences in the pathogenicity of atopic
diseases [136]. Although polymorphisms have been shown to increase the risk for AD
(rs2289276), some others have a protective effect (rs11466749 and rs10043985) [125].

Continuous improvement of knowledge concerning polymorphisms that participate in
the development of AD, and technological advances in genotyping, will provide better tools
to establish strategies for decision making, even before the appearance of the symptoms
of AD.

3.2. The Keratinocyte in the Primary Origin of Atopic Dermatitis

Some authors indicate that patients in the first stage of the disease present nonle-
sional skin that is visibly normal and devoid of clinically apparent disease but presents
abnormalities in relation to a normal skin [104,137]. Nonlesional AD skin is characterized
by increased epidermal thickness and proliferation index, T-cell infiltration, type-2, -22,
-17 cytokine and epidermal S100 protein expression, but a reduction in the expression
of proteins of KC terminal differentiation, such as LOR, FLG and IVL, as compared to
normal skin [104,138]. Anther protein affected in AD development is SBSN, which is also
expressed in the epithelial differentiating layers during cornification [84]. Although its
function is not fully understood, it is known that shRNA-mediated SBSN knockdown
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promotes poor formation of keratohyalin granules and affects the development of the
SG [85]. In intrinsic AD patients, SBSN is substantially decreased, particularly in those with
a nickel allergy [85,139]. These cutaneous abnormalities are exacerbated in lesional skin;
thus, nonlesional skin shows an intermediary phenotype between normal and lesional
skins, though closer to the latter as immune and epidermal alterations in nonlesional
skin are associated with disease extent and severity [104,138]. On the other hand, Th2
cytokines are related to some cutaneous characteristics reported in nonlesional skin of AD
patients. Nonlesional skin shows a higher expression of intercellular adhesion molecule-
1 (ICAM-1) in basal epidermal cells compared to skin biopsies of healthy individuals.
However, when the latter are stimulated with interleukin (IL)-4 there is an increase in
expression of ICAM-1 and vascular cell adhesion protein (VCAM), two adhesion molecules
which have been associated with the attraction of leukocytes in the lesion area [140]. Gene
expression profiling of lesional and nonlesional AD skin has identified signature genes
with remarkable roles in physiopathology of AD [141]. An analysis of 127 samples from
five different studies demonstrated several differentially expressed genes involved in AD
grouped in: (i) epidermal development and barrier function (up-regulated in AD: KRT16,
COL6A6; down-regulated in AD: LOCE2B, LOR, FLG, SCEL, AQP9); (ii) growth factors and
inflammation (chemokines CCL17, CCL18, CCL22 are commonly upregulated in AD, while
growth factors such as PGF2, EREG, OGN, are down-regulated); (iii) epidermal proteases
(KLK5, SERPINB3, SERPINB4, SERPINB7, TMPRSS4, are up-regulated in AD); (iv) antimi-
crobial function (MSMB, LTF, SCGB2A1 are down-expressed; however, DEFB4 that codifies
β-hBD2 is usually up-regulated likely in response to bacterial infection); and finally, (v)
epidermal lipids metabolism (FADS1, FAR2, FABP7, GPD1 are down-regulated in AD) [142].
Furthermore, human KCs stimulated with IL-4 and IL-13 reduce the expression of the
barrier proteins LOR and IVN, that are also diminished in nonlesional skin of patients
with AD [143]. However, there is still a lot of controversy about the primary origin of AD,
since most of the studies related to this first stage in humans were carried out in areas of
nonlesional skin from patients with chronic AD. For this reason, an attempt to explain
these mechanisms using human KC cultures or murine models has been made.

In addition to the genetic factors mentioned above, environmental factors such as UVB
radiation or pollutants have been associated with the deterioration of the skin (Figure 3).
UVB radiation induces the production of reactive oxygen and nitrogen species (ROS
and RNS) by KCs, which are involved in apoptosis and cell death, and the synthesis
of inflammatory mediators and enzymes, such as IL-6, IL-8, prostaglandin (PG)E2 and
cyclooxygenase-2 (COX-2), mainly through MAPK, NF-κB and AP-1 pathways [144,145].
Furthermore, studies in other cell populations have shown that ROS also have an important
role in the activation of the NLRP3 inflammasome and the subsequent activation of caspase-
1 needed for IL-1β secretion [146]. UVB radiation also stimulates TSLP expression in KCs
through HIF-1α-dependent mechanisms via the JNK and ERK pathways [147]. Meanwhile,
particulate matter (PM) present in air pollutants and mainly composed of a mixture of
metals, organic compounds, materials of biologic origin and ions, has been associated with
the incidence of AD in young people [148]. Jin et al. demonstrated that PM can enter
into human KCs in vitro and induce the synthesis of IL-8 and matrix metalloproteinase
(MMP)-1 in a ROS-dependent manner. However, for PM to penetrate the epidermis, barrier-
disrupted skin is necessary, as demonstrated in murine models [149]. KCs can be also
activated by air pollutants through the aryl hydrocarbon receptor (AhR), contributing to
TSLP and artemin expression [150]. On the other hand, antigens or sensitizing agents of
an electrophilic nature activate KC signaling through interaction with cysteine residues
(thiol groups) of the cell membrane, producing ROS that induce cell death, ATP release
and the degradation of skin hyaluronic acid in compounds of low molecular weight
that have been reported as endogenous TLR ligands in inflammatory cells [151,152]. As
the activation of KCs by endogenous ligands through TLR4 induces the synthesis of IL-
23, a cytokine that stimulates the shift from T CD4 lymphocytes to Th22 [153], it might
trigger the development of a specific T-response to antigens passing across the deteriorated
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epidermis and induce AD development. Activation of KCs by house dust mite (HDM)
allergens may also contribute to AD onset. Dermatophagoides pteronyssinus induces NLRP3
inflammasome activation in a ROS and ATP-independent, but cysteine protease-dependent
manner, stimulating KCs to release the proinflammatory cytokines IL-1β and IL-18 [154].
In human KCs and murine models, Dermatophagoides farinae extract induces TLR1 and
TLR6 activation and promotes the synthesis of the innate proallergic cytokines IL-25 and
IL-33 through IL-1 receptor-associated kinase 1 (IRAK 1), transforming growth factor
(TGF)-β activated kinase-1 (TAK1), IκB kinase and NF-κB pathways, thus conditioning a
Th2 response [155].

Figure 3. Keratinocyte response to environmental factors. In response to UVB radiation, allergens,
endogenous ligands, electrophilic agents, particulate matter present in air pollutants, or ligands of
pathogen pattern receptors, KCs activate different signaling pathways that induce apoptosis and
cellular death, gene transcription and the release of de novo synthesized type-2 response promoting
cytokines and inflammatory mediators, or caspase-1 activation and the subsequent maturation of
inflammatory cytokines pro-IL-1β and pro-IL-18. Abbreviations: AhR, aryl hydrocarbon receptor;
COX-2, cyclooxygenase-2; eATP, extracellular ATP; HA, hyaluronic acid; HDM, house dust mite; IL,
interleukin; MMP-1, matrix metalloproteinase-1; MW, molecular weight; NOS-2, nitric oxide synthase
-2; PGE2, prostaglandin E2; TSLP, thymic stromal lymphopoietin. Created with BioRender.com
(access date: 26 August 2021).

In murine models, it has been observed that deterioration of the skin by itself induces
the production of TSLP [156–158], IL-25 [159,160] and IL-33 [161] by KCs. In recent years,
TSLP has been proposed as a possible serum marker of AD in humans, together with
thymus and activation-regulated chemokine (TARC; chemokine ligand (CCL) 17) [162].
In this context, the production of TSLP can be induced from human KCs by ligands of
TLR3 (polyinosinic-polycytidylic acid [poly I: C]), TLR5 (flagellin) or TLR2/6 (diacylated
lipoproteins or Staphylococcus aureus) [129,163,164], and this effect is enhanced by tumor
necrosis factor (TNF)-α, Th2 cytokines and type I interferons (IFNs) [163,165]. The im-
portance of KC-derived cytokines (namely, TSLP, IL-25 and IL-33) is as follows (Figure 4).
TSLP actives CD11c DCs, inducing its survival and overexpression of the costimulatory
molecules CD40 and CD80 and the chemokines TARC and macrophage derived chemokine
(MDC o CCL22) [158,165]. Furthermore, in murine models, TSLP, IL-33 and IL-25 activate
ILC2, which is overexpressed in damaged skin [159–161,166]. TSLP-activated DCs together
with ILC2 induce allogenic naïve CD4+ T cell proliferation and their Th2 polarization to
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produce IL-4, IL-5, IL-13 and TNF-α [158,160,167], which could trigger atopic march, as
shown in murine models [157]. Likewise, in response to IL-4 and IL-13, B cells carry out
isotype change of the Ig heavy chain to produce allergen-specific IgE antibodies, which
collaborate in allergen up-taken by skin DCs to amplify T cell activation [137].

Figure 4. Keratinocyte participation in the onset, development and chronification of atopic dermatitis
lesions. Due to an impaired cutaneous barrier, KC-derived cytokines (mainly TSLP, IL-23, IL-25 and
IL-33) induce dendritic cell activation and mobilization to nearby lymphatic nodes where they active
naïve CD4+ T cell (Th0) and promote Th2 and Th22 polarization. Th2-derived cytokines trigger
antibody isotype switching in B lymphocytes to produce IgE. Cytokines produced by Th2 and Th22
cells increase KC proliferation and S100A expression, prompt KC apoptosis and induce cutaneous
spongiosis due to a decrease in E-cadherin levels mediated by increased enzymatic activity. These
changes are clinically manifested in skin as acute lesions. In this stage, IL-22 and hBD2 mutually
enhance their production, perpetuating the inflammatory response associated with AD. Pruritic
mediators released by Th2 cells (IL-31) or KCs (NGF and TSLP) increase itching sensation which
triggers scratching and worsening of skin lesions. Lesions becomes chronic due to the intensification
of the pre-existing Th2 and Th22 inflammatory response enhanced by Th1 and Th17 cytokines.
Augmented production of IL-23, IL-25 and IL-33 by KCs maintains Th22 differentiation, up-regulates
Th2 cytokine production and diminishes claudin expression, respectively. The decrease in tight
junctions, which is enhanced by IFN-γ production, together with the increased levels of NGF, favors
epidermal hyperinnervation. Altogether, this inflammatory environment exacerbates the remodeling
processes of the epidermis and hyperplasia, while IL-17 down-regulates the IFN-γ effect on claudin
expression. Abbreviations: hBD2, human beta-defensin 2; MMP, matrix metalloproteinase; NGF,
nerve growth factor. Created with BioRender.com (access date: 26 August 2021).

3.3. Involvement of Keratinocytes in Acute Lesions

Acute skin lesions are usually presented as erythematous, itchy papules with serous
exudation [168]. As a consequence of continuous scratching, secondary lesions are gener-
ated, which include excoriation and crusted erosion. Subacute lesions may also appear as
erythematous scaling papules and plaques [169]. These clinical conditions are similar in
humans and dogs, thus dogs are used to understand the inflammatory changes underlying
AD skin lesions. A transcriptome study carried out in dogs sensitized with HDM showed
that, as a result of epicutaneous challenge with an allergen, acute skin lesions were accom-
panied by a marked genic expression of Th2 and Th22 cytokines, particularly IL-5, IL-13,
IL-31 and IL-22, together with the Th2-promoting chemokines CCL5 and CCL17 [170]. In
addition to the pruritogenic cytokine IL-31, other genes encoding pruritogenic pathways
were also upregulated in dog biopsies, including several proteases (chymase, tryptase,
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cathepsin S), enzymes involved in leukotriene-synthesis, neuromedin-B, and nerve growth
factor (NGF) [170]. This Th2 and Th22 dominance coincides with that manifested in acute
AD lesions of patients, which are also characterized by an increase in the levels of expres-
sion of a subset of epidermal differentiation complex gene products, mainly S100A7 and
S100A8 proteins, in the KCs from the upper SS and SG layers [104]. In humans, robust
Th2/Th22 activation is accompanied with some IL-17 skewing, which is significantly higher
in children than in adults [105]; however, no up-regulation of Th17 cytokines has been
detected in acute AD lesions in dogs [170].

