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1 | INTRODUCTION
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Abstract

T helper 1 (Th1) and T helper 2 (Th2) populations are a classical dichotomy to under-
stand the immunological disorders, and this concept remains vital in atopic dermatitis
(AD). While IL-4 and IL-13 are produced mainly by Th2 cells, mast cells, and basophils,
these cytokines target these producers, indicating the presence of autocrine and par-
acrine stimulation. There are two types of receptors for IL.-4 and IL-13, type | and type
Il. IL-4 binds to both type | and Il receptors, while IL-13 has affinity to type Il.
Dupilumab is an IL-4Ra-antagonist that inhibits IL-4 and IL-13 signaling through block-
ade of the shared IL-4a subunit. The Th2-stimulating effect of thymic stromal lym-
phopoietin (TSLP) is triggered by its binding to TSLP receptor (TSLPR) on Th2 cells.
The frequency of TSLPR'CD4" T cells correlates with disease activity. CD4" T cells
directly interact with TSLP to produce a high amount of IL-4. Conversely, IL-4 induces
TSLPR expression in T cells. Moreover, TSLP and IL-4 promote CCR4 expression,
which is a chemokine receptor for CCL17/TARC. Langerhans cells initiate epicutane-
ous sensitization with protein antigens and induce Th2 cell-mediated immune re-
sponses via TSLP signaling. Filaggrin deficiency, which cornified layer-damaged skin
allows protein antigens to penetrate through the stratum corneum, leads to allergy
where IL-4 and IL-13 are overproduced. Subsequently, IL-4 and IL-13 further depress
filaggrin expression with vicious cycle. AD is generally a Th2 disease, but there exist
several exceptional and undeniable facts to be considered, including Thl-activated

intrinsic AD, Thi-infiltrating chronic AD skin lesions, and Th17 involvement.
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and basic research of allergic diseases. When we see the diagnostic cri-

Atopic dermatitis (AD) is a chronic-intermittent, eczematous dermatitis
that starts at infancy or early childhood and persists for a large part of
life. A large number of clinical, laboratory, and experimental studies have
been performed, but the pathophysiology of AD remains to be clarified.

Th1 and Th2 populations are a classical dichotomy to understand

the immunological disorders,* and this concept remains vital in clinical

teria of AD by Hanifin and Rejka,? we can realize that there are a consid-
erable number of manifestations presumably associated with Th2 cells,
including xerosis, ichthyosis, palmar hyperlinearity, immediate skin test
reaction, elevated serum immunoglobulin E (IgE), tendency toward cu-
taneous infection, and impaired cell-mediated immunity. In addition,
we have indicated that chondrodermatitis of the auricle® and angiohis-

tiocytoid papules® are Th2-based skin lesions of AD.
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Recent use of anti-Th2 cytokine or receptor antibody therapies
has been providing important information on Th2-skewing condition
of AD. The clinical efficacies of these treatments are mandatory for
evaluation of Th2 cytokines in AD pathogenesis. In this review, we
revisit the essential role of Th2 cells for AD, but also several issues
that are as yet unelucidated merely with Th2 dogma.

2 | PERTURBATION OF STRATUM
CORNEUM BARRIER IN AD

The barrier function is usually assessed by transepidermal water loss
(TEWL) and skin surface hydration. AD patients, especially common,
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serum IgE-high, extrinsic AD patients, have increased TEWL and
lower skin surface hydration, compared with healthy subjects. Even
at the non-lesional forearm and lower leg of patients and normal vol-
unteers, the level of skin surface hydration was significantly lower in
AD than in normal subjects.’

