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Abstract

Key research advances in atopic dermatitis (AD) suggest the complexity of its
endotypes. A comprehensive serum biomarker panel revealed at least four types of AD.
Some represent classic TH2-dominant AD with filaggrin mutations commonly reported
in Europeans, a simultaneously activated multipolar axes of cytokines often reported in
Asians, and an intrinsic type characterized by TH2-inferiority. Innate lymphoid cells,
including NK cells, NKT cells, and fibroblasts, play a role in AD development and
heterogeneity. Here, we discuss the endotypes of AD from the perspective of antigen
types (hapten vs. protein antigens), barrier function, and a novel set of immune cells.
Endotypic stratification of AD may lead to the development of customized therapeutic
strategies in the future.

Keywords: atopic dermatitis; endotypes; haptens; protein antigens; ethnic differences;

innate immunity; acquired immunity

Abbreviations atopic dermatitis (AD); interleukin (IL)-4 receptor alpha (IL-4Ra); once
weekly (qw), every 2 weeks (q2w); severity scoring of atopic dermatitis (SCORAD);
eczema area severity index (EASI); dendritic cells (DCs); innate lymphoid cells (ILCs);
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD); 6-formylindolo[3,2-b]carbazole (FICZ);
Indolo-[3,2-b]-carbazole (ICZ); 3,3’-diindolylmethane (DIM); indole-3-carbinal (I3C);
indole-3-aldehyde (lAld); S aureus second immunoglobulin-binding protein (Sbi); dermal
dendritic cells (dermal DCs); periostin (POSTN)

1. Introduction — novel treatment targets and emerging complexity of AD
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Atopic dermatitis (AD) is one of the very common inflammatory skin diseases.®
Historical precursors of atopic dermatitis (AD) date back to a description of Emperor
Augustus documented by Roman historian Suetonius (A.D. 69-140).%° Fred Wise (1881-
1950) and Marion Sulzberger (1895-1983) introduced the term atopic dermatitis to
dermatology in 1933.1° This definition was based on atopy, a term coined by Arthur
Coca (1875-1959) and Robert Cooke (1880-1960) in 1923, when they recognized an
association between allergic rhinitis and asthma.® Understanding of AD has progressed
with the discovery of IgE and type 2 immune responses and has culminated in the
introduction of dupilumab, a humanized anti-human interleukin (IL)-4 receptor alpha (IL-
4Ra) monoclonal antibody.'! Further efforts is continued to target specific cytokines and
signaling pathways, such as IL-13, IL-22, IL-31 and its receptor A, IL-32y, IL-33, OX40,
Janus kinase inhibitors, SYK inhibitors, phosphodiesterase 4, miR-205-mediated
regulation of nuclear factor-kB (NF-kB), miR-335-mediated regulation of SOX6,

histamine H4 receptor, and mammalian target of rapamycin complex 2.12-24

The clinical course and responsiveness of patients show variation, indicating
heterogeneity in the mechanism of AD.8 ® 25 Such variation reflects the heterogeneity of
AD in terms of age, chronicity of disease, ethnicity, race, genetic background (presence
or absence of filaggrin mutation), barrier function, antigen properties (hapten and
protein), characteristics of engaged immune cells of innate and acquired immunity,
source of pruritus (IL-4, IL-13, IL-31, thymus and activation-regulated chemokine
[TARC]/C-C motif chemokine ligand 17 [CCL17], and thymus stromal lymphopoietin
[TLSPY)), cytokines (type 2-helper T cell [TH2], TH17, and TH22 cytokines, and IL-1pB),
and metabolic status such as obesity.? 2 2527 Scaffold protein such as caspase
recruitment domain family member (CARD) 11 and CARD14 are involved in AD-like
dermatitis.?®-20 |tching and skin barrier defect contribute to the onset of AD as well.17: 3%
41 Here, we have reviewed the evidence that indicates AD endotypes and have
discussed the underlying mechanisms that define these endotypes. Subtitles in each
section indicate the new findings reported in the Journal of Allergy and Clinical
Immunology between 2019 and 2020.
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2. Modifiers of cytokine axes —roles of TSLP and PGE:2

Various factors affect cytokine axes. A single application of hapten to sensitized
individuals induces TH1-dominant dermatitis in the form of contact hypersensitivity
(CHS) in mice (a model for human contact dermatitis).*? 3 Repeated applications of
hapten alter this major cytokine axis to TH2, causing AD-like inflammation in mice, such
as that mediated by IL-4 production in the draining lymph nodes and hapten-specific
IgG1 and IgE induction.*? 43 This is consistent with the concept of the "hapten-atopy
hypothesis," as discussed below.4* 45

IL-17A deficiency suppresses repeated hapten application-induced murine dermatitis.*6
Consistently, IL-17A deficiency attenuates spontaneous development of AD-like
dermatitis and IgE induction in flaky-tail mice (Flg®/ftm&/ma) 46 The major source of murine
IL-17A is Vy4* yd T cells in the skin-draining lymph nodes and Vy5  dermal yd T cells.*®
These cells may produce IL-17A in human AD, especially in the TH17-axis-activated

subgroup of Asian AD, which warrants further study.