This inflammatory environment influences KC structure and, at the same time, the KC-
derived mediators create feedback during inflammation (Figure 4). It has been shown that
IL-22 increases the proliferation of KCs and inhibits their differentiation through activation
of the MAPK signaling pathway and the decrease in the expression of CCAAT enhancer
binding protein-α, a transcription factor that regulates the development, proliferation and
differentiation of KCs [171]. Th2 cytokines have a negative effect on the integrity of the
KC, since they can induce spongiosis by decreasing E-cadherin expression and increasing
the intercellular accumulation of hyaluronic acid and inducing cell apoptosis [108,172,173].
The loss of E-cadherin from the KC surface is generated by an increase in the activity of
metalloproteases such as ADAM-10 [173]. Elevated levels of MMP-8 and MMP-9 in the
SC from the AD acute lesion, might also contribute to the tissue remodeling process [174].
In the acute inflammatory stage associated with AD, increased serum levels of hBD2
correlated with a high level of IL-22 have been described. Particularly, IL-22 enhances
hBD2 production by KCs through activation of the signal transducer and activator of
transcription (STAT)-3, and hBD2 increases IL-22 production by CD3/CD28-stimulated T
cells via JNK and Akt pathways [174]. hBD2 functions as a chemoattractant of immature
DC, memory T cells, macrophages, monocytes and mast cells when binding to CCR6 or
CCR2 receptors [175–177], with a potential role in the development of the inflammatory
and adaptive responses associated with AD. In mice, KC-derived IL-25 induces the release
of high levels of IL-13 from ILC2 during AD acute lesions [159]. Finally, in a mice model
mimicking human acute AD lesions, the expression of KC-derived IL-33 was augmented
and this cytokine was related to an anti-inflammatory effect on the disease [178]; however,
in an AD-model in mice overexpressing IL-33, the levels of epidermal claudin 1 were
reduced and IL-33 was also able to down-regulate the expression of this TJ protein in KCs
assayed in vitro [179], which suggests a possible dual role of IL-33 in AD pathogenesis.

One of the most prominent clinical manifestations of the AD acute phase is pruritus. In
this stage, Th2 cytokines, such as IL-4, together with mechanical damage, act synergistically
to produce IL-31, a cytokine related to the activation of afferent fibers of neurons in the
skin through the IL-31RA receptor [180,181]. In addition, the KC-produced TSLP has
the ability to sensitize afferent nerve endings of the skin through the transient receptor
potential channels V1 and A1, which trigger a constant itching sensation that induces an
increase in the severity of the lesions [182,183]. NGF, produced by KCs and mast cells, is
also involved in pruritus, both directly by peripheral nerve sensitization and indirectly by
inducing the expression of neuropeptides such as the gene related to calcitonin peptide
(cGRP) and substance P [183–186]. Deeper studies are needed to decipher the exact role of
cGRP in AD because recently cGRP has been described as a central negative regulator of
ILC2-mediated allergic inflammation [187]. Furthermore, it is known that TJs in the SG
are involved in the protection of epidermal nerve endings from external stimuli by nerve
pruning, a mechanism that is dysregulated when the epidermal barrier is impaired in an
AD lesion, promoting the exposure of nerve endings to itch-inducing agents [188].

3.4. Chronic Lesions and KC Participation

If there is a repetitive and persistent exposure to allergens, and the rash and itch of
acute lesions progress uncontrolled, patients may develop chronic AD with skin lesions
characterized by lichenification and dry fibrotic papules that presents hyperpigmented
skin marks [104,168,169]. Even, patients with moderate to severe AD can experience
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acute and chronic lesions simultaneously. In chronic stages, the inflammatory process
becomes difficult to control. An augmentative and vicious circle is generated in which the
damaged epidermis and the activated KCs induce skin dysbiosis and generate a cutaneous
inflammatory response, accompanied by the sensation of itching, that triggers the desire
to scratch, which subsequently enhances barrier disruption and closes the loop [189,190].
At this stage, there is an intensification of the pre-existing inflammatory response. Th2
and Th22 cytokines are over-expressed, although a notable decrease of IL-4 and IL-4R is
detected, accompanied by an upregulation of markers of the Th1 response, mainly IFN-γ
and, in a lower degree, of Th17 [104,137,191,192]. In this regard, it has recently been shown
that the IL-4α receptor blockade upregulates IFN-γ-producing cells after activation of
lymphocytes from AD patients with staphylococcal enterotoxins B [193].

As shown in Figure 4, the large amounts of IL-25 released by KCs in chronic lesions
maintain the production of IL-13, mainly by skin accumulated CD4+ T cells, which con-
tributes to the remodeling processes of the epidermis and hyperplasia development [159].
Mediators released from Th22 cells have also been associated with skin remodeling mech-
anisms by in vitro assays [194]. The constant lesions generated by scratching induce the
production of IL-23 by KCs, which have been shown to induce endogenous expression of
IL-23 by DCs that, in turn, shift naive CD4+ T cells to Th22 differentiation, which releases
high levels of IL-22 causing hyperplasia of the epidermis and chronicity [153,171]. In addi-
tion, epidermal hyperinnervation, which is thought to underlie pruritus, has been observed
in patients with AD. Analysis of skin biopsies from patients with chronic AD suggests that
this may be due to an increase in NGF production and a decrease in the expression of the
epidermal innervation regulatory protein semaphorin A3 [195]. Thus, experimental models
of dry-skin, both in vivo and in vitro, have demonstrated that a decrease of epidermal
nerve densities generates antipruritic effects [196]. In relation to Th1 and Th17 cytokines,
little information exists about their effects on KCs in chronic AD. Recently, IFN-γ has been
shown to inhibit claudin 1 expression via the JAK/STAT signaling pathway in normal
human KCs, which is reflected in the loss of TJ function in a model equivalent to human
skin [191]. Strikingly, IL-17A, which is also abundant in chronic lesions of AD, is able to
revert TJ dysfunction induced by IFN-γ [191]. On the other hand, it has been observed
that after KC damage, large amounts of ROS are expressed in skin biopsies, intensifying
inflammatory responses and aggravating skin pathologies such as AD [197]. In summary,
all these mechanical and immunological stimuli cause hyperplasia of the epidermis and
prominent hyperkeratosis with minimal spongiosis, shaping the characteristic lesions of
chronic AD [198]. However, more studies are needed to understand the predominant
cellular and molecular mechanisms underlying AD chronic lesions, which will allow a
better clinical follow-up of the patient and more efficient treatments.

3.5. Bidirectional Communication between Keratinocyte and Microbiota

Intercommunication of the KC with the complex microbiota that inhabit the skin
is a relevant factor in maintaining the balance between health and disease. More than a
commensal relation, microbiota and KCs work in a dynamic manner to generate a favorable
ecosystem for both parties. However, when this relationship is interrupted, the normal
functions of the skin are altered, making it prone to developing skin diseases.

Members of the genus Staphylococcus are common inhabitants of the skin; however,
staphylococcal infections are frequent in impaired skin in AD. Colonization with S. aureus
is present in 70% of AD patients with skin lesions and 39% in those with nonlesional
skin [199]. S. aureus exacerbates the inflammatory process in AD patients by direct interac-
tion of its structural components and released exotoxins with molecular receptors of KCs
(Figure 5) [200]. In human primary KCs, TLR2/TLR6 heterodimer activation by diacylated
lipopeptides of S. aureus induces mRNA expression and release of TSLP [129]. Moreover,
Th2 cytokines IL-4 and IL-13 inhibit KC mobilization of hBD3 from the cytoplasm onto
the bacterial surface of S. aureus [201], which, in turn, favors the continuous activation
of TLR2/TLR6 and, consequently, sustained production of TSLP and more Th2 immune
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milieu. On the other hand, S. aureus produces and secretes toxins (exotoxins) that damage
target cells (cytotoxins) or induce exacerbated cytokine production by stimulation of T
cell (superantigens) [128]. For example, secreted α2-toxin, also known as phenol-soluble
modulin-α2, triggers a potent induction of cell toxicity in KCs isolated from mice [202,203].
In addition, staphylococcal ε-toxin is cytotoxic to KC and causes a proinflammatory re-
action by induction of IL-8 by the cell, as well as delaying the proliferative capacity of
immortalized human KCs [203]. Superantigens have also been found to activate KCs. In
cultured KCs from lesional skin of AD patients, increased expression of IL-1α, IL-1β and
TNF-β is induced after staphylococcal enterotoxins A or B, and toxic shock syndrome toxin-
1 stimuli, as compared to those from nonlesional skin or from normal skin of nonatopic
patients [204]. Altered cytokine secretion in superantigens-challenged KCs may explain the
increased inflammation in staphylococcal lesional skin. It is worthy of note that intracellu-
lar S. aureus invasion is a critical factor that promotes the persistence of chronic infections,
since it allows evasion to antibiotic treatments [205]. Bacterial adhesins in S. aureus allow
bacterial adhesion to KCs and eventually internalization. Exposure of primary KCs to
the secreted extracellular adherence protein from S. aureus favors bacterial adhesion and
internalization, a mechanism that might be mediated by fibronectin as a bridging factor,
and integrin α5β1 in KCs [206].

Figure 5. Keratinocyte response to microbiota stimuli under the type 2 immune milieu. KCs
recognize bacteria, fungi, and viruses from skin microbiota through specific receptors. Colonization
with Staphylococcus aureus is present in the skin of AD patients, and the bacteria or their components
can activate KCs to secrete proallergic (TSLP) and proinflammatory (IL-1α, IL-1β, IL-8, TNF-α)
cytokines, exacerbating the underlying immune response. Exotoxins from S. aureus can also damage
the cell. Chronic infection of S. aureus is partly due to its internalization into KCs through extracellular
adherence protein recognition. Th2 cytokines (IL-4, IL-13) avoid S. aureus destruction by KC-derived
hBD3. As Staphylococcus epidermidis/S. aureus ratio is diminished in AD skin, the anti-inflammatory
and protective effects, and the anti-microbial properties of S. epidermidis on KCs and S. aureus,
respectively, are impaired. In response to Malassezia colonization, KCs express proinflammatory
IL-1α, IL-6, and IL-8, and release type 2 (IL-4, IL-5, IL-10, TSLP) cytokines. Levels of LL-37 in KCs
are down-regulated by type 2 cytokines, increasing viral replication and dissemination of vaccinia,
herpes simplex and human papilloma viruses, which at the same time promotes type 2 inflammation
through an induction of TSLP expression by the cell. Abbreviations: DL, diacylated lipopeptide;
Esp, serine protease; hBD3, human β-defensin 3; LL-37, cathelicidin LL-37; SEA, staphylococcal
enterotoxin A; SEB, staphylococcal enterotoxin B; TNF, tumoral necrosis factor; TSST-1, toxic shock
syndrome toxin. Created with BioRender.com (access date: 30 August 2021).
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Staphylococcus epidermidis, a member of the coagulase-negative staphylococci, together
with the species Staphylococcus hominis, Staphylococcus haemolyticus, Staphylococcus capitis,
Staphylococcus lugdunensis and Staphylococcus warneri, is one of the most prevalent components
of the skin microbiota ubiquitously distributed [207–209]. Although S. epidermidis is consid-
ered a commensal of the skin, eventually it may act as an opportunistic pathogen [210–212],
and can even act in a mutualist manner with KCs [94]. Once S. epidermidis has colonized
external KCs, they stablish a commensal habitat by competing for substrate with other po-
tential pathogens, such as S. aureus. Direct production of antimicrobial metabolites has been
reported in S. epidermidis. The so-called inhibitory-type S. epidermidis, isolated from half of
volunteer nasal cavities, can reduce biofilm formation of S. aureus. This inhibitory capacity is
attributed to the S. epidermidis serine protease (Esp), which possess serine-protease activity.
Remarkably, the microbicidal activity is most observed when combined with hBD2 secreted
by KCs [133]. In an experimental model of nasal infection with methicillin-resistant S. aureus
(MRSA), preinoculated mice with Esp-secreting S. epidermidis prevented the nasal colonization
by MRSA [213]. In addition to interfering with the colonization of other bacteria on the KC,
S. epidermidis can modulate the inflammatory response of the KC. It has been demonstrated
that the stimulation of primary human KCs by poly I:C through the TLR3 receptor induces
the release of inflammatory cytokines such as TNF-α. Noteworthy is that poly(I:C)-treated
KCs reduce the production of TNF-αwhen exocellular lipoteichoic acid from S. epidermidis
(LTA-Se) is added. Moreover, in vivo experiments have demonstrated that LTA-Se prevents
wound-induced IL-6, TNF-α and inflammation in wild-type mice, but this effect is missed in
Tlr2−/−mice, suggesting that TLR2 stimulation by LTA-Se prevents inflammatory responses
in KCs [21]. Another important relation between KCs and S. epidermidis is the capacity to
provide an adequate substrate and provide metabolites that improve protection. Autologous
application of S. epidermidis on the skin of healthy subjects helped to improve skin moisture
retention and to keep low acidic skin conditions through the secretion of glycerin, and lac-
tic and propionic acids [94]. These results open the possibility of evaluating S. epidermidis
application as a new therapy in AD patients.