The identification of loss-of-function mutations in filaggrin gene
(FLG) has shed new light on the mechanisms of AD.> When we ex-
amined the amount of filaggrin in stratum corneum of AD patients,
ichthyosis vulgaris patients, and normal subjects, we confirmed
that filaggrin is apparently reduced in ichthyosis vulgaris and AD
compared with normal subjects.7 Patients with FLG mutations have
various extents of ichthyosis vulgaris (Figure 1), palmar hyperlinear-
ity (Figure 2), and atopic dermatitis. Different FLG mutations were
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24.3% in AD patients in Hamamatsu University Hospital. Profilaggrin
is the major component of the keratohyalin granules within epider-
mal granular cells. During epidermal terminal differentiation, the
profilaggrin polyprotein is dephosphorylated and rapidly cleaved
by serine proteases, such as kallikrein-5,% to form monomeric fil-
aggrin, which is further degraded into natural moisturizing factors.
Perturbation of skin barrier function as a result of reduction or com-
plete loss of filaggrin expression enhances percutaneous transfer of
allergens (Figure 1). The association of the FLG mutations in particu-
lar with the extrinsic type of AD was observed.’

Thus, the skin barrier is perturbed in AD, and FLG mutation rep-
resents a typical cause of barrier impairment. The allergic conditions
of AD may be preceded by skin barrier impairment, which allows

protein antigens to penetrate through disrupted barrier.

3 | TH2-POLARIZED IMMUNOLOGICAL
STATE OF AD

In general, skin responses to exogenous antigens can be divided into
three types, depending on the evoked timing after exposure, the
eruption type, and the immunocompetent participants (Figure 3).
The responses comprise immediate-, late-phase, and delayed-type
reactions. AD is well known as a Th2-polarized disease. Th2 cells are
involved mainly in the late-phase reaction,®® but the Th2 reaction
may extend to parts of the immediate- and delayed-type hypersensi-
tivity, because of graduation between these three categories. In the
chronic lesion of AD, Th1 cells (additionally Th22 and Tc1 cells) are
considered to induce chronic eczema with thick epidermis.

As expected with elevated total serum IgE and circulating eo-
sinophils, AD patients show high levels of Th2 cytokines, such as
IL-4, IL-5, and IL-13.11 Along with the elevation of IL-5, eosinophil
counts and eosinophil cationic protein levels are increased in AD.??

Immediate Late-phase Delayed-type
Timing 15-20 mins 4-16 hrs 24-28 hrs
Clinical Wheal Erythematous Lichenification
features Edematous
Cellular IgE Th2 Th17 Thi
response Mast cell Eosinophil Th22 Tel

AD is a mixture of late phase
and delayed-type responses

FIGURE 3 Allergic skin responses to exogenous antigens. The
responses consist of immediate-, late-phase, and delayed-type
reactions

In addition to AD, there are many Th2-polarized skin diseases such
as eosinophilic pustular folliculitis, prurigo, angiolymphoid hyperpla-
sia with eosinophilia (Kimura'’s disease), eosinophilic cellulitis (Wells’
syndrome), bullous pemphigoid, and cutaneous T-cell lymphoma.
Among them, AD is a disorder where the epidermis and dermis af-
ford Th2-associated inflammatory sites.

To identify Th2 cells, several methods are used. Intracellular
cytokine staining and subsequent flow cytometry are a standard
method, and IL-4- or IL-5-positive CD4" cells represent Th2 cells.
The surface marker of CD4*CD7 CCR4" phenotype is also em-
ployed. Chemotaxis toward CCL17/TARC represents functional
identification.?®

4 | IL-4/I1L-13 AND THEIR RECEPTORS

IL-4 and IL-13 are representative Th2 cytokines and are structurally
and functionally related. While IL-4 and IL-13 are produced mainly by
Th2 cells, mast cells, and basophils, these cytokines target Th2 cells,
mast cells, basophils, eosinophils, M2 macrophages, keratinocytes,
smooth muscle, fibroblasts, and endothelial cells.} 41> Therefore, the
producers and the targets of IL-4/IL-13 are virtually same, indicating
the presence of autocrine and paracrine stimulation with IL-4/IL-13.
In this sense, it is an issue which cell type is the initial producer of IL-
4. One candidate for this “early IL-4” producer is basophil. It is noted
that IL-33 stimulates basophils to secrete 1L-4.*

There are two types of receptors for IL-4 and IL-13 (Figure 4).
Both receptors are comprised of heterodimers. Type | consists of IL-
4Ra and Common v, and type Il is composed of IL-4Ra and IL-13Ral.
IL-13Ra2 is another IL-13 receptor, serving as either a decoy or a key
mediator of fibrosis. IL-4 binds to both type | and Il receptors, while
IL-13 has affinity to type Il and IL-13Ra2. Dupilumab is an IL-4 Ra-
antagonist that inhibits IL-4 and IL-13 signaling through blockade of
the shared IL-4« subunit.’”