Dectin-2 is another factor that presents an association between the TH2 and TH17
axes.*” TSLP catalyzes the activation of phosphorylated signal transducer and activator
of transcription 5 (pSTAT5) and aids the recruitment of TET2 (a protein converting 5-
methylcytosine to 5-hydroxymethylcytosine to induce DNA demethylation) to FCER1G
(the high-affinity IgE receptor y subunit gene). This leads to FCER1G demethylation and
upregulation of expression of FcRy-related receptors on human monocytes.4’
Monocyte-derived DCs in the presence of TSLP help maintain upregulation of
expression of FcRy-related receptors and support TH2/TH17 polarization in a dectin-2
dependent way in vitro.*” Such a mechanism may help explain the co-activation of the
TH2 and TH17 axes in a subgroup of AD.

Prostaglandin E2 (PGE-2) also affects AD as a negative regulator of dermatitis.*® 4°
Prostanoids are produced in AD lesions in addition to the keratinocyte-derived
cytokines, such as TSLP and IL-33.%8 Their functions were investigated in a mouse
model of AD.*® PGE:2 activity decreased TSLP levels by downregulating the surface

expression of protease-activated receptor 2 (PAR-2) via the receptor for PGE2 known
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as EP2.48 A complete understanding of the PGE-2 role in human AD warrants further

study.

These lines of evidence suggest that subtypes of AD are generated by different
contributions of cytokines, chemokines, and autacoids, including prostaglandins.

3. Heterogeneous cytokine profiles among AD patients — differences such as

IL-22 level among races

The efficacy of dupilumab has affirmed AD as an IL-4/IL-13-driven condition in
Caucasians, Asians, and African Americans.® A study analyzed datasets of two phase
3 trials with identical designs, namely LIBERTY AD SOLO 1 (NCT02277743) and
LIBERTY AD SOLO 2 (NCT02277769), consisting of two 16-week phase 3 studies in
adults with moderate-to-severe AD (n = 1,379) inadequately controlled with or
contraindicated for topical medications, randomized to dupilumab 300 mg once weekly
(gqw), every 2 weeks (g2w), or placebo.>! Dupilumab helped improve symptoms over
time versus marginal changes with placebo.>! Treatment with dupilumab qw, g2w, or
placebo helped achieve improvement from baseline of 250% in eczema area and
severity index (EASI-50) in 61%, 67%, or 23% of the participants.> This result implied
that 39% or 34% of the patients with qw- or g2w-dupilumab failed to achieve EASI-50 at
week 16, respectively. Therefore, the pathogenesis of AD remains unexplained with
sole consideration of IL-4/IL-13 signaling.® 52

Heterogeneity of AD has been reported among different racial groups according to
clinical, molecular, and genetic differences (Table 1).% 53-%° The healthy skin of people of
Caucasian, African, or Asian descent differs in epidermal gene expression, such as
NINL (Homo sapiens ninein-like) and S100A4 (S100 calcium-binding protein A4).7°
Such variation may affect the onset or features of AD.>* %5 71. 72 Eyropean American,
African American, and Asian AD cases present a common TH2-dominant cytokine

profile, while additional cytokine axes are differentially activated in these subgroups.>*
55, 63, 71, 72
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European American AD is characterized by a TH2-centered cytokine profile with a TH22
component with attenuated TH17 (Table 1).% 5355 The intralesional profiling of acute and
chronic dermatitis presents with differences.® Acute lesions exhibit increased levels of
terminal differentiation protein (S100As), TH2/TH22-cytokines (IL-4, IL-13, IL-31, and IL-
22), and lesser TH1-cytokines (IFN-y, MX1, IL-13, and CXCL9/CXCL10/CXCL11), while
chronic lesions exhibit strengthened expression of TH2-cytokines, elevated levels of
K16 and Ki67 (keratinocyte proliferation), increased expression of TH1-cytokines, IL-22,
and its associated products such as S100As and 1L-32.5°