The main representative of the fungal flora of the skin is lipophilic yeast of the genus
Malassezia spp. [214]. However, Malassezia spp. can behave as opportunistic pathogens
and are commonly presented in skin lesions of adult AD patients [215]. Of the nine species
found in healthy patients, four of them are frequently presented in patients with mild
and severe AD, such as Malassezia globosa, Malassezia restricta, Malassezia sympodialis, and
Malassezia furfur [216–218]. Skin inflammatory processes in AD can be also mediated by
the interaction of KCs with Malassezia species due to these fungi modulating the produc-
tion of proinflammatory mediators [219]. In vitro interaction of the human KC cell line
HaCaT, (human, adult, low calcium, high temperature) with Malassezia species (M. furfur,
M. globosa and M. restricta) induces the expression of IL-8, IL-6 and IL-1α, and this effect
is mediated by the activation of TLR2 [220]. Some Malassezia species are responsible for
the production of type 2 cytokines in KCs. The human primary KCs exposed to M. globosa
result in an increment of IL-5, IL-10 and IL-13 secretion, whereas M. restricta induces IL-4
secretion [221]. As previously mentioned, TSLP has an important role on the induction
of the type 2 inflammatory response, and its production has been demonstrated to be
induced by M. globosa and M. restricta in KCs, which might be mediated by the activation
of lysophosphatidic acid receptors 1 and 3 of KCs by the lipid layer of Malassezia [222].

The impaired skin barrier and the type 2 inflammatory response are important factors
that allow higher susceptibility to viral infection in patients with AD [223]. For example,
skin from AD patients is characterized by overexpression of the type 2 cytokines IL-4
and IL-13 and, conversely, production of type 1 cytokines IL-12 and IFN-γ is reduced,
which in turns reduce the expression of the human cathelicidin LL-37 [224]. This condition
makes KCs highly susceptible to experimental infection with the vaccinia virus, which
is why AD patients are commonly excluded from smallpox vaccinations since the risk
developing eczema vaccinatum is significantly increased [225,226]. Moreover, eczema
herpeticum results from the dissemination of herpes simplex virus (HSV)-1 or -2 in AD
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patients [227]. In vitro studies have demonstrated that, in the presence of LL-37, the
replication of HSV-2 in primary human KCs is reduced in a dose-dependent manner [228].
An altered antiviral innate immune response in KCs has been proven to be due to reduced
levels of the transcription factor specificity protein 1, which is related to an enhanced
replication of vaccinia virus and HSV in AD patients and leads to the overexpression
of TSLP and six members of the family of human kallikreins in the KCs [229,230]. The
frequency of AD is also potentially related to the susceptibility and persistence of high-risk
HPVs [231]. Certainly, compromised epithelial barrier function in AD makes an easy target
for viral infection, and some viruses express proteins able to induce changes toward atopy.
In transgenic mice (K14.E7), the expression of the oncoprotein E7 from HPV16 driven by
the K14 promoter, which restricts the E7 expression to epithelial cells in the skin, results in
the characteristic lesions of AD accompanied by increased production of TSLP and total
IgE [232]. Viral dsRNA and a Th2 cytokine milieu might promote type 2 inflammation
through an induction of TSLP expression by KCs, suggesting the existence of a vicious
cycle between AD and viral infections [163]. In the case of the measles virus, some studies
have described an increase in the incidence of AD after vaccination [233], while others
have shown a decrease in the risk of AD after measles infection [234], or an improvement
in skin lesion or immunological parameters after natural infection or vaccination [235,236].
This controversy was addressed considering the role of KCs in the induction of atopy.
When HaCaT cells were exposed to the measles virus, the expression of TSLP and CCL26
(eotaxin-3, a chemotactic factor for eosinophils and basophils) was diminished, while
TGF-β was overexpressed. In the same report, a clinical protocol in which patients with
moderate AD received a measles vaccination demonstrated that lesional skin reduced the
expression of TSLP and CCL26, which was accompanied with reduction of clinical scores
of AD [237,238].

Although growing evidence about the interaction of skin with microbiota is more
available every day, complete understanding of this complex relationship remains one of
the major goals in the field. Undoubtedly, the discover of all mechanism generated by
KC-microbiota interactions will provide insight into immunomodulatory activity in AD.

4. The Use of the Keratinocyte as an In Vitro Model of Atopic Dermatitis

The great versatility of KCs has allowed their use as a model to study multiple
pathological processes, including AD. These models are highly variable, but can be grouped
into two- or three-dimensional groups.

Two-dimensional monolayer cultures are based on the adherence of cells to a glass
or polystyrene surface that provides a mechanical support for the cells [238]. In this way,
the response of KCs to any damage can be specifically and easily evaluated. The sources
of these cells are usually primary human KCs from a healthy patient or with AD, or
immortalized human KCs [239]. Monolayer cultures of KCs are achieved due to epidermal
differentiation of KCs as a consequence of confluence, cell-cell interactions, or specific
factors such as calcium or EGF under conditions of subconfluence [114,240,241].

The advantage of working with KCs from patients with AD as in vitro model of the
pathology, is that these cells are already genetically modified and conditioned for the
development of pathology [239]. However, the pathological status of AD can be mimicked
using normal human epidermal KCs (NHK) or immortalized cell lines. The most widely
used cell line for this type of model is HaCaT cell line, that harbors nononcogenic mutations
in the TP53 gene [242], and retains its differentiation properties [243]. It is known that the
exposure of KCs to type 2 cytokines, mainly IL-4 and IL-13, induces their differentiation to
the pathophysiology conditions of AD. Accordingly, HaCaT cells exposed to both IL-4 or
IL-13 attenuate the expression of genes that regulate epidermal cell structure and barrier
function in the terminal stage of KC differentiation, such as proteins highly expressed
in the SS and SG of healthy skin: K1, K10, DSM 1 and DSC 1. The effect is mediated
through mechanisms dependent on the receptor IL-4Rα and STAT-6 at early stages of
KC differentiation [244]. Furthermore, human primary KCs treated with both IL-4 and
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IL-13 reduce the gene and protein expression of FLG; contrary to up-regulated expression
generated by IFN-γ exposure [114]. Likewise, Dang et al. demonstrated that the silencing
of FLG in NHKs in vitro causes a reduction in the protein expression of K5, K10 and K14,
IVL, and TGM 1, along with an increase in LOR, altering the function of the cutaneous
barrier mainly at the SC layer level [245]. Furthermore, FLG silencing was accompanied
by an increase in the generation of IL-4, IL-5, IL-13 and IL-2, as well as a decrease in IL-12
and IFN-γ. In response to cytokines, NHK and HaCaT cells modify in a different manner
the gene expression of proteins associated with the CCE. Thus, NHK cells stimulated by
IFN-γ, IL-4 or IL-17A, or to a lesser extent with IL-22, decrease the expression of FLG, LOR
and K10, and only when stimulated by IFN-γ a significant increase in TGM 1 and TGM 2 is
detected [246]. HaCaT cells diminish the gene expression of K10 and IVL only in response
to IL-4, and show an increase in FLG and TGM 2 [247], suggesting that HaCaT cells might
be a poor model to study the integrity of the epidermal barrier under a cytokine-dependent
environment. However, hBD2 transcriptional profiles in response to IFN-γ, IL-17A or IL-4
were similar between HaCaT cells and NHKs, being up-regulated in response to the first
two cytokines and down-regulated upon stimulation with IL-4 [246,247].

As previously mentioned, various in vivo experimental studies have shown that
AD is a very complex pathology. Although it is characterized by the prevalence of a
Th2 environment, IFN-γ has been identified as a crucial cytokine in AD patients with
chronic lesions. Therefore, it has been proposed that several in vitro models based on KC
stimulation with cytokines can be used for a greater approximation to what really happens
at molecular level in AD. Thus, the stimulation of HaCaT cells with IFN-γ together with
TNF-α for 6 h induces the expression of IL-1β, IL-6, CCL17, CCL22 and IL-33 at the gene
and protein level [248]. Furthermore, after 24 h of exposure with the same cytokines, the
up-regulated expression of CCL17, CCL22 and IL-33 is maintained, and a reduction in FLG
and LOR mRNA levels is observed. When cells are stimulated with IL-4, only an increase
in IL-13, IL-5 and IL-25 is shown, a phenomenon that is reversed when IL-4 is combined
with TNF-α [249]. Therefore, as long as the characteristics of the problem are adequately
defined, the stimulation of cultured HaCaT cells with cytokines is a good approach for
studying the cellular and molecular aspects of AD. Thus, as the experimental conditions get
closer to the real pathophysiology, a better understanding of the disease will be obtained.
However, the monolayer models present various limitations, prime among which is their
lack of stratification; therefore, the interest in the development and characterization of the
three-dimensional models is growing.

Three-dimensional models of human reconstructed epidermis arise from the differ-
entiation of normal human KCs in a chemically defined medium under exposure to an
air-liquid interface [250]. There is a variant where the differentiation of KCs starts in a
matrix formed by fibroblasts and collagen [251]. Both models emerge as possible strategies
in the study of pharmacological treatments for lesions of various origins. Particularly,
addition of inflammatory molecules enables the creation of a compromised RE model
presenting many AD-like characteristics, such as abnormal differentiation, higher secretion
of proinflammatory molecules by KCs and a specific gene expression pattern [252]. In this
context, both the IL-4, IL-13, IL-31, TNF-α and the IL-4, IL-13, poli I:C, TNF-α inflamma-
tory cocktails induce edema, better known as spongiosis, within the lower layer of the
epidermis of a human reconstructed epidermis model, as well as TSLP secretion by KCs
and the down-regulation of FLG gene expression [252,253]. In relation to lipid composition,
TNF-α alone or combined with Th2 cytokines and IL-31 only affects SC lipid composition,
mimicking changes observed in AD patients [253].