In addition to allergy, IL-4/1L-13 regulates the immune microenvi-
ronment in cancer. Signaling via type Il receptor induces tumor pro-
liferation, cell survival, cell adhesion, and metastasis.*® Thus, type Il
expression in tumors is associated with poor prognosis.

IL-4Ra activates JAK1, whereas yc and IL-13Ral activate JAK3
and JAK2/TYK2, respectively. Activated JAKs phosphorylate STATé,
and then, dimerized STAT6 migrates to nucleus encoding genes that
promote Th2 differentiation and production of cytokines.*’

5 | PROMOTION OF IL-4 STIMULATION/
PRODUCTION BY AD-AGGRAVATING
FACTOR THYMIC STROMAL
LYMPHOPOIETIN IN TH2 CELLS

Th2 cells are activated by IL-4/1L-13 in an autocrine/paracrine man-
ner. Various AD-exaggerating factors promote this autocrine/par-
acrine system. One of the representative factors is TSLP, which is
produced by epidermal keratinocytes via PAR-2 expressed on them.
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FIGURE 4 |L-4/1L-13 receptors. Type | consists of IL-4Ra and
Common vy, and type Il is composed of IL-4Ra and IL-13Rad. IL-
13Ra2 serves as a decoy. IL-4 binds to both type | and Il receptors,
while IL-13 has affinity to type Il and IL-13Ra2

Proteinases, such as mite antigens and keratinocyte-derived kal-
likrein-5, function as ligands for PAR-2 and stimulate keratinocytes
to release TSLP. TSLP has two actions, functional promotion of epi-
dermal LCs and activation of Th2 cells. Although the initiative role of
TSLP-activated dendritic cells (DCs) in AD has gained much atten-
tion in the past few years, we found that TSLP also has a stimulatory
action on Th2 cells.?°

The Th2-stimulating effect of TSLP is triggered by its
binding to TSLP receptor (TSLPR) on Th2 cells (Figure 5).
CD4"CCR4"CXCR3"CCR7 CCR10*CLA" Th2 cells in AD pa-
tients exhibit enhanced TSLPR expression.?® The frequency of
TSLPR*CD4" T cells correlates with disease activity. CD4" T cells
directly interact with TSLP to produce a high amount of IL-4.
Conversely, IL-4 induces TSLPR expression in T cells. Moreover,
TSLP and IL-4 promote CCR4 expression, which is a chemokine re-
ceptor for CCL17/TARC. Thus, the scheme shows mutual activation
of IL-4 production, TSLP receptor expression, and CCR4 expression
by IL-4 and TSLP in Th2 cells.

Likewise, many AD-aggravating factors directly or indirectly in-
duce stimulation of Th2 cells and resultant IL-4 production (Figure 6).
Protein antigens induce Th2 responses, while metals and haptens
usually evoke Th1 responses.?! In the sweat, Malassezia antigen may
deteriorate Th2 aspect of AD,?? while nickel, cobalt, and chromium
are usually Th1 inducers.” Mental stress or anxiety is associated with
Th2 status.?® In addition, future studies on microbiota might shed
light for its association with Th2 condition.?*
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FIGURE 5 Mutual activation of IL-4 production, thymic stromal
lymphopoietin (TSLP) receptor expression, and CCR4 expression
by IL-4 and TSLP in Th2 cells. CD4" T cells directly interact with
TSLP to produce a high amount of IL-4 (A). Conversely, IL-4

induces TSLPR expression on T cells (B). Moreover, TSLP and IL-4
promote CCR4 expression (C, D), which is a chemokine receptor for
CCL17/TARC