Asian AD cases present with expansion of IL-17* T cells in the skin and blood (Table
1).%:53-65 The Asian AD endotype is characterized by stronger induction of markers for
TH17 (IL-17A, IL-19, CCL20), TH17/TH22 (S100A12), and TH22 (IL-22), along with
lower TH1 activation in comparison with European Americans.>® TH2 induction (IL-13,
CCL17, CCL18, CCL22) is similar between Asian and European American groups.’?
Serum analysis results indicate a TH2/TH22 profile with lower TH1/IFN-y.”% 72 Genomic
profiling reveals that Asian endotypes demonstrate a mixture of immune dysregulation
and barrier dysfunctions.5® %6 Skin samples obtained from Japanese and Korean
patients with AD show changes in epidermal thickness (psoriasiform phenotype). Han
Chinese with AD exhibit a similar phenotype to Japanese and Korean AD, and this
phenotype is characterized by increased epidermal hyperplasia, parakeratosis, and
MRNAs for TH2 (IL4, IL4R, IL13, IL5, IL10, IL31, CCL13/17/18/22/26), TH17/IL-23
(IL17F, IL19, IL21, CCL20, PI3 [peptidase inhibitor 3], DEFB4 [defensin 4), and
TH17/TH22 (IL22, S100As).% Severity scoring of atopic dermatitis (SCORAD)
correlates with 1L-31, IL-5, and IL-17A expression in Han Chinese, wherein the Chinese
AD phenotype is characterized by increased TH17 expression and lower levels of
TH1/IFN-y—related markers.> Accordingly, epidermal changes occurring in Asian AD
patients include increased hyperplastic (thickness and Ki67 counts), parakeratotic, and
focal hypogranulosis.®® However, the barrier protein loricrin (LOR) and filaggrin (FLG)
are maintained, unlike the features reported in European Americans.>® These findings
suggest different etiologies of AD among races, wherein epidermal differentiation

abnormalities are more significant in European American patients.
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African American AD is a condition elucidated via global molecular profiling (Table 1).°
53-65, 73 The magnitude of TH2/TH22 upregulation (CCL17/18/26, IL-22, and S100As) is
similar between African American and European American AD patients.>* A few TH2
markers (TSLP, IL-10, and CCL13) present with more upregulated expression in African
American AD compared to that reported in patients of European descent.>* Conversely,
African American patients exhibit lower expression of innate immunity markers (TNF, IL-
18), TH1 (IFN-y, MX1, and IL-12RB1), and TH17 (IL-23p19/IL-23A, IL-36y, and
CXCL1).%* Such TH2-dominancy in African Americans is underlined with (1) increased
infiltration of dendritic cells (DCs) with the high-affinity IgE receptor in comparison with
European American patients and (2) higher serum IgE levels in the African American
cohort.>* SCORAD correlates positively with serum IgE in the African American AD
group; however, such a correlation is not observed in the European American group.®
In terms of barrier proteins, African American patients present with downregulation of

loricrin (LOR) expression but not filaggrin (FLG).%*

A post hoc study of dupilumab indicates different responses among European, African
and Asian descendants.”® Three phase 3 trials (LIBERTY AD SOLO 1 (NCT02277743),
SOLO 2 (NCT02277769), and CHRONOS (NCT02260986)) include 2,058 patients
comprised of White (n = 1,429), Asian (n = 501), and Black/African American (n = 128).
Measured outcomes in this study were change from baseline to week 16 eczema area
severity index (EASI), weekly peak pruritus numerical rating scale (NRS), dermatology
life quality index (DLQI), patient-oriented eczema measure (POEM), investigator’s
global assessment (IGA), and pain or discomfort assessed by the European quality of
life-5 dimensions 3 level questions (EQ-5D-3L). Dupilumab was effective in all racial
subgroups as expected. In White and Asian subgroups, both dupilumab 300 mg g2w
and gw improved signs for atopic dermatitis (EASI, IGA), symptoms (POEM) including
itch (peak pruritus NRS) and pain and discomfort (EQ-5D-3L), and quality of life (DLQI)
at week 16. In Black/African American patients both regimens led to improvement in the
EASI and mean change in peak pruritus NRS, while only dupilumab 300 mg gw showed
improvement in mean percent change in peak pruritus NRS, POEM, and proportions of
patients achieving the IGA success. Weight-adjusted analyses were consistent with

these findings. This finding again suggests the presence of unappreciated heterogeneity
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in the underlying mechanism for each symptom of AD.

In summary, European descendants demonstrate defects in LOR and FLG with a
dominance of TH2/TH22. Asians tend to experience additional activation of TH1/TH17-
cytokine axes with less involvement of LOR and FLG. Africans present with less
involvement of TH1/TH17 with barrier defects only in the LOR.

4. AD clusters defined by serum biomarkers — IL-32y and miR-205

Biomarkers are keystones to understand the mechanism of AD and establishing new
treatments.”® IL31, IL-32y (an isotype of inflammatory cytokine 1L-32), IL-33, and miR-
205 microRNA are increased in serum of AD patients.?? IL-32y inhibits the expression of
miR-205 microRNA probably via an inhibition of NF-kB activation.?® As IL-32y
suppresses AD-like dermatitis in mouse models, it can be a therapeutic target as well.?3