5. Pharmacological Therapy to Restore Keratinocytes

The use of topical agents is still the strategy of choice for the treatment of AD. Al-
though severe cases require a combinatory regimen with phototherapy, systemic antibiotics,
immunomodulatory drugs or monoclonal antibodies, the modulation of the KC response
in AD is key for patient recovery. Mostly, systemic therapies are directed to achieve a
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systemic immunomodulation of the cellular and molecular elements involved in the type 2
response [254]. However, the KC is a cell that may actively induce exacerbation of the AD
symptoms by the production of proinflammatory and prurigenic/pruritic mediators, so
many of the topical treatments are focused on reducing this response.

Moisturizer products are highly recommended to improve moisture content in the SC,
which is decreased in AD, as they help to treat xerosis and prevent allergen invasion and
relapse of dermatitis, as well as suppression of itching by recovering and maintaining skin
barrier functions [255,256]. In a randomized controlled trial of infants with moderate to
severe AD, it was revealed that regular emollient use reduced the need for topical corti-
costeroid use and improved symptoms [257]. The use of topical corticosteroids together
with emollients is a valuable therapeutic approach to reduce inflammation and pruritus.
Hydrocortisone increases the activity of fatty acid synthase, a key enzyme in fatty acids
synthesis in KCs in the SG that promotes the secretion of free fatty acids [258]. Topical
betamethasone was shown to normalize epidermal differentiation and reduce epidermal
hyperproliferation, although it led to epidermal thinning [259]. Betamethasone also pro-
moted a diminution of the transepidermal water loss in AD patients [259]. However, in a
post-treatment phase, an impairment of skin barrier function was measured as the rates
of water accumulation returned to initial levels [260]. Although these results indicate
the effect of betamethasone on skin hydration, it might also modify the induction of the
type 2 cutaneous response since it is able to downregulate TSLP expression in NHK [261].
Although antihistamines are not recommended, they still represent the therapeutic regimen
of choice among dermatologist for the treatment of pruritus [262]. Particularly, sedat-
ing antihistamines are used in the pediatric population to help patients with a negative
impact of AD on sleep. Cetirizine, a histamine H1-receptor antagonist, has shown an
anti-inflammatory effect in vitro that is mediated by the reduction of IL-8 production on
the macrophage migration inhibitory factor (MIF)-stimulated human KC A431 cell line.
Moreover, in a direct form, cetirizine also inhibits MIF production in A431 cells [263].
However, no evidence of improvement of clinical signs of AD was observed in patients
treated with oral H1 antihistamines, included cetirizine, as an adjuvant therapy alongside
topical agents [264].

Although topical corticosteroids are the standard treatment in AD, inhibitors of cal-
cineurin topically applied, mainly tacrolimus and pimecrolimus, are broadly used since
few adverse effects have been reported [265]. Although tacrolimus (FK506) has a relatively
high molecular weight (822 Da) and shows good skin penetration activity, it is commonly
used topically in conjunction with paraffin-based ointments [266]. The immunomodula-
tory effect of tacrolimus is mediated after binding immunophilins (mainly FK506-binding
protein-12, FKBP-12) and the formed complex (tacrolimus – FKBP-12) then binds to the
phosphatase calcineurin and inhibits phosphatase activity, which in turn prevents the
nuclear factor of activated T cells (NFAT) dephosphorylation and translocation to the
nucleus [267–269]. Hence, it suppresses the activation of T cells by reducing the production
of IL-2 and other proinflammatory cytokines. The anti-inflammatory activity of tacrolimus
has been observed in KCs. When NHKs are exposed to UVB, the secretion of TNF-α is
significantly increased, as in the milieu of AD [270,271]. However, when KCs are treated
with tacrolimus, the activation and translocation of NF-kB is reduced in a dose-dependent
manner that downregulates the production of TNF-α [271]. Moreover, in TNF-α-stimulated
NHKs, the secretion of TGF-β is incremented by tacrolimus and, conversely, the expression
of inducible nitric oxide synthase (iNOS) is downregulated, which probably is associated
with its therapeutic efficacy in the treatment of AD [272]. The chemokine RANTES (regu-
lated on activation, normal T expressed and secreted) is a potent inductor for eosinophils
that is increased in lesional skin of AD patients and is produced by KCs after stimulation
with inflammatory cytokines [273]. In Korean AD patients, daily treatment with 0.03%
tacrolimus ointment for 8 weeks significantly reduced the number of RANTES-positive
cells in lesional skin [274]. In human KCs, the overexpression of RANTES induced by
IFN-γ and IL-4 is significantly reduced by 10−8 or 10−6 M of tacrolimus, indicating its
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possible role in the amelioration of AD through KCs targeting [275]. On the other hand, the
pimecrolimus (DZ ASM 981) immunomodulatory mechanism of action is similar to that
of tacrolimus [267], although less information is available concerning its effects on KCs.
In a model of 2,4-dinitrochlorobenzene (DNCB)-induced AD in NC/Nga mice, topical
treatment with pimecrolimus reduced the expression of TSLP [276], which, as previously
mentioned, is an IL-7-like cytokine highly expressed in KCs after stimuli [277]. In addition,
pimecrolimus impaired the activation of NFAT2 in human KCs from the outer root sheath
and some of the inner root sheath of the hair follicles [278].

Finally, phosphodiesterase 4 (PDE4) is an enzyme degrading cyclic adenosine monophos-
phate (cAMP). Among PDE4 inhibitors, apremilast and crisaborole have been broadly used
in the treatment of AD, proving to be modest to highly effective in cases of moderate to severe
AD [279–281]. In AD patients, PDE4 is highly active in mononuclear leukocytes [282]. More-
over, in IL-1α-stimulated primary human KCs, the mRNA expression of IL-8 and TNF-α is
reduced in a dose-dependent fashion in presence of the novel and selective PDE4 inhibitor
DRM02 [283]. However, posterior evidence has demonstrated that mRNA expression of
TNF-α, IL-1α and CXCL8 in PGE2-treated NHKs treated with apremilast is reduced, without
changes in phosphorylation of the cAMP-PKA-CREB pathway, suggesting an alternative
cAMP-independent mechanism that down-regulates these mediators [284]. In human KCs,
apremilast reduces the expression of the inflammatory mediators IL-12/IL-23p40, IL-31,
CCL5, and alarmins S100A7, S100A8 and S100A12, under stimulation of the type 2 cytokine
IL-4 [285]. Then, PDE4 inhibitors demonstrate favorable improvement on the severity of AD
by targeting the response of KCs.

6. Conclusions

AD is a heterogeneous skin disease characterized by skin barrier dysfunction, skin
inflammation and intense pruritus. Although great advances in the understanding of this
cutaneous disease have been achieved over the last years, its pathogenesis is still enigmatic,
resulting in a lack of specific treatments. This is further complicated by the lack of data to
address whether acute and chronic AD represent progressive stages across a continuum of
inflammatory responses, or if each has distinct immunologic mechanisms and diversity
among individual patients. However, it is evident that the complex interplay of KCs
with environmental agents, skin microbiota, inflammatory cells, and nerves is critical in
AD onset, development, progression and chronicity. Current advances in understand-
ing the accurate participation of KCs in AD pathogenic mechanisms may facilitate new
drug development, as KC restoration improves local immune dysregulation and avoids
cutaneous infection.
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162. Uysal, P.; Avcil, S.; Neşelioğlu, S.; Biçer, C.; Çatal, F. Association of oxidative stress and dynamic thiol-disulphide homeostasis
with atopic dermatitis severity and chronicity in children: A prospective study. Clin. Exp. Dermatol. 2017, 43, 124–130. [CrossRef]
[PubMed]

163. Kinoshita, H.; Takai, T.; Le, T.A.; Kamijo, S.; Wang, X.L.; Ushio, H.; Hara, M.; Kawasaki, J.; Vu, A.T.; Ogawa, T.; et al. Cytokine
milieu modulates release of thymic stromal lymphopoietin from human keratinocytes stimulated with double-stranded RNA. J.
Allergy Clin. Immunol. 2009, 123, 179–186. [CrossRef] [PubMed]

164. Le, T.A.; Takai, T.; Vu, A.T.; Kinoshita, H.; Chen, X.; Ikeda, S.; Ogawa, H.; Okumura, K. Flagellin Induces the Expression of Thymic
Stromal Lymphopoietin in Human Keratinocytes via Toll-Like Receptor 5. Int. Arch. Allergy Immunol. 2011, 155, 31–37. [CrossRef]

165. Bogiatzi, S.I.; Fernandez, I.; Bichet, J.-C.; Marloie-Provost, M.-A.; Volpe, E.; Sastre, X.; Soumelis, V. Cutting Edge: Proinflammatory
and Th2 Cytokines Synergize to Induce Thymic Stromal Lymphopoietin Production by Human Skin Keratinocytes. J. Immunol.
2007, 178, 3373–3377. [CrossRef]

166. Kim, B.S.; Siracusa, M.C.; Saenz, S.A.; Noti, M.; Monticelli, L.A.; Sonnenberg, G.F.; Hepworth, M.; Van Voorhees, A.S.; Comeau,
M.R.; Artis, D. TSLP Elicits IL-33-Independent Innate Lymphoid Cell Responses to Promote Skin Inflammation. Sci. Transl. Med.
2013, 5, 170ra16. [CrossRef] [PubMed]

167. Imai, Y.; Yasuda, K.; Sakaguchi, Y.; Haneda, T.; Mizutani, H.; Yoshimoto, T.; Nakanishi, K.; Yamanishi, K. Skin-specific expression
of IL-33 activates group 2 innate lymphoid cells and elicits atopic dermatitis-like inflammation in mice. Proc. Natl. Acad. Sci. USA
2013, 110, 13921–13926. [CrossRef] [PubMed]

168. Leung, D.Y.M.; Boguniewicz, M.; Howell, M.D.; Nomura, I.; Hamid, Q.A. New Insights into Atopic Dermatitis. J. Clin. Investig.
2004, 113, 651–657. [CrossRef]

169. Peters, N.; Peters, A.T. Atopic dermatitis. Allergy Asthma Proc. 2019, 40, 433–436. [CrossRef]
170. Olivry, T.; Mayhew, D.; Paps, J.S.; Linder, K.E.; Peredo, C.; Rajpal, D.; Hofland, H.; Cote-Sierra, J. Early Activation of Th2/Th22

Inflammatory and Pruritogenic Pathways in Acute Canine Atopic Dermatitis Skin Lesions. J. Investig. Dermatol. 2016, 136,
1961–1969. [CrossRef]

171. Zhuang, L.; Ma, W.; Yan, J.; Zhong, H. Evaluation of the effects of IL-22 on the proliferation and differentiation of keratinocytes
in vitro. Mol. Med. Rep. 2020, 22, 2715–2722. [CrossRef] [PubMed]

172. Ohtani, T.; Memezawa, A.; Okuyama, R.; Sayo, T.; Sugiyama, Y.; Inoue, S.; Aiba, S. Increased Hyaluronan Production and
Decreased E-Cadherin Expression by Cytokine-Stimulated Keratinocytes Lead to Spongiosis Formation. J. Investig. Dermatol.
2009, 129, 1412–1420. [CrossRef]

173. Maretzky, T.; Scholz, F.; Köten, B.; Proksch, E.; Saftig, P.; Reiss, K. ADAM10-Mediated E-Cadherin Release Is Regulated by
Proinflammatory Cytokines and Modulates Keratinocyte Cohesion in Eczematous Dermatitis. J. Investig. Dermatol. 2008, 128,
1737–1746. [CrossRef] [PubMed]

174. Harper, J.; Godwin, H.; Green, A.; Wilkes, L.; Holden, N.; Moffatt, M.; Cookson, W.; Layton, G.; Chandler, S. A study of matrix
metalloproteinase expression and activity in atopic dermatitis using a novel skin wash sampling assay for functional biomarker
analysis. Br. J. Dermatol. 2009, 162, 397–403. [CrossRef]