6 | LANGERHANS CELLS IN AD

Protein antigens can penetrate through disrupted barrier, and epi-
dermal LCs serve as antigen-presenting cells to Th2 cells. It is as-
sumed that epidermal LCs in the barrier-disrupted skin produce
high amounts of Th2 and eosinophil chemokines, whereas Thl
chemokines are produced by keratinocytes.?>?¢ Upon external stim-
ulation, epidermal keratinocytes produce TSLP, which stimulates LCs
possessing TSLP receptors.27 Protein antigen is more essential than
haptens as the cause of the extrinsic type of AD. Upon the epicuta-
neous application of ovalbumin (OVA), conditional LC depletion at-
tenuated the development of clinical manifestations as well as serum
OVA-specific IgE increase, OVA-specific T-cell proliferation, and IL-4
mRNA expression in the draining lymph nodes.?® Consistently, even
in the steady state, permanent LC depletion resulted in decreased
serum IgE levels, suggesting that LCs mediate the Th2 local envi-
ronment. Thus, LCs initiate epicutaneous sensitization with protein
antigens and induce Th2 cell-mediated immune responses via TSLP
signaling, further suggesting that LCs play a mandatory role in AD.
Regarding epidermal chemokines of the barrier-disrupted skin,
the mRNA expression levels of Th1l chemokines (CXCL10, CXCL9,
and CXCL11), Th2 chemokines (CCL17 and CCL22), and eosinophil
chemoattractant (CCL5) are high in the epidermal cells from Th2
response-prone mice. In particular, CCL17/TARC, CCL22, and CCL5
are remarkably elevated in BALB/ mice.?> Tape stripping induced
dermal infiltration of eosinophils, and the late-phase reaction was
increased with infiltration of Th2 cells as well as eosinophils, when
challenged via the tape-stripped skin. It is notable that Th1 chemok-
ines (CXCL9 and CXCL10) and Th2 chemokines (CCL17 and CCL22)
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FIGURE 6 Causative and aggravating factors in atopic dermatitis

are derived mainly from keratinocytes and LCs, respectively.?® Thus,
it is thought that LCs attract Th2 cells and eosinophils chemotacti-
cally in AD.

7 | RELATIONSHIP BETWEEN BARRIER
STATUS AND TH2 RESPONSES IN AD

The skin immune status is closely associated with the disor-
dered condition of skin barrier.?® Barrier disruption induces
Th2 cytokine production and eosinophil infiltration in mice.?’
Topical protein antigen application further promotes Th2 re-
sponses.?’ Therefore, barrier impairment results in elevation of
Th2 status.

Filaggrin deficiency, which cornified layer-damaged skin allows
protein antigens to penetrate through the stratum corneum, leads to
allergy where IL-4 and IL-13 are overproduced. Subsequently, IL-4
and IL-13 further depress filaggrin expression.®° This cascade yields
vicious cycle, and therefore, even heterozygous FLG mutations may
result in development of AD. In addition, IL-4 suppresses the en-
hancement of ceramide synthesis and cutaneous permeability bar-
rier functions, which further aggravates the barrier.®! Neutralization
of the normally acidic stratum corneum has deleterious conse-
quences for permeability barrier homeostasis and stratum corneum
integrity/cohesion attributable to serine proteases activation, lead-
ing to deactivation/degradation of lipid-processing enzymes and

corneodesmosomes.32

8 | LACK OF PURITY OF TH2
POLARIZATION IN AD

Although several criteria for its definition have been widely ap-

proved, there still exist variations in the diagnosis of AD because of

its heterogeneous aspects. AD is generally a Th2 disease, but there

exist several exceptional and undeniable facts to be considered.

8.1 | Intrinsic AD and Th1 activation

The first issue is the presence of intrinsic type among AD patients.
AD can be categorized into the IgE-high, extrinsic type and the IgE-
normal, intrinsic type.?* While extrinsic AD is the classical type
with high prevalence, the incidence of intrinsic AD is approximately
20% with female predominance. The skin barrier is perturbed in
the extrinsic, and FLG mutation represents a typical cause of bar-
rier impairment. Intrinsic AD is immunologically characterized by the
higher expression of IFN-y and non-protein antigens, such as met-
als and haptens, may induce dermatitis.”?* The overproduction of
IFN-y may further downregulate IgE production in intrinsic AD, as
suggested by our in vitro study,9 and intrinsic AD is linked with much
lower levels of IL-4 and 1L-13.%