Analysis of 143 serum biomarkers obtained from 146 patients with severe AD (median
EASI 28) has helped identify four clusters (Figure 1) recently.”® Cluster A (34%, median
EASI 28) distinguishes a skin-homing chemokine/IL-1R1-dominant cluster. Cluster B
(18%, median EASI 25) is TH1/TH2/TH17-dominant. Cluster C (18%, median EASI 38)
is TH2/TH22/PARC-dominant. Cluster D (30%, median EASI 27) is TH2/eosinophil-
inferior. This result confirms the immunological heterogeneity of AD. Cluster A is distinct
from others because of higher levels of C-C chemokines (cutaneous T cell-attracting
chemokine [CTACK]/CCL27, thymus, and TARC/CCL17, macrophage-derived
chemokine [MDC]/CCL22, and regulated upon activation, normal T cell expressed and
presumably secreted [RANTES]/CCL5) and IL-1R1. Cluster A comprised a higher
proportion of patients treated with systemic immunosuppressants (excluding systemic
corticosteroids) within a year before sampling (37% in cluster A vs. 18% in cluster B,
11% in cluster C, and 16% in cluster D). The effect of these immunosuppressants on
the formation of cluster A is unknown. Cluster B is characterized by an inflammatory
state with the highest levels of TH2-related cytokines (IL-4, IL-5, and IL-13), TH1-related
(IFN-y, TNF-a, and TNF-B), TH17 related (IL-17 and IL-21), and epithelial-related (IL-25,
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IL-33, and TSLP) cytokines. TH1/TH2/TH17-dominance of cluster B is similar to that
observed in East Asians with AD.® %6 Cluster C is enriched in patients with higher
severity scores (median EASI = 37.8) and high levels of TH2-related cytokines (PARC,
IL-13, IL-5, eotaxins), IL-22, and IL-33. Cluster C may include patients with elevated IL-
22 levels, a condition which can be ameliorated by considering conduction of
fezakinumab-mediated IL-22 blockade.>? Cluster D exhibited a low inflammatory state
with low serum levels of TH2/severity-related (MDC, PARC, and TARC) and eosinophil-
related (RANTES, eotaxins) markers. The inferior features of TH2 cytokines and

eosinophils are similar to the features of the intrinsic type of AD.”: 8 27

5. The mode of antigen invasion and antigen properties revisited — p-

phenylenediamine (PPD)-mediated transcriptomic changes in human skin

The repeated application of hapten induces AD-like dermatitis in mice.25 42 43.77-80 |n
this model, a shift from a TH1- to TH2-response occurs with elevated IL-4 expression,
cutaneous infiltration of eosinophils, and elevated levels of hapten-specific serum IgE.*2
This concept is proposed as the "hapten-atopy hypothesis" .” 44 45 Consistently, contact
sensitization is a frequent occurrence in patients with AD.8! The identity of cells that
mediate the shift of local immunity from TH1 dominance to TH2 dominance is debated.
Basophils are one such candidate that express MHC class Il and IL-4 in the draining

lymph nodes (Figure 2).82

On skin barrier defects, macromolecules (proteins) permeate through the tight junction
and are captured by Langerhans cells (Figure 2). Epicutaneous application of ovalbumin
(OVA) elevates serum OVA-specific IgE and IgG1 levels in a TH2-dependent manner
and induces dermal infiltration of T cells, eosinophils, and neutrophils, and increases the

local expression of IL4, IL5, and Ifng.83

Thus, bifurcation of inflammation type depends on the properties of antigens, such as
the size and integrity of the skin barrier condition. This may help explain the mechanism



250 of intrinsic and extrinsic AD.”: 2’ Molecular phenotypes of these types are described in
251  European American patients (Table 1).27: % The extrinsic phenotype accounts for 80%
252  of the AD cases with high total and environmental serum levels of IgE, eosinophilia,
253  family history of atopic disease, and an increased rate of FLG mutation.?”: %8 The

254 intrinsic phenotype accounting for 20% exhibits normal IgE levels, female

255 predominance, preserved barrier function based on transepidermal water loss, and

256 increased contact hypersensitivity to metal; however, these patients usually lack an
257  atopic background or FLG mutation.?” TH2 induction is similar between these

258 endotypes.?’: 8 However, the intrinsic type represents increases in TH1 (IFN-y,

259 CXCL9/10, and MX1) and TH17/TH22 (IL-17A, CCL20, PI3, and IL-22) products

260 together with S100A9/12 (regulated by IL-17 and IL-22).2": %8 Regarding SCORAD, TH1-
261 and TH17-related cytokines positively correlate in intrinsic AD, whereas in extrinsic AD,
262  only correlation with TH2 cytokines (IL-4 and IL-5) is noted.%® Blood IFN-y-producing
263  TH1 level is increased in intrinsic type (IgE-low AD group).8* These features of intrinsic
264  and extrinsic endotypes match the experimental findings in mouse models.”: 27: 42 43, 58,
265 83, 85

266  The effect of p-phenylenediamine (PPD) on primed and unprimed huma skin has been
267 analyzed on a molecular level.®% PPD is a strong contact allergen used in hair dye that
268 is known to cause allergic contact dermatitis (ACD). Biopsied skin samples were

269  collected from 4 patients with mild and 5 patients with severe PPD-related ACD and 7
270 hairdressers without contact dermatitis on day 4 after patch testing with 1% PPD in

271  petrolatum.8® RNA sequencing and transcriptomics analyses were performed and