175. Röhrl, J.; Yang, D.; Oppenheim, J.J.; Hehlgans, T. Human β-Defensin 2 and 3 and Their Mouse Orthologs Induce Chemotaxis
through Interaction with CCR2. J. Immunol. 2010, 184, 6688–6694. [CrossRef]

176. Soruri, A.; Grigat, J.; Forssmann, U.; Riggert, J.; Zwirner, J. β-Defensins chemoattract macrophages and mast cells but not
lymphocytes and dendritic cells: CCR6 is not involved. Eur. J. Immunol. 2007, 37, 2474–2486. [CrossRef] [PubMed]

177. Yang, A.-G.; Bai, X.; Huang, X.F.; Yao, C.; Chen, S.Y. Phenotypic knockout of HIV type 1 chemokine coreceptor CCR-5 by
intrakines as potential therapeutic approach for HIV-1 infection. Proc. Natl. Acad. Sci. USA 1997, 94, 11567–11572. [CrossRef]

178. DaSilva-Arnold, S.C.; Thyagarajan, A.; Seymour, L.J.; Yi, Q.; Bradish, J.R.; Al-Hassani, M.; Zhou, H.; Perdue, N.J.; Nemeth, V.;
Krbanjevic, A.; et al. Phenotyping acute and chronic atopic dermatitis-like lesions in Stat6VT mice identifies a role for IL-33 in
disease pathogenesis. Arch. Dermatol. Res. 2018, 310, 197–207. [CrossRef]

179. Ryu, W.-I.; Lee, H.; Bae, H.C.; Jeon, J.; Ryu, H.J.; Kim, J.; Kim, J.H.; Son, J.W.; Imai, Y.; Yamanishi, K.; et al. IL-33 down-regulates
CLDN1 expression through the ERK/STAT3 pathway in keratinocytes. J. Dermatol. Sci. 2018, 90, 313–322. [CrossRef]

http://doi.org/10.1038/jid.2012.239
http://www.ncbi.nlm.nih.gov/pubmed/22832486
http://doi.org/10.1038/ni805
http://doi.org/10.1016/j.jaci.2020.02.026
http://www.ncbi.nlm.nih.gov/pubmed/32179159
http://doi.org/10.1084/jem.20130351
http://www.ncbi.nlm.nih.gov/pubmed/24323357
http://doi.org/10.1038/jid.2011.446
http://www.ncbi.nlm.nih.gov/pubmed/22277940
http://doi.org/10.1111/ced.13219
http://www.ncbi.nlm.nih.gov/pubmed/29164676
http://doi.org/10.1016/j.jaci.2008.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19056108
http://doi.org/10.1159/000318679
http://doi.org/10.4049/jimmunol.178.6.3373
http://doi.org/10.1126/scitranslmed.3005374
http://www.ncbi.nlm.nih.gov/pubmed/23363980
http://doi.org/10.1073/pnas.1307321110
http://www.ncbi.nlm.nih.gov/pubmed/23918359
http://doi.org/10.1172/JCI21060
http://doi.org/10.2500/aap.2019.40.4265
http://doi.org/10.1016/j.jid.2016.05.117
http://doi.org/10.3892/mmr.2020.11348
http://www.ncbi.nlm.nih.gov/pubmed/32945375
http://doi.org/10.1038/jid.2008.394
http://doi.org/10.1038/sj.jid.5701242
http://www.ncbi.nlm.nih.gov/pubmed/18200054
http://doi.org/10.1111/j.1365-2133.2009.09467.x
http://doi.org/10.4049/jimmunol.0903984
http://doi.org/10.1002/eji.200737292
http://www.ncbi.nlm.nih.gov/pubmed/17705135
http://doi.org/10.1073/pnas.94.21.11567
http://doi.org/10.1007/s00403-018-1807-y
http://doi.org/10.1016/j.jdermsci.2018.02.017


Int. J. Mol. Sci. 2021, 22, 10661 26 of 30

180. Maier, E.; Mittermeir, M.; Ess, S.; Neuper, T.; Schmiedlechner, A.; Duschl, A.; Horejs-Hoeck, J. Prerequisites for Functional
Interleukin 31 Signaling and Its Feedback Regulation by Suppressor of Cytokine Signaling 3 (SOCS3). J. Biol. Chem. 2015, 290,
24747–24759. [CrossRef]

181. Cevikbas, F.; Wang, X.; Akiyama, T.; Kempkes, C.; Savinko, T.; Antal, A.; Kukova, G.; Buhl, T.; Ikoma, A.; Buddenkotte, J.; et al. A
sensory neuron-expressed IL-31 receptor mediates T helper cell-dependent itch: Involvement of TRPV1 and TRPA1. J. Allergy
Clin. Immunol. 2013, 133, 448–460.e7. [CrossRef]

182. Wilson, S.R.; Thé, L.; Batia, L.M.; Beattie, K.; Katibah, G.E.; McClain, S.P.; Pellegrino, M.; Estandian, D.M.; Bautista, D.M. The
Epithelial Cell-Derived Atopic Dermatitis Cytokine TSLP Activates Neurons to Induce Itch. Cell 2013, 155, 285–295. [CrossRef]

183. Ikoma, A.; Steinhoff, M.; Ständer, S.; Yosipovitch, G.; Schmelz, M. The neurobiology of itch. Nat. Rev. Neurosci. 2006, 7, 535–547.
[CrossRef] [PubMed]

184. Groneberg, D.; Bester, C.; Grützkau, A.; Serowka, F.; Fischer, A.; Henz, B.M.; Welker, P. Mast cells and vasculature in atopic
dermatitis—Potential stimulus of neoangiogenesis. Allergy 2005, 60, 90–97. [CrossRef] [PubMed]

185. Verge, V.M.; Richardson, P.M.; Wiesenfeld-Hallin, Z.; Hokfelt, T. Differential influence of nerve growth factor on neuropeptide
expression in vivo: A novel role in peptide suppression in adult sensory neurons. J. Neurosci. 1995, 15, 2081–2096. [CrossRef]
[PubMed]

186. Toyoda, M.; Nakamura, M.; Makino, T.; Hino, T.; Kagoura, M.; Morohashi, M. Nerve growth factor and substance P are useful
plasma markers of disease activity in atopic dermatitis. Br. J. Dermatol. 2002, 147, 71–79. [CrossRef]

187. Wallrapp, A.; Burkett, P.R.; Riesenfeld, S.; Kim, S.-J.; Christian, E.; Abdulnour, R.-E.E.; Thakore, P.I.; Schnell, A.; Lambden,
C.; Herbst, R.H.; et al. Calcitonin Gene-Related Peptide Negatively Regulates Alarmin-Driven Type 2 Innate Lymphoid Cell
Responses. Immunity 2019, 51, 709–723.e6. [CrossRef]

188. Takahashi, S.; Ishida, A.; Kubo, A.; Kawasaki, H.; Ochiai, S.; Nakayama, M.; Koseki, H.; Amagai, M.; Okada, T. Homeostatic
pruning and activity of epidermal nerves are dysregulated in barrier-impaired skin during chronic itch development. Sci. Rep.
2019, 9, 8625. [CrossRef]

189. Bautista, D.M.; Wilson, S.R.; Hoon, M.A. Why we scratch an itch: The molecules, cells and circuits of itch. Nat. Neurosci. 2014, 17,
175–182. [CrossRef]

190. Dainichi, T.; Kitoh, A.; Otsuka, A.; Nakajima, S.; Nomura, T.; Kaplan, D.H.; Kabashima, K. The epithelial immune microenviron-
ment (EIME) in atopic dermatitis and psoriasis. Nat. Immunol. 2018, 19, 1286–1298. [CrossRef]

191. Mizutani, Y.; Takagi, N.; Nagata, H.; Inoue, S. Interferon-γ downregulates tight junction function, which is rescued by interleukin-
17A. Exp. Dermatol. 2021. [CrossRef] [PubMed]

192. Tsoi, L.C.; Rodriguez, E.; Stölzl, D.; Wehkamp, U.; Sun, J.; Gerdes, S.; Sarkar, M.; Hübenthal, M.; Zeng, C.; Uppala, R.; et al.
Progression of acute-to-chronic atopic dermatitis is associated with quantitative rather than qualitative changes in cytokine
responses. J. Allergy Clin. Immunol. 2020, 145, 1406–1415. [CrossRef] [PubMed]

193. Brøgger, P.; Blom, L.H.; Simonsen, S.; Thyssen, J.P.; Skov, L. Antagonism of the interleukin 4 receptor α promotes T H 1-signalling
among T cells from patients with atopic dermatitis after stimulation. Scand. J. Immunol. 2019, 91, e12835. [CrossRef] [PubMed]

194. Eyerich, K.; Huss-Marp, J.; Darsow, U.; Wollenberg, A.; Foerster, S.; Ring, J.; Behrendt, H.; Traidl-Hoffmann, C. Pollen Grains
Induce a Rapid and Biphasic Eczematous Immune Response in Atopic Eczema Patients. Int. Arch. Allergy Immunol. 2007, 145,
213–223. [CrossRef]

195. Tominaga, M.; Tengara, S.; Kamo, A.; Ogawa, H.; Takamori, K. Psoralen-ultraviolet A therapy alters epidermal Sema3A and NGF
levels and modulates epidermal innervation in atopic dermatitis. J. Dermatol. Sci. 2009, 55, 40–46. [CrossRef] [PubMed]

196. Tominaga, M.; Takamori, K. Itch and nerve fibers with special reference to atopic dermatitis: Therapeutic implications. J. Dermatol.
2014, 41, 205–212. [CrossRef]

197. Niwa, Y.; Sumi, H.; Kawahira, K.; Terashima, T.; Nakamura, T.; Akamatsu, H. Protein oxidative damage in the stratum corneum:
Evidence for a link between environmental oxidants and the changing prevalence and nature of atopic dermatitis in Japan. Br. J.
Dermatol. 2003, 149, 248–254. [CrossRef]

198. Bieber, T. Atopic Dermatitis. Ann. Dermatol. 2010, 22, 125–137. [CrossRef]
199. Totté, J.; Van Der Feltz, W.; Hennekam, M.; Van Belkum, A.; Van Zuuren, E.; Pasmans, S. Prevalence and odds of Staphylococcus

aureuscarriage in atopic dermatitis: A systematic review and meta-analysis. Br. J. Dermatol. 2016, 175, 687–695. [CrossRef]
200. Abeck, D.; Mempel, M. Staphylococcus aureuscolonization in atopic dermatitis and its therapeutic implications. Br. J. Dermatol.