8.2 | Chronic AD lesion and Th1 infiltration

It is known that Th2 cells infiltrate in the acute lesion of AD, but Thl
cells, and presumably Tcl cells, are involved in the chronic lesion.
The acute skin lesion corresponds to the late-phase reaction evoked
by Th2 cells and eosinophils, while the chronic skin lesion corre-
sponds to the delayed-type hypersensitivity induced by Th1/Tcl
cells.** Accordingly, IFN-y generally plays an essential role for oc-
currence of dermatitis.? Clinically, the therapeutic effectiveness of
systemic IFN-y, which suppresses Th2 cells in vitro, is limited, further
supporting the notion that AD does not have a pure Th2 property.

8.3 | Involvement of Th17 cells

Th17 cells, producing IL-17A and IL-22, are increased in the periph-
eral blood of AD, and Th17 cells infiltrate in the acute skin lesion
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more markedly than in the chronic lesion.® There is a tendency that
the frequency of circulating Th17 cells is higher in intrinsic AD than
in extrinsic AD.? In the lesional skin, another group of investigators
found positive correlations between Thl7-related molecules and
SCORAD scores in patients with intrinsic AD, whereas only patients
with extrinsic AD show positive correlations between SCORAD
scores and Th2 cytokine (IL-4 and IL-5) levels.%® Asian patients may

be more prone to have Th17-participating AD.%’

9 | THERAPIES FOR IMMUNOMODULATION
OF AD

Recent cytokine-targeting biologic therapies have been proving the
disease mechanisms underlying atopic dermatitis as well as psoriasis.
The essential involvement of IL-4 and IL-13 in AD pathogenesis is
strongly supported by the therapeutic effectiveness of anti-IL-4Ra
antibody dupilumab, which block IL-4 binding to type | and type
Il IL-4 receptors and IL-13 binding to type Il receptor (Figure 4).
Dupilumab depresses Th2-centered inflammatory axis® and exerts a
high clinical efficacy. Dupilumab was approved in Japan in 2018, and
the number of patients treated with this biologic has been increas-
ing. Before dupilumab was marketed, many patients with refractory
AD had been treated with cyclosporine A. However, because of its
renal toxicity, careful attention is necessary for its long term use.
Dupilumab is beneficial for such cases.

There are possible Th2 cytokine-targeting therapies, includ-
ing anti-IL-13 antibody®’ and anti-IL-31 antibody.*® Furthermore,
semi-Th2 targeting JAK inhibitors are promising therapeutic modali-
ties for AD. Further clarification of the immunological mechanism of

AD may lead to development of novel therapies.'”

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Yoshiki Tokura http://orcid.org/0000-0001-7452-6919

REFERENCES

1. David Boothe W, Tarbox JA, Tarbox MB. Atopic dermatitis: patho-
physiology. Adv Exp Med Biol. 2017;1027:21-37.

2. Hanifin JM. Standardized grading of subjects for clinical research
studies in atopic dermatitis: workshop report. Acta Derm Venereol
Suppl (Stockh). 1989;144:28-30.

3. Sawada Y, Nakamura M, Bito T, et al. Chondrodermatitis of
the auricle in patients with atopic dermatitis. Eur J Dermatol.
2010;20(6):813-814.

4. Sugita K, Kabashima K, Ota T, Tokura Y. Angiohistiocytoid papules
associated with atopic dermatitis. J Eur Acad Dermatol Venereol.
2008;22(3):403-404.

5. Mori T, Ishida K, Mukumoto S, et al. Comparison of skin barrier
function and sensory nerve electric current perception threshold

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Journal of

Cutaneous Immunology ans Allergy

between IgE-high extrinsic and IgE-normal intrinsic types of atopic
dermatitis. Br J Dermatol. 2010;162(1):83-90.

Palmer CNA, Irvine AD, Terron-Kwiatkowski A, et al. Common
loss-of-function variants of the epidermal barrier protein filaggrin
are a major predisposing factor for atopic dermatitis. Nat Genet.
2006;38(4):441-446.