272 confirmed by using quantitative RT-PCR.2% Protein expression was confirmed in skin
273  from 4 hairdressers and 1 patient with ACD by using immunofluorescence staining.
274  Claudin-1 (CLDN1), CLDNS8, CLDN11, CXADR-like membrane protein (CLMP), occludin
275 (OCLN), membrane-associated guanylate kinase inverted 1 (MAGI1), and MAGI2

276  mRNA expression was downregulated in patients with severe ACD. CLDN1 and CLMP
277  expression were downregulated in nonresponding hairdressers and patients with mild
278 ACD. FLG1, FLG2, and LOR expression were downregulated in patients with ACD.
279  Confocal microscopic images showed downregulation of CLDN-1, FLG-1, and FLG-2

280  expression. In contrast, 3-dimensional skin cultures showed upregulation of FLG-1 in
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response to PPD but downregulation of FLG-2. This study has shown that PPD-
exposed skin is associated with extensive transcriptomic changes, including
downregulation of tight junction and stratum corneum proteins, even in the absence of
clinical symptoms. Therefore, the net effect of hapten and antigen may vary depending
on the severity of the disease in ACD. Further study is needed to validate the effect of

PPD in intrinsic and extrinsic AD patients.

6. Role of new players in AD pathogenesis as modifiers of the cytokine

microenvironment — the role of inflammatory fibroblasts and ILC2

Recent advances in experimental techniques have enabled the analysis of minor
populations on a per-cell basis. Innate lymphoid cells (ILCs), minor lymphocytes, and
fibroblasts have been suggested to play a role in AD development (Figure 3).

Innate immune cells are composed of granulocytes, macrophages, innate like T cells,
and three groups of ILC (Table 2).87:88.90-98 |n particular, ILC2 and basophils have been
regarded as a source of type 2 cytokines in AD lesion.> 53 83,87.89-93 Additionally,
cytokines classified as alarmins induce the expression of type 2 cytokines in AD lesions
in an antigen-independent manner.®> Type 2 cytokines derived from activated ILC2
cause skin barrier disruption, which subsequently allows the entry of various antigens
into the skin, leading to the induction of antigen-specific effector TH2 cells in the skin-
draining lymph nodes.®> These effector TH2 cells present with accumulation in skin
lesions and are activated by antigens or alarmins (such as IL-1, IL-18, and IL-33),
thereby further amplifying inflammation.® Therefore, the conventional perspective of AD

pathology as a disease of acquired immunity presents with certain challenges.

ILC2 may not simply augment the TH2-cytokine axis. A per-cell basis study conducted
on AD skin lesions revealed an unexpected complexity of the phenotype of ILC2.°° ILC2
is present at a markedly lower frequency than T cells.®® However, ILC2 has been found
at increased levels in AD lesions compared with healthy control skin.8 Keratinocytes in
AD lesions produce IL-25 that activates ILC2.°° Activated ILC2 produce IL-13 production
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at sites of allergic skin inflammation in a murine model.®® Analysis of skin punch
biopsies obtained from AD or healthy individuals revealed that the majority of cutaneous
ILC belonged to a CRTH2* subset residing in the upper skin layers.1% Single-cell RNA
sequencing helped identify that cutaneous ILCs were predominantly ILC2.1%°, However,
such ILC2 seem protean because they co-express GATA3, AHR, and RORC in the
inflammatory environment of AD skin lesions.1%° GATA3 endows these lymphocytes
with the capability to produce type 2 cytokines.'%* RORC is the master transcription
factor for ILC3, and TH17/TH22.191 AHR encodes an aryl hydrocarbon receptor. AHR
recognizes xenobiotics, chemical compounds not naturally produced within the
organisms (drugs, pesticides, and carcinogens).1%2-1%4 |n response to such ligands, AHR
functions as a critical transcription factor for the production of IL-22 in the ILC3 and
TH17/TH22 subset.'%* Such multivalent expression of transcription factors in a single

ILC2 may explain the presence of activated TH17/TH22-cytokine axes in AD lesions.

Another possible role of ILC2 is in IL-10-mediated inhibition. In a retrospective, double-
blind, placebo-controlled trial study, ILC2 has been found to produce IL-10 in patients
who received grass-pollen sublingual immunotherapy.1® Such inhibitory ILC2s express
KLRG1 and produce IL-10 upon activation with I1L-33 and retinoic acid.% Inhibitory ILC2
attenuates T cell responses and helps maintain nasal epithelial cell integrity in vitro.19°
However, whether this mechanism plays a role in AD is an aspect that warrants further
study. Modification of the retinol metabolic pathway, cytokine-cytokine receptor
interaction, and JAK-STAT signaling pathways in ILC2 may be deemed novel strategies

for treating or preventing AD via allergen immunotherapy.