1998, 139, 13–16. [CrossRef]
201. Kisich, K.O.; Carspecken, C.W.; Fiéve, S.; Boguniewicz, M.; Leung, D.Y. Defective killing of Staphylococcus aureus in atopic

dermatitis is associated with reduced mobilization of human β-defensin-3. J. Allergy Clin. Immunol. 2008, 122, 62–68. [CrossRef]
[PubMed]

202. Nakamura, Y.; Oscherwitz, J.; Cease, K.B.; Chan, S.M.; Muñoz-Planillo, R.; Hasegawa, M.; Villaruz, A.E.; Cheung, G.Y.C.;
McGavin, M.; Travers, J.; et al. Staphylococcus δ-toxin induces allergic skin disease by activating mast cells. Nature 2013, 503,
397–401. [CrossRef]

203. Merriman, J.A.; Klingelhutz, A.J.; Diekema, D.J.; Leung, D.Y.M.; Schlievert, P.M. Novel Staphylococcus aureus Secreted Protein
Alters Keratinocyte Proliferation and Elicits a Proinflammatory Response In Vitro and In Vivo. Biochemistry 2015, 54, 4855–4862.
[CrossRef]

http://doi.org/10.1074/jbc.M115.661306
http://doi.org/10.1016/j.jaci.2013.10.048
http://doi.org/10.1016/j.cell.2013.08.057
http://doi.org/10.1038/nrn1950
http://www.ncbi.nlm.nih.gov/pubmed/16791143
http://doi.org/10.1111/j.1398-9995.2004.00628.x
http://www.ncbi.nlm.nih.gov/pubmed/15575937
http://doi.org/10.1523/JNEUROSCI.15-03-02081.1995
http://www.ncbi.nlm.nih.gov/pubmed/7534343
http://doi.org/10.1046/j.1365-2133.2002.04803.x
http://doi.org/10.1016/j.immuni.2019.09.005
http://doi.org/10.1038/s41598-019-44866-0
http://doi.org/10.1038/nn.3619
http://doi.org/10.1038/s41590-018-0256-2
http://doi.org/10.1111/exd.14425
http://www.ncbi.nlm.nih.gov/pubmed/34197663
http://doi.org/10.1016/j.jaci.2019.11.047
http://www.ncbi.nlm.nih.gov/pubmed/31891686
http://doi.org/10.1111/sji.12835
http://www.ncbi.nlm.nih.gov/pubmed/31596502
http://doi.org/10.1159/000109290
http://doi.org/10.1016/j.jdermsci.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19443185
http://doi.org/10.1111/1346-8138.12317
http://doi.org/10.1046/j.1365-2133.2003.05417.x
http://doi.org/10.5021/ad.2010.22.2.125
http://doi.org/10.1111/bjd.14566
http://doi.org/10.1046/j.1365-2133.1998.1390s3013.x
http://doi.org/10.1016/j.jaci.2008.04.022
http://www.ncbi.nlm.nih.gov/pubmed/18538383
http://doi.org/10.1038/nature12655
http://doi.org/10.1021/acs.biochem.5b00523


Int. J. Mol. Sci. 2021, 22, 10661 27 of 30

204. Kim, K.H.; Han, J.H.; Chung, J.H.; Cho, K.H.; Eun, H.C. Role of Staphylococcal Superantigen in Atopic Dermatitis: Influence on
Keratinocytes. J. Korean Med Sci. 2006, 21, 315–323. [CrossRef]

205. Wright, J.A.; Nair, S.P. Interaction of staphylococci with bone. Int. J. Med. Microbiol. 2010, 300, 193–204. [CrossRef]
206. Bur, S.; Preissner, K.T.; Herrmann, M.; Bischoff, M. The Staphylococcus aureus Extracellular Adherence Protein Promotes

Bacterial Internalization by Keratinocytes Independent of Fibronectin-Binding Proteins. J. Investig. Dermatol. 2013, 133, 2004–2012.
[CrossRef]

207. Otto, M. Staphylococcus epidermidis—The ‘accidental’ pathogen. Nat. Rev. Genet. 2009, 7, 555–567. [CrossRef]
208. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Genet. 2018, 16, 143–155. [CrossRef] [PubMed]
209. Argemi, X.; Hansmann, Y.; Prola, K.; Prévost, G. Coagulase-Negative Staphylococci Pathogenomics. Int. J. Mol. Sci. 2019, 20, 1215.

[CrossRef] [PubMed]
210. Méric, G.; Mageiros, L.; Pensar, J.; Laabei, M.; Yahara, K.; Pascoe, B.; Kittiwan, N.; Tadee, P.; Post, V.; Lamble, S.; et al. Disease-

associated genotypes of the commensal skin bacterium Staphylococcus epidermidis. Nat. Commun. 2018, 9, 5034. [CrossRef]
[PubMed]

211. Widerström, M.; Wiström, J.; Sjöstedt, A.; Monsen, T. Coagulase-negative staphylococci: Update on the molecular epidemiology
and clinical presentation, with a focus on Staphylococcus epidermidis and Staphylococcus saprophyticus. Eur. J. Clin. Microbiol.
Infect. Dis. 2011, 31, 7–20. [CrossRef]

212. Byrd, A.L.; Deming, C.; Cassidy, S.K.B.; Harrison, O.J.; Ng, W.-I.; Conlan, S.; Belkaid, Y.; Segre, J.A.; Kong, H.H.; Program, N.C.S.
Staphylococcus aureusandStaphylococcus epidermidisstrain diversity underlying pediatric atopic dermatitis. Sci. Transl. Med.
2017, 9, eaal4651. [CrossRef]

213. Park, B.; Iwase, T.; Liu, G.Y. Intranasal Application of S. epidermidis Prevents Colonization by Methicillin-Resistant Staphylococ-
cus aureus in Mice. PLoS ONE 2011, 6, e25880. [CrossRef]

214. Glatz, M.; Bosshard, P.P.; Hoetzenecker, W.; Schmid-Grendelmeier, P. The Role of Malassezia spp. in Atopic Dermatitis. J. Clin.
Med. 2015, 4, 1217–1228. [CrossRef] [PubMed]

215. Thammahong, A.; Kiatsurayanon, C.; Edwards, S.W.; Rerknimitr, P.; Chiewchengchol, D. The clinical significance of fungi in
atopic dermatitis. Int. J. Dermatol. 2020, 59, 926–935. [CrossRef] [PubMed]

216. Harada, K.; Saito, M.; Sugita, T.; Tsuboi, R. Malasseziaspecies and their associated skin diseases. J. Dermatol. 2015, 42, 250–257.
[CrossRef]

217. Prohic, A.; Sadikovic, T.J.; Krupalija-Fazlic, M.; Kuskunovic-Vlahovljak, S. Malasseziaspecies in healthy skin and in dermatological
conditions. Int. J. Dermatol. 2015, 55, 494–504. [CrossRef] [PubMed]

218. Sugita, T.; Suto, H.; Unno, T.; Tsuboi, R.; Ogawa, H.; Shinoda, T.; Nishikawa, A. Molecular analysis of malassezia microflora on
the skin of atopic dermatitis patients and healthy subjects. Nippon Ishinkin Gakkai Zasshi 2001, 42, 217–218. [CrossRef] [PubMed]

219. Nowicka, D.; Nawrot, U. Contribution of Malassezia spp. to the development of atopic dermatitis. Mycoses 2019, 62, 588–596.
[CrossRef]

220. Donnarumma, G.; Perfetto, B.; Paoletti, I.; Oliviero, G.; Clavaud, C.; Del Bufalo, A.; Guéniche, A.; Jourdain, R.; Tufano, M.A.;
Breton, L. Analysis of the response of human keratinocytes to Malassezia globosa and restricta strains. Arch. Dermatol. Res. 2014,
306, 763–768. [CrossRef]

221. Ishibashi, Y.; Sugita, T.; Nishikawa, A. Cytokine secretion profile of human keratinocytes exposed toMalasseziayeasts. FEMS
Immunol. Med. Microbiol. 2006, 48, 400–409. [CrossRef]

222. Ishibashi, Y.; Sugawara, K.; Sugita, T.; Nishikawa, A. Secretion of thymic stromal lymphopoietin from human keratinocytes in
response to Malassezia yeasts. J. Dermatol. Sci. 2011, 62, 134–138. [CrossRef] [PubMed]

223. Wollenberg, A.; Wetzel, S.; Burgdorf, W.H.C.; Haas, J. Viral infections in atopic dermatitis: Pathogenic aspects and clinical
management. J. Allergy Clin. Immunol. 2003, 112, 667–674. [CrossRef]

224. Kopfnagel, V.; Harder, J.; Werfel, T. Expression of antimicrobial peptides in atopic dermatitis and possible immunoregulatory
functions. Curr. Opin. Allergy Clin. Immunol. 2013, 13, 531–536. [CrossRef]

225. Howell, M.D.; Gallo, R.L.; Boguniewicz, M.; Jones, J.F.; Wong, C.; Streib, J.E.; Leung, D.Y. Cytokine Milieu of Atopic Dermatitis
Skin Subverts the Innate Immune Response to Vaccinia Virus. Immunity 2006, 24, 341–348. [CrossRef]

226. Oyoshi, M.K.; Venturelli, N.; Geha, R.S. Thymic stromal lymphopoietin and IL-33 promote skin inflammation and vaccinia virus
replication in a mouse model of atopic dermatitis. J. Allergy Clin. Immunol. 2016, 138, 283–286. [CrossRef] [PubMed]

227. Leung, D.Y.; Gao, P.-S.; Grigoryev, D.N.; Rafaels, N.M.; Streib, J.E.; Howell, M.D.; Taylor, P.A.; Boguniewicz, M.; Canniff, J.;
Armstrong, B.; et al. Human atopic dermatitis complicated by eczema herpeticum is associated with abnormalities in IFN-γ
response. J. Allergy Clin. Immunol. 2011, 127, 965–973.e5. [CrossRef] [PubMed]

228. Howell, M.D.; Wollenberg, A.; Gallo, R.L.; Flaig, M.; Streib, J.E.; Wong, C.; Pavicic, T.; Boguniewicz, M.; Leung, D.Y.M. Cathelicidin
deficiency predisposes to eczema herpeticum. J. Allergy Clin. Immunol. 2006, 117, 836–841. [CrossRef] [PubMed]

229. Bin, L.; Kim, B.E.; Hall, C.F.; Leach, S.M.; Leung, D.Y. Inhibition of Transcription Factor Specificity Protein 1 Alters the Gene
Expression Profile of Keratinocytes Leading to Upregulation of Kallikrein-Related Peptidases and Thymic Stromal Lymphopoietin.
J. Investig. Dermatol. 2011, 131, 2213–2222. [CrossRef]

230. Bin, L.; Howell, M.D.; Kim, B.E.; Streib, J.E.; Hall, C.F.; Leung, N.Y. Specificity protein 1 is pivotal in the skin’s antiviral response.
J. Allergy Clin. Immunol. 2011, 127, 430–438.e2. [CrossRef]

http://doi.org/10.3346/jkms.2006.21.2.315
http://doi.org/10.1016/j.ijmm.2009.10.003
http://doi.org/10.1038/jid.2013.87
http://doi.org/10.1038/nrmicro2182
http://doi.org/10.1038/nrmicro.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/29332945
http://doi.org/10.3390/ijms20051215
http://www.ncbi.nlm.nih.gov/pubmed/30862021
http://doi.org/10.1038/s41467-018-07368-7
http://www.ncbi.nlm.nih.gov/pubmed/30487573
http://doi.org/10.1007/s10096-011-1270-6
http://doi.org/10.1126/scitranslmed.aal4651
http://doi.org/10.1371/journal.pone.0025880
http://doi.org/10.3390/jcm4061217
http://www.ncbi.nlm.nih.gov/pubmed/26239555
http://doi.org/10.1111/ijd.14941
http://www.ncbi.nlm.nih.gov/pubmed/32441807
http://doi.org/10.1111/1346-8138.12700
http://doi.org/10.1111/ijd.13116
http://www.ncbi.nlm.nih.gov/pubmed/26710919
http://doi.org/10.3314/jjmm.42.217
http://www.ncbi.nlm.nih.gov/pubmed/11704749
http://doi.org/10.1111/myc.12913
http://doi.org/10.1007/s00403-014-1479-1
http://doi.org/10.1111/j.1574-695X.2006.00163.x
http://doi.org/10.1016/j.jdermsci.2011.02.012
http://www.ncbi.nlm.nih.gov/pubmed/21458958
http://doi.org/10.1016/j.jaci.2003.07.001
http://doi.org/10.1097/ACI.0b013e328364ddfd
http://doi.org/10.1016/j.immuni.2006.02.006
http://doi.org/10.1016/j.jaci.2015.12.1304
http://www.ncbi.nlm.nih.gov/pubmed/26830114
http://doi.org/10.1016/j.jaci.2011.02.010
http://www.ncbi.nlm.nih.gov/pubmed/21458658
http://doi.org/10.1016/j.jaci.2005.12.1345
http://www.ncbi.nlm.nih.gov/pubmed/16630942
http://doi.org/10.1038/jid.2011.202
http://doi.org/10.1016/j.jaci.2010.11.013