Sakabe J-1, Kamiya K, Yamaguchi H, et al. Proteome analysis
of stratum corneum from atopic dermatitis patients by hybrid
quadrupole-orbitrap mass spectrometer. J Allergy Clin Immunol.
2014;134(4):957-960.€8.

Sakabe J, Yamamoto M, Hirakawa S, et al. Kallikrein-related pepti-
dase 5 functions in proteolytic processing of profilaggrin in cultured
human keratinocytes. J Biol Chem. 2013;288(24):17179-17189.
Kabashima-Kubo R, Nakamura M, Sakabe J, et al. A group of atopic
dermatitis without IgE elevation or barrier impairment shows a high
Th1 frequency: possible immunological state of the intrinsic type. J
Dermatol Sci. 2012;67(1):37-43.

Mori T, Kabashima K, Fukamachi S, et al. D1-like dopamine recep-
tors antagonist inhibits cutaneous immune reactions mediated by
Th2 and mast cells. J Dermatol Sci. 2013;71(1):37-44.

Furue M. T helper type 2 signatures in atopic dermatitis. J Cutan
Immunol Allergy. 2018;1(3):93-99.

Ott H, Wilke J, Baron JM, Hoger P, Folster-Holst R. Soluble immune
receptor serum levels are associated with age, but not with clinical
phenotype or disease severity in childhood atopic dermatitis. J Eur
Acad Dermatol Venereol. 2010;24(4):395-402.

Ito T, Tatsuno K, Sakabe J, Fujiyama T, Tokura Y. Antihistaminic drug
olopatadine downmodulates T cell chemotaxis toward CCL17 in pa-
tients with atopic dermatitis. Allergol Int. 2015;64(2):200-202.
Ul-Haq Z, Naz S, Mesaik MA. Interleukin-4 receptor signaling and
its binding mechanism: a therapeutic insight from inhibitors tool
box. Cytokine Growth Factor Rev. 2016;32:3-15.

Wynn TA. Type 2 cytokines: mechanisms and therapeutic strate-
gies. Nat Rev Immunol. 2015;15(5):271-282.

Cayrol C, Girard J-P. Interleukin-33 (IL-33): a nuclear cytokine from
the IL-1 family. Immunol Rev. 2018;281(1):154-168.
Shirley M. Dupilumab: first global approval.
2017;77(10):1115-1121.

Suzuki A, Leland P, Joshi BH, Puri RK. Targeting of IL.-4 and IL-13
receptors for cancer therapy. Cytokine. 2015;75(1):79-88.

Paller AS, Kabashima K, Bieber T. Therapeutic pipeline for
atopic dermatitis: end of the drought? J Allergy Clin Immunol.
2017;140(3):633-643.

Tatsuno K, Fujiyama T, Yamaguchi H, Waki M, Tokura Y. TSLP di-
rectly interacts with skin-homing Th2 cells highly expressing its
receptor to enhance IL-4 production in atopic dermatitis. J Invest
Dermatol. 2015;135(12):3017-3024.

Tokura Y. Extrinsic and intrinsic types of atopic dermatitis. J
Dermatol Sci. 2010;58(1):1-7.

Hiragun T, Ishii K, Hiragun M, et al. Fungal protein MGL_1304 in
sweat is an allergen for atopic dermatitis patients. J Allergy Clin
Immunol. 2013;132(3):608-615.e4.

Hashizume H, Horibe T, Ohshima A, Ito T, Yagi H, Takigawa M.
Anxiety accelerates T-helper 2-tilted immune responses in patients
with atopic dermatitis. Br J Dermatol. 2005;152(6):1161-1164.
Pascal M, Perez-Gordo M, Caballero T, et al. Microbiome and aller-
gic diseases. Front Immunol. 2018;9:1584.

Onoue A, Kabashima K, Kobayashi M, Mori T, Tokura Y. Induction
of eosinophil- and Th2-attracting epidermal chemokines and cu-
taneous late-phase reaction in tape-stripped skin. Exp Dermatol.
2009;18(12):1036-1043.

Mori T, Kabashima K, Yoshiki R, et al. Cutaneous hypersensitivities
to hapten are controlled by IFN-y-upregulated keratinocyte Thl
chemokines and IFN-y-downregulated langerhans Cell Th2 chemo-
kines. J Invest Dermatol. 2008;128(7):1719-1727.