AHR is a key molecule in AD that helps modify the cytokine environment of the skin in
response to haptens, foreign antigens, and cutaneous microbial metabolites. AHR is
expressed by various cells such as epithelial cells, DCs, lymphocytes, ILC3, and
CRTH2* KLRG1* ILC2 (described above).199: 106 The effect of AHR is situation-
dependent.1° AHR demonstrates the function of recognition of xenobiotic molecules.
The typical xenobiotic ligands include 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).102 103
TCDD plays immunosuppressive roles by inducing regulatory T cells (Tregs) and by
inhibiting TH1, TH2, and TH17 differentiation.'°® Endogenous and physiological AHR
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ligands are generated by cells, microbiota, or dietary sources, and exert effects on
lymphocyte development and function.'®* The high-affinity AHR ligand 6-
formylindolo[3,2-b]carbazole (FICZ) is an ultraviolet photoproduct of L-tryptophan.%
FICZ is also generated via other metabolic pathways, including enzymatic deamination
of tryptamine and oxidation of tryptophan by intracellular oxidants.'%” FICZ promotes
TH17 differentiation and increases the numbers of gut ILC3 in an AHR-dependent
way.1%4 Indolo-[3,2-b]-carbazole (ICZ) is another high-affinity ligand generated with 3,3’-
diindolylmethane from indole-3-carbinal (I3C) under acidic conditions in the stomach.1%4
I3C is enzymatically generated from L-tryptophan-derived glucosinolate present in
cruciferous vegetables.'%* An AHR agonist, kynurenine, is a tryptophan metabolite
generated by the activity of the enzymes indoleamine 2,3-dioxygenase (IDO) and
tryptophan 2,3-dioxygenase (TDO).1%4 IDO is induced by AHR.1%4 The effect of activated
AHR differs depending on the environment as represented by FICZ and kynurenine.1%8
Kynurenine promotes TGFB-induced Treg differentiation, whereas FICZ demonstrates
an inhibitory function.1® FICZ and TCDD affect lineage specification of TH17 and Treg
via different mechanisms.1% Additionally, microbe-derived molecules function to activate
AHR. The cutaneous commensal yeast Malassezia metabolizes tryptophan to several
AHR ligands, including FICZ and ICZ.11° Therefore, AHR plays a multifaceted role in
dermatitis. Understanding the role of AHR may lead to the formulation of a novel
treatment regimen for AD.

NK cells play roles in AD. Although NK cells belong to ILC1, several differences exist
between NK cells and other ILC1 cells.?” 88 NK cells are cytotoxic, whereas other ILC1
cells are not.2 The development and maintenance of NK cells and other ILC1 depend
on IL-15 and IL-7, respectively.®”- 88 The role of NK cells in AD has been reported. !t 112
The lesions of chronic AD, Asian AD, and intrinsic AD contain TH1 and TC1, which
further aid the production of IFN-y. Although the exact role of such TH2-counteracting
cytokines remains unknown, a study has proposed the presence of an endogenous
mechanism that helps maintain cutaneous immune homeostasis via functions of NK
cells. 1. 112 NK cells promote antiviral immunity through cytotoxic activity and the
production of IFN-y. The authors observed decreased levels of peripheral blood NK
cells and altered composition of NK cell subsets, characterized by a reduction of mature
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CD569™ CD57* NK cells.'! This subset of NK cells produced substantial amounts of
IFN-y in a high proportion of an adult patient cohort with moderate-to-severe AD.'!!
Activated NK cells were found to be enriched in lesional AD skin biopsies.''! These data
implied that the features of low blood NK cell numbers could be considered to be of a
certain diagnostic value and could be used to effectively distinguish AD from chronic

pruritus of unknown origin.11?

Natural killer T (NKT) cells are recognized as unconventional T cells that bridge innate
and adaptive immunity. Histologically, AD is characterized by dermal infiltration of
adaptive immune cells and innate immune cells (eosinophils, mast cells, and invariant
NKT cells).11® NKT cells promote survival and maturation of DCs in the draining LNs in
the sensitization phase of the CHS model in mice.!'# The CHS response is attenuated
in Cd1d1¢") and Traj18¢-) BALB/c mice in which NKT cells are absent.!'1: 112 |n patients
with AD, expression levels of CXCR4 and its ligand CXCL12 were upregulated in the
skin as evidenced by global transcriptomic and proteomic analyses.*®> Accordingly,
CXCR4* NKT cells were observed to be enriched in AD skin.''> Skin fibroblasts were
the main source of CXCL12.1*° This line of evidence suggested NKT as another

modifier of the pathogenesis of AD.