Int. J. Mol. Sci. 2021, 22, 10661 28 of 30

231. Morgan, T.K.; Hanifin, J.; Mahmood, M.; Larson, B.; Baig-Lewis, S.; Long, T.; Lim, J.Y.; Berlin, M.; Weese, K. Atopic Dermatitis Is
Associated With Cervical High Risk Human Papillomavirus Infection. J. Low. Genit. Tract Dis. 2015, 19, 345–349. [CrossRef]

232. Bergot, A.-S.; Monnet, N.; Tran, L.S.; Mittal, D.; Al-Kouba, J.; Steptoe, R.; Grimbaldeston, M.A.; Frazer, I.; Wells, J.W. HPV16 E7
expression in skin induces TSLP secretion, type 2 ILC infiltration and atopic dermatitis-like lesions. Immunol. Cell Biol. 2015, 93,
540–547. [CrossRef]

233. Olesen, A.B.; Juul, S.; Thestrup-Pedersen, K. Atopic Dermatitis Is Increased Following Vaccination for Measles, Mumps and
Rubella or Measles Infection. Acta Derm. Venereol. 2003, 83, 445–450. [CrossRef] [PubMed]

234. Shaheen, S.; Barker, D.; Heyes, C.; Shiell, A.; Aaby, P.; Hall, A.; Goudiaby, A. Measles and atopy in Guinea-Bissau. Lancet 1996,
347, 1792–1796. [CrossRef]

235. Kondo, N.; Fukutomi, O.; Ozawa, T.; Agata, H.; Kameyama, T.; Kuwabara, N.; Shinoda, S.; Orii, T. Improvement of food-sensitive
atopic dermatitis accompanied by reduced lymphocyte responses to food antigen following natural measles virus infection. Clin.
Exp. Allergy 1993, 23, 44–50. [CrossRef]

236. Hennino, A.; Cornu, C.; Rozieres, A.; Augey, F.; Villard-Truc, F.; Payot, F.; Lachaux, A.; Nicolas, J.F.; Horvat, B. Influence of
measles vaccination on the progression of atopic dermatitis in infants. Pediatr. Allergy Immunol. 2007, 18, 385–390. [CrossRef]

237. Gourru-Lesimple, G.; Mathieu, C.; Thevenet, T.; Guillaume-Vasselin, V.; Jégou, J.-F.; Boer, C.; Tomczak, K.; Bloyet, L.-M.; Giraud,
C.; Grande, S.; et al. Measles virus infection of human keratinocytes: Possible link between measles and atopic dermatitis. J.
Dermatol. Sci. 2017, 86, 97–105. [CrossRef] [PubMed]

238. Duval, K.; Grover, H.; Han, L.-H.; Mou, Y.; Pegoraro, A.F.; Fredberg, J.; Chen, Z. Modeling Physiological Events in 2D vs. 3D Cell
Culture. Physiology 2017, 32, 266–277. [CrossRef] [PubMed]

239. Szymanski, L.; Cios, A.; Lewicki, S.; Szymanski, P.; Stankiewicz, W. Fas/FasL pathway and cytokines in keratinocytes in atopic
dermatitis—Manipulation by the electromagnetic field. PLoS ONE 2018, 13, e0205103. [CrossRef]

240. Poumay, Y.; Pittelkow, M.R. Cell Density and Culture Factors Regulate Keratinocyte Commitment to Differentiation and
Expression of Suprabasal K1/K10 Keratins. J. Investig. Dermatol. 1995, 104, 271–276. [CrossRef] [PubMed]

241. Deyrieux, A.F.; Wilson, V.G. In vitro culture conditions to study keratinocyte differentiation using the HaCaT cell line. Cytotech-
nology 2007, 54, 77–83. [CrossRef] [PubMed]

242. Lehman, T.A.; Modali, R.; Boukamp, P.; Stanek, J.; Bennett, W.P.; Welsh, J.A.; Metcalf, R.A.; Stampfer, M.R.; Fusenig, N.; Rogan,
E.M.; et al. p53 Mutations in human immortalized epithelial cell lines. Carcinogenesis 1993, 14, 833–839. [CrossRef] [PubMed]

243. Boukamp, P.; Petrussevska, R.T.; Breitkreutz, D.; Hornung, J.; Markham, A.; Fusenig, N.E. Normal keratinization in a sponta-
neously immortalized aneuploid human keratinocyte cell line. J. Cell Biol. 1988, 106, 761–771. [CrossRef]

244. 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. Investig. Dermatol. 2014, 134, 1342–1350. [CrossRef]
[PubMed]

245. Dang, N.; Pang, S.; Song, H.; An, L.; Ma, X. Filaggrin silencing by shRNA directly impairs the skin barrier function of normal
human epidermal keratinocytes and then induces an immune response. Braz. J. Med. Biol. Res. 2015, 48, 39–45. [CrossRef]
[PubMed]

246. Noh, M.; Yeo, H.; Ko, J.; Kim, H.K.; Lee, C.-H. MAP17 is associated with the T-helper cell cytokine-induced down-regulation of
filaggrin transcription in human keratinocytes. Exp. Dermatol. 2010, 19, 355–362. [CrossRef] [PubMed]

247. Seo, M.-D.; Kang, T.-J.; Lee, C.-H.; Lee, A.-Y.; Noh, M. HaCaT Keratinocytes and Primary Epidermal Keratinocytes Have Different
Transcriptional Profiles of Cornified Envelope-Associated Genes to T Helper Cell Cytokines. Biomol. Ther. 2012, 20, 171–176.
[CrossRef] [PubMed]

248. Choi, J.K.; Jang, Y.H.; Lee, S.; Lee, S.-R.; Choi, Y.-A.; Jin, M.; Choi, J.H.; Park, J.H.; Park, P.-H.; Choi, H.; et al. Chrysin attenuates
atopic dermatitis by suppressing inflammation of keratinocytes. Food Chem. Toxicol. 2017, 110, 142–150. [CrossRef]

249. Kim, H.J.; Baek, J.; Lee, J.R.; Roh, J.Y.; Jung, Y. Optimization of Cytokine Milieu to Reproduce Atopic Dermatitis-related Gene
Expression in HaCaT Keratinocyte Cell Line. Immune Netw. 2018, 18, e9. [CrossRef]

250. Rosdy, M.; Clauss, L.-C. Terminal Epidermal Differentiation of Human Keratinocytes Grown in Chemically Defined Medium on
Inert Filter Substrates at the Air-Liquid Interface. J. Investig. Dermatol. 1990, 95, 409–414. [CrossRef]

251. Batheja, P.; Song, Y.; Wertz, P.; Michniak-Kohn, B. Effects of Growth Conditions on the Barrier Properties of a Human Skin
Equivalent. Pharm. Res. 2009, 26, 1689–1700. [CrossRef]

252. Rouaud-Tinguely, P.; Boudier, D.; Marchand, L.; Barruche, V.; Bordes, S.; Coppin, H.; Roth, M.; Closs, B. From the morphological
to the transcriptomic characterization of a compromised three-dimensional in vitro model mimicking atopic dermatitis. Br. J.
Dermatol. 2015, 173, 1006–1014. [CrossRef]

253. Danso, M.O.; van Drongelen, V.; Mulder, A.; van Esch, J.; Scott, H.; van Smeden, J.; El Ghalbzouri, A.; Bouwstra, J.A. TNF-α and
Th2 Cytokines Induce Atopic Dermatitis—Like Features on Epidermal Differentiation Proteins and Stratum Corneum Lipids in
Human Skin Equivalents. J. Investig. Dermatol. 2014, 134, 1941–1950. [CrossRef]

254. Slater, N.A.; Morrell, D.S. Systemic therapy of childhood atopic dermatitis. Clin. Dermatol. 2015, 33, 289–299. [CrossRef]
255. Berke, R.; Singh, A.; Guralnick, M. Atopic dermatitis: An overview. Am. Fam. Physician 2012, 86, 35–42. [PubMed]
256. Katoh, N.; Ohya, Y.; Ikeda, M.; Ebihara, T.; Katayama, I.; Saeki, H.; Shimojo, N.; Tanaka, A.; Nakahara, T.; Nagao, M.; et al.

Clinical practice guidelines for the management of atopic dermatitis 2018. J. Dermatol. 2019, 46, 1053–1101. [CrossRef]

http://doi.org/10.1097/LGT.0000000000000147
http://doi.org/10.1038/icb.2014.123
http://doi.org/10.1080/00015550310014997
http://www.ncbi.nlm.nih.gov/pubmed/14690341
http://doi.org/10.1016/S0140-6736(96)91617-7
http://doi.org/10.1111/j.1365-2222.1993.tb02483.x
http://doi.org/10.1111/j.1399-3038.2007.00537.x
http://doi.org/10.1016/j.jdermsci.2017.01.015
http://www.ncbi.nlm.nih.gov/pubmed/28233587
http://doi.org/10.1152/physiol.00036.2016
http://www.ncbi.nlm.nih.gov/pubmed/28615311
http://doi.org/10.1371/journal.pone.0205103
http://doi.org/10.1111/1523-1747.ep12612810
http://www.ncbi.nlm.nih.gov/pubmed/7530273
http://doi.org/10.1007/s10616-007-9076-1
http://www.ncbi.nlm.nih.gov/pubmed/19003021
http://doi.org/10.1093/carcin/14.5.833
http://www.ncbi.nlm.nih.gov/pubmed/8504475
http://doi.org/10.1083/jcb.106.3.761
http://doi.org/10.1038/jid.2013.503
http://www.ncbi.nlm.nih.gov/pubmed/24280725
http://doi.org/10.1590/1414-431x20144047
http://www.ncbi.nlm.nih.gov/pubmed/25493381
http://doi.org/10.1111/j.1600-0625.2009.00902.x
http://www.ncbi.nlm.nih.gov/pubmed/19601982
http://doi.org/10.4062/biomolther.2012.20.2.171
http://www.ncbi.nlm.nih.gov/pubmed/24116291
http://doi.org/10.1016/j.fct.2017.10.025
http://doi.org/10.4110/in.2018.18.e9
http://doi.org/10.1111/1523-1747.ep12555510
http://doi.org/10.1007/s11095-009-9879-1
http://doi.org/10.1111/bjd.14012
http://doi.org/10.1038/jid.2014.83
http://doi.org/10.1016/j.clindermatol.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22962911
http://doi.org/10.1111/1346-8138.15090


Int. J. Mol. Sci. 2021, 22, 10661 29 of 30

257. Grimalt, R.; Mengeaud, V.; Cambazard, F. The Steroid-Sparing Effect of an Emollient Therapy in Infants with Atopic Dermatitis:
A Randomized Controlled Study. Dermatology 2006, 214, 61–67. [CrossRef] [PubMed]

258. Uchiyama, N.; Yamamoto, A.; Kameda, K.; Yamaguchi, H.; Ito, M. The activity of fatty acid synthase of epidermal keratinocytes is
regulated in the lower stratum spinousum and the stratum basale by local inflammation rather than by circulating hormones. J.
Dermatol. Sci. 2000, 24, 134–141. [CrossRef]

259. Jensen, J.-M.; Pfeiffer, S.; Witt, M.; Bräutigam, M.; Neumann, C.; Weichenthal, M.; Schwarz, T.; Fölster-Holst, R.; Proksch, E.
Different effects of pimecrolimus and betamethasone on the skin barrier in patients with atopic dermatitis. J. Allergy Clin. Immunol.
2009, 123, 1124–1133. [CrossRef]

260. Xhauflaire-Uhoda, E.; Thirion, L.; Piérard-Franchimont, C.; Piérard, G. Comparative Effect of Tacrolimus and Betamethasone
Valerate on the Passive Sustainable Hydration of the Stratum Corneum in Atopic Dermatitis. Dermatology 2007, 214, 328–332.
[CrossRef] [PubMed]

261. Zhang, L.-J.; Gallo, R.L. Antimicrobial peptides. Curr. Biol. 2016, 26, R14–R19. [CrossRef]
262. Garg, S.; Zhao, J.; Tegtmeyer, K.; Shah, P.; Lio, P.A. US Prescription trends of antihistamines for atopic dermatitis, 2011–2016.