Drugs.


http://orcid.org/0000-0001-7452-6919
http://orcid.org/0000-0001-7452-6919

164 Journal of -
W1 LE Y— e e Al @

27.

28.
29.
30.
31.
32.

33.

34.

TOKURA ET AL.

Kabashima K. New concept of the pathogenesis of atopic derma-
titis: interplay among the barrier, allergy, and pruritus as a trinity. J
Dermatol Sci. 2013;70(1):3-11.

Nishijima T, Tokura Y, Imokawa G, Seo N, Furukawa F, Takigawa M.
Altered permeability and disordered cutaneous immunoregulatory
function in mice with acute barrier disruption. J Invest Dermatol.
1997;109(2):175-182.

Nakajima S, lgyarté BZ, Honda T, et al. Langerhans cells are crit-
ical in epicutaneous sensitization with protein antigen via thymic
stromal lymphopoietin receptor signaling. J Allergy Clin Immunol.
2012;129(4):1048-1055.€6.

Howell MD, Kim BE, Gao P, et al. Cytokine modulation of atopic
dermatitis filaggrin skin expression. J Allergy Clin Immunol.
2009;124(3):R7-R12.

Hatano Y, Terashi H, Arakawa S, Katagiri K. Interleukin-4
Suppresses the Enhancement of Ceramide Synthesis and
Cutaneous Permeability Barrier Functions Induced by Tumor
Necrosis Factor-a and interferon-y in Human Epidermis. J Invest
Dermatol. 2005;124(4):786-792.

Hachem J-P, Roelandt T, Schirer N, et al. Acute acidification of
stratum corneum membrane domains using polyhydroxyl acids im-
proves lipid processing and inhibits degradation of corneodesmo-
somes. J Invest Dermatol. 2010;130(2):500-510.

Miraglia del Giudice M, Decimo F, Leonardi S, et al. Inmune dysreg-
ulation in atopic dermatitis. Allergy Asthma Proc. 27(6):451-455.
Oyoshi MK, He R, Kumar L, Yoon J, Geha RS. Cellular and molecular
mechanisms in atopic dermatitis. Adv Immunol. 2009;102:135-226.

35.

36.

37.

38.

39.

40.

Koga C, Kabashima K, Shiraishi N, Kobayashi M, Tokura Y. Possible
pathogenic role of Th17 cells for atopic dermatitis. J Invest
Dermatol. 2008;128(11):2625-2630.

Suéarez-Farinas M, Dhingra N, Gittler J, et al. Intrinsic atopic der-
matitis shows similar TH2 and higher TH17 immune activation
compared with extrinsic atopic dermatitis. J Allergy Clin Immunol.
2013;132(2):361-370.

Noda S, Suérez-Farifias M, Ungar B, et al. The Asian atopic derma-
titis phenotype combines features of atopic dermatitis and pso-
riasis with increased TH17 polarization. J Allergy Clin Immunol.
2015;136(5):1254-1264.

Guttman-Yassky E, Bissonnette R, Ungar B, et al. Dupilumab
progressively improves systemic and cutaneous abnormalities in
atopic dermatitis patients. J Allergy Clin Immunol. 2018. https://
doi.org/10.1016/j.jaci.2018.08.022

Werfel T. Novel systemic drugs in treatment of atopic dermatitis:
results from phase Il and phase Il studies published in 2017/2018.
Curr Opin Allergy Clin Immunol. 2018;18(5):432-437.

Ruzicka T, Hanifin JM, Furue M, et al. Anti-interleukin-31 receptor A
antibody for atopic dermatitis. N Engl J Med. 2017;376(9):826-835.

How to cite this article: Tokura Y, Phadungsaksawasdi P, Ito

T. Atopic dermatitis as Th2 disease revisited. J Cutan Immunol
Allergy. 2018;1:158-164. https://doi.org/10.1002/cia2.12033



https://doi.org/10.1016/j.jaci.2018.08.022
https://doi.org/10.1016/j.jaci.2018.08.022
https://doi.org/10.1002/cia2.12033