Fibroblasts or fibroblast-like cells play a role in several inflammatory diseases.16-118
Single-cell RNA sequencing of skin biopsy specimens derived from five patients with AD
(four lesional samples and five nonlesional samples) and seven healthy control subjects
was performed, and unique populations of fibroblasts were identified.'1° A
COLBA5*COL18A1"* subpopulation was found to be unique to lesional AD and
expressed CCL2 and CCL19. A corresponding LAMP3* DC population expressing the
CCL19 receptor CCR7 was also observed to be unique to AD lesions. These findings
illustrated a potential role for fibroblast signaling in immune cells. The lesional AD
samples were characterized by the expansion of inflammatory DCs (CD1A* and
FCER1A") and tissue-resident memory T cells (CD69* and CD103%). A unique
inflammatory fibroblast may establish interactions with immune cells to regulate

lymphoid cell organization and type 2 inflammation.®



399

400
401

402
403
404
405
406
407
408
409

410
411
412
413
414
415
416
417
418
419
420
421

422
423
424
425
426
427

7. Comorbidities and endotypes of AD — association with cardiovascular

diseases

In addition to immune cells, comorbidities and metabolic states may affect the formation
of endotypes of AD.*20-122 |ncreasing AD severity is associated with increased risk of
cardiovascular outcomes.'?° Obesity may affect the severity of AD.'>® A meta-analysis
involving 33 published studies on the association between obesity and AD showed an
odds ratio of 1.19 (95% confidence interval [CI] = 0.95-1.49) in adults (n = 1,400,679)
and 1.20 (95% CI = 1.11-1.30) in children (n = 796,514).1%° These findings indicate that
the adipocyte-keratinocyte cross-talk or metabolic status may be considered in the

development of a future AD treatment strategy.'?3

The prevalence of metabolic syndrome and its components was evaluated in another
large group of patients with AD compared to a matched reference group.*?* This was a
cross-sectional study involving AD patients diagnosed by a dermatologist between 1998
and 2016, and a matched comparison group.'?* The association between AD and
metabolic syndrome, its components, and possible complications for the entire study
population, including 116,812 comparison adults (age > 18) and 116,816 adults with
moderate-to-severe AD, were analyzed.'?* AD in the entire group of patients and the
adult patients was associated with a higher prevalence of dyslipidemia and a lower
prevalence of diabetes and metabolic syndrome.*?* Moderate and severe AD cases
were associated with higher prevalence rates of metabolic syndrome (17.0% vs. 9.4%),
its components (obesity: 22.2% vs. 18.6%; diabetes: 15.9% vs. 9.2%; hypertension:
27.9% vs. 15.3%; dyslipidemia: 47.1% vs. 28.5%) and cardiovascular morbidity.24

However, another systematic review indicates inconsistency, especially concerning the
association between AD and hypertension; a positive association between AD and
hypertension was reported in six out of the eleven included studies.'?® 126 An inverse
association was found in three studies, and no association was noted in two studies.*?>
126 A potential confounding factor that might be partially responsible for such

inconsistency was related to the criteria used for defining metabolic syndrome and
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hypertension in the studies.'?® Further evaluation will be necessary to understand the

association between AD and metabolic syndrome comprehensively.

8. Aging and AD - evolving T cell subsets with aging

Aging is another factor that result in modification of the molecular phenotype of AD
(Figure 4).12” Rates of self-reported AD remain high after childhood, and adult-onset AD
has different risk factor associations.’”® Pathologic T cell subsets also evolve with
aging.®® A comparison using flow cytometry was performed for elucidating immune
activation and cytokine polarization in the blood of 0-5-year-old (n = 39), 6-11-year-old
(n =26), 12-17-year-old (n = 21), and 18-year-old or older (n = 43) patients with AD
versus age-matched control subjects.®® CLA* TH1 frequencies were lower in infants with
AD than those in all older patients (P < .01).%° The frequencies of CLA* TH2 T cells
increased across all AD age groups compared with the control subjects (P < 0.05).%°
After infancy, CLA" TH2 frequencies were increased in patients with AD in all age
groups, suggesting systemic immune activation with disease chronicity.° IL-22
frequencies serially increased from normal levels in infants to highly significant levels in
adolescents and adults compared with the respective control subjects (P < 0.01).%° The
adult AD phenotype is achieved only in adulthood. Unique cytokine signatures
characterizing individual pediatric endotypes may be countered via age-specific
therapies.

Cytokine profiles continue to undergo alterations in mature adults in an age-specific
manner (Figure 5). A study evaluated age-specific changes in lesional and nonlesional
tissues and blood derived from patients with moderate-to-severe AD (n = 246) and age-
matched control subjects (n = 71) (Figure 5).1?” Disease severity/SCORAD scores were
similar across AD age groups.'?’ Infiltration of CD1b* or FceRI* DCs decreased with
age.'?” TH2 levels (IL5, IL13, CCL13, CCL18, and CCL26) decreased with age in
patients with AD, despite increasing in the control group.'?” Serum IgE levels and
eosinophil counts were negatively correlated with age in patients with AD.27 |L22

expression levels also decreased with age in AD patients.?” Expression of TH1-related



457  (IFNG, 1L12/23p40, STAT1, and CXCL9) and TH17-related (IL17A and IL20) markers
458 increased with age in both AD patients and control subjects.*?” The expression of

459  keratinocyte terminal differentiation markers increased in older AD patients (LOR and
460 FLG).*?’ In contrast, the expression of S100A8 and hyperplasia markers (epidermal
461  thickness, keratin 16, and Ki67) decreased.?” Serum trends in AD mimicked trends
462  observed in skin, with the exhibition of TH2 downregulation (CCL26; r = -0.32, P <0.1)
463  and TH1 upregulation (IFNy; r = 0.48, P < 0.01) with age.*?” Therefore, the adult AD
464  profile varied with age. Although TH1/TH17 skewing increases in both patients with AD
465 and control subjects, patients with AD demonstrate unique decreases in TH2/TH22
466  polarization and normalization of epithelial abnormalities. Thus, age-specific treatment

467  approaches may be beneficial for AD.