Pediatr. Dermatol. 2020, 38, 324–326. [CrossRef]
263. Shimizu, T.; Nishihira, J.; Watanabe, H.; Abe, R.; Ishibashi, T.; Shimizu, H. Cetirizine, an H1-receptor antagonist, suppresses the

expression of macrophage migration inhibitory factor: Its potential anti-inflammatory action. Clin. Exp. Allergy 2004, 34, 103–109.
[CrossRef] [PubMed]

264. Matterne, U.; Böhmer, M.M.; Weisshaar, E.; Jupiter, A.; Carter, B.; Apfelbacher, C.J. Oral H1 antihistamines as ‘add-on’ therapy to
topical treatment for eczema. Cochrane Database Syst. Rev. 2019, 2019, CD012167. [CrossRef]

265. Ring, J.; AlOmar, A.; Bieber, T.; Deleuran, M.; Fink-Wagner, A.; Gelmetti, C.; Gieler, U.; Lipozencic, J.; Luger, T.; Oranje, A.;
et al. Guidelines for treatment of atopic eczema (atopic dermatitis) Part I. J. Eur. Acad. Dermatol. Venereol. 2012, 26, 1045–1060.
[CrossRef] [PubMed]

266. Rancan, F.; Volkmann, H.; Giulbudagian, M.; Schumacher, F.; Stanko, J.I.; Kleuser, B.; Blume-Peytavi, U.; Calderón, M.; Vogt, A.
Dermal Delivery of the High-Molecular-Weight Drug Tacrolimus by Means of Polyglycerol-Based Nanogels. Pharmaceutics 2019,
11, 394. [CrossRef] [PubMed]

267. Gupta, A.K.; Chow, M. Pimecrolimus: A review. J. Eur. Acad. Dermatol. Venereol. 2003, 17, 493–503. [CrossRef]
268. Reynolds, N.J.; Al-Daraji, W.I. Calcineurin inhibitors and sirolimus: Mechanisms of action and applications in dermatology. Clin.

Exp. Dermatol. 2002, 27, 555–561. [CrossRef]
269. Thomson, A.W.; Bonham, C.A.; Zeevi, A. Mode of Action of Tacrolimus (FK506): Molecular and Cellular Mechanisms. Ther. Drug

Monit. 1995, 17, 584–591. [CrossRef]
270. Ackermann, L.; Harvima, I.T. Mast cells of psoriatic and atopic dermatitis skin are positive for TNF-α and their degranulation is

associated with expression of ICAM-1 in the epidermis. Arch. Dermatol. Res. 1998, 290, 353–359. [CrossRef]
271. Lan, C.-C.; Yu, H.-S.; Wu, C.-S.; Kuo, H.-Y.; Chai, C.-Y.; Chen, G.-S. FK506 inhibits tumour necrosis factor-alpha secretion in

human keratinocytes via regulation of nuclear factor-kappaB. Br. J. Dermatol. 2005, 153, 725–732. [CrossRef]
272. Lan, C.-C.; Kao, Y.-H.; Huang, S.-M.; Yu, H.-S.; Chen, G.-S. FK506 independently upregulates transforming growth factor beta

and downregulates inducible nitric oxide synthase in cultured human keratinocytes: Possible mechanisms of how tacrolimus
ointment interacts with atopic skin. Br. J. Dermatol. 2004, 151, 679–684. [CrossRef] [PubMed]

273. Morita, E.; Kameyoshi, Y.; Hiragun, T.; Mihara, S.; Yamamoto, S. The C-C chemokines, RANTES and eotaxin, in atopic dermatitis.
Allergy 2001, 56, 194–195. [CrossRef] [PubMed]

274. Park, C.; Lee, B.; Han, H.; Lee, C.; Ahn, H. Tacrolimus decreases the expression of eotaxin, CCR3, RANTES and interleukin-5 in
atopic dermatitis. Br. J. Dermatol. 2005, 152, 1173–1181. [CrossRef] [PubMed]

275. Wakugawa, M.; Nakamura, K.; Akatsuka, M.; Nakagawa, H.; Tamaki, K. Interferon-Gamma-Induced RANTES Production
by Human Keratinocytes Is Enhanced by IL-1β, TNF-α, IL-4 and IL-13 and Is Inhibited by Dexamethasone and Tacrolimus.
Dermatology 2001, 202, 239–245. [CrossRef]

276. Choi, S.Y.; Lee, Y.J.; Kim, J.M.; Kang, H.J.; Cho, S.H.; Chang, S.E. Epidermal Growth Factor Relieves Inflammatory Signals in
Staphylococcus aureus-Treated Human Epidermal Keratinocytes and Atopic Dermatitis-Like Skin Lesions in Nc/Nga Mice.
Biomed Res. Int. 2018, 2018, 9439182. [CrossRef]

277. Takai, T. TSLP Expression: Cellular Sources, Triggers, and Regulatory Mechanisms. Allergol. Int. 2012, 61, 3–17. [CrossRef]
278. Fiorentino, D.; Chen, R.; Stewart, D.; Brown, K.; Sundram, U. The direct cellular target of topically applied pimecrolimus may not

be infiltrating lymphocytes. Br. J. Dermatol. 2010, 164, 996–1003. [CrossRef]
279. Li, H.; Zuo, J.; Tang, W. Phosphodiesterase-4 Inhibitors for the Treatment of Inflammatory Diseases. Front. Pharmacol. 2018, 9,

1048. [CrossRef]
280. Paller, A.S.; Tom, W.L.; Lebwohl, M.G.; Blumenthal, R.L.; Boguniewicz, M.; Call, R.S.; Eichenfield, L.F.; Forsha, D.W.; Rees, W.C.;

Simpson, E.L.; et al. Efficacy and safety of crisaborole ointment, a novel, nonsteroidal phosphodiesterase 4 (PDE4) inhibitor for
the topical treatment of atopic dermatitis (AD) in children and adults. J. Am. Acad. Dermatol. 2016, 75, 494–503.e6. [CrossRef]

281. Simpson, E.L.; Imafuku, S.; Poulin, Y.; Ungar, B.; Zhou, L.; Malik, K.; Wen, H.-C.; Xu, H.; Estrada, Y.D.; Peng, X.; et al. A Phase
2 Randomized Trial of Apremilast in Patients with Atopic Dermatitis. J. Investig. Dermatol. 2019, 139, 1063–1072. [CrossRef]
[PubMed]

http://doi.org/10.1159/000096915
http://www.ncbi.nlm.nih.gov/pubmed/17191050
http://doi.org/10.1016/S0923-1811(00)00088-8
http://doi.org/10.1016/j.jaci.2009.03.032
http://doi.org/10.1159/000100884
http://www.ncbi.nlm.nih.gov/pubmed/17460405
http://doi.org/10.1016/j.cub.2015.11.017
http://doi.org/10.1111/pde.14445
http://doi.org/10.1111/j.1365-2222.2004.01836.x
http://www.ncbi.nlm.nih.gov/pubmed/14720269
http://doi.org/10.1002/14651858.CD012167.pub2
http://doi.org/10.1111/j.1468-3083.2012.04635.x
http://www.ncbi.nlm.nih.gov/pubmed/22805051
http://doi.org/10.3390/pharmaceutics11080394
http://www.ncbi.nlm.nih.gov/pubmed/31387279
http://doi.org/10.1046/j.1468-3083.2003.00692.x
http://doi.org/10.1046/j.1365-2230.2002.01148.x
http://doi.org/10.1097/00007691-199512000-00007
http://doi.org/10.1007/s004030050317
http://doi.org/10.1111/j.1365-2133.2005.06779.x
http://doi.org/10.1111/j.1365-2133.2004.06109.x
http://www.ncbi.nlm.nih.gov/pubmed/15377358
http://doi.org/10.1034/j.1398-9995.2001.056002194.x
http://www.ncbi.nlm.nih.gov/pubmed/11167388
http://doi.org/10.1111/j.1365-2133.2005.06474.x
http://www.ncbi.nlm.nih.gov/pubmed/15948978
http://doi.org/10.1159/000051644
http://doi.org/10.1155/2018/9439182
http://doi.org/10.2332/allergolint.11-RAI-0395
http://doi.org/10.1111/j.1365-2133.2010.10190.x
http://doi.org/10.3389/fphar.2018.01048
http://doi.org/10.1016/j.jaad.2016.05.046
http://doi.org/10.1016/j.jid.2018.10.043
http://www.ncbi.nlm.nih.gov/pubmed/30528828


Int. J. Mol. Sci. 2021, 22, 10661 30 of 30

282. Hanifin, J.M.; Lloyd, R.; Okubo, K.; Guerin, L.L.; Fancher, L.; Chan, S.C. Relationship Between Increased Cyclic AMP-
Phosphodiesterase Activity and Abnormal Adenylyl Cyclase Regulation in Leukocytes From Patients With Atopic Dermatitis. J.
Investig. Dermatol. 1992, 98, S100–S105. [CrossRef] [PubMed]

283. Hunt, D.W.; Ivanova, I.A.; Dagnino, L. DRM02, a novel phosphodiesterase-4 inhibitor with cutaneous anti-inflammatory activity.
Tissue Barriers 2020, 8, 1765633. [CrossRef] [PubMed]

284. Kataoka, S.; Takaishi, M.; Nakajima, K.; Sano, S. Phosphodiesterase-4 inhibitors reduce the expression of proinflammatory
mediators by human epidermal keratinocytes independent of intracellular cAMP elevation. J. Dermatol. Sci. 2020, 100, 230–233.
[CrossRef] [PubMed]

285. Schafer, P.H.; Adams, M.; Horan, G.; Truzzi, F.; Marconi, A.; Pincelli, C. Apremilast Normalizes Gene Expression of Inflammatory
Mediators in Human Keratinocytes and Reduces Antigen-Induced Atopic Dermatitis in Mice. Drugs R D 2019, 19, 329–338.
[CrossRef] [PubMed]

http://doi.org/10.1111/1523-1747.ep12462340
http://www.ncbi.nlm.nih.gov/pubmed/1316924
http://doi.org/10.1080/21688370.2020.1765633
http://www.ncbi.nlm.nih.gov/pubmed/32479135
http://doi.org/10.1016/j.jdermsci.2020.09.014
http://www.ncbi.nlm.nih.gov/pubmed/33109421
http://doi.org/10.1007/s40268-019-00284-1
http://www.ncbi.nlm.nih.gov/pubmed/31598889

	Introduction 
	Keratinocyte in Skin Homeostasis 
	Proliferation Phase 
	Maturation Phase 
	Cornification Phase 

	Participation of Keratinocyte in Predisposition, Onset and Progression of the Atopic Dermatitis 
	Genetic Background of the Keratinocyte Predisposing to Atopic Dermatitis 
	The Keratinocyte in the Primary Origin of Atopic Dermatitis 
	Involvement of Keratinocytes in Acute Lesions 
	Chronic Lesions and KC Participation 
	Bidirectional Communication between Keratinocyte and Microbiota 

	The Use of the Keratinocyte as an In Vitro Model of Atopic Dermatitis 
	Pharmacological Therapy to Restore Keratinocytes 
	Conclusions 
	References