468
469 9. The microbiome and AD — a link between TSLP and microbe-derived
470 tryptophan metabolites

471  The skin microbiota can contribute to AD pathogenesis.?® 128137 |n one study, 30% of
472  the patients with AD experienced bacterial or viral infection, whereas this complication
473  occurred in only 7% of the patients with psoriasis.3 Skin lesions in >90% of the

474  patients with AD were reportedly colonized with Staphylococcus aureus, and the density
475  of S. aureus was associated with AD severity in other studies.3 1490 DNA/RNA-

476  sequencing technologies have revealed that the skin microbiota changes as dermatitis
477  worsens.**! Therefore, alteration of the cutaneous microbiota (dysbiosis) can affect the
478  course of AD in a manner analogous with gut microbiota alteration-associated

479  exacerbations reported in inflammatory bowel diseases.*' However, the mechanism by
480 which dysbiosis affects the integrity of the skin resulting in dermatitis remains unclear.

481  Such a phenomenon of dysbiosis-mediated dermatitis may be explained by considering
482  a tryptophan metabolite of the skin microbiota.'*? A study was conducted on tryptophan
483  metabolites on the skin surfaces of patients with AD.'#? Skin surface metabolites were
484  collected using the gel-patch method.'#?2 Samples were assessed using liquid

485  chromatography-tandem mass spectrometry (LC-MS/MS).142 Major microbial
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metabolites of tryptophan were detected on the skin surfaces of healthy subjects.'*? The
level of indole-3-aldehyde (IAld), an indole derivative of tryptophan catabolism, was
lower in the lesional and nonlesional skin of patients with AD than that reported in
healthy subjects.4? 1Ald significantly attenuated skin inflammation in mice with MC903-
induced AD-like dermatitis, and this effect was blocked by an AHR antagonist and
abolished in AHR-null mice.**? Furthermore, IAld was found to inhibit the MC903-
induced expression of TSLP in keratinocytes in vivo and in vitro, and the mechanism
was mediated by the binding of AHR to the TSLP promoter.'#? The mechanism how

AHR-expressing immune cells (ILC and TH17/TH22) are involved awaits further study.

Another factor in AD development is the toxins produced by the microbes on the skin. S
aureus second immunoglobulin-binding protein (Sbi) has been proposed to drive AD via
IL-33.243 An in vitro human keratinocyte cell culture, ex vivo human skin organ explants,
and the eczema-prone Nishiki-nezumi Cinnamon strain mouse were used as model
systems. A mutant strain with Shi confirmed its ability to induce the rapid release of
constitutive IL-33 from human keratinocytes, independent of the Toll-like receptor
pathway.'*? Its ability could be related to the disruption of corneodesmosin, a
component of corneodesmosomes that form key intercellular adhesive structures in the
stratum corneum.'*® These lines of evidence indicate that dysbiosis of skin microbes

also affects the phenotype of AD.

10.Conclusions

AD presents with a substantial socioeconomic burden in every country. Recent
pathogenic discoveries have revealed that AD is composed of unexpectedly complex
endotypes. Although TH2 axis activation characterizes the inflammation of AD, other
cytokine axes are also activated and may possibly modify the course of the disease.
The relative contributions of each cytokine axis in driving different endophenotypes are
being investigated. Future clinical trials may help stratify patients based on their
endotypes before treatment. Such efforts will result in the establishment of better

optimized therapeutic protocols for each patient with AD.



515



516
517

518
519
520
521

522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560

References

10.

11.

Davidson WF, Leung DYM, Beck LA, Berin CM, Boguniewicz M, Busse WW, et
al. Report from the National Institute of Allergy and Infectious Diseases workshop
on "Atopic dermatitis and the atopic march: Mechanisms and interventions”. J
Allergy Clin Immunol 2019; 143:894-913.

Eyerich K, Brown SJ, Perez White BE, Tanaka RJ, Bissonette R, Dhar S, et al.
Human and computational models of atopic dermatitis: A review and
perspectives by an expert panel of the International Eczema Council. J Allergy
Clin Immunol 2019; 143:36-45.

Paller AS, Spergel JM, Mina-Osorio P, Irvine AD. The atopic march and atopic
multimorbidity: Many trajectories, many pathways. J Allergy Clin Immunol 2019;
143:46-55.

Boothby IC, Gonzalez JR, Scharschmidt TC. Atlas of atopic dermatitis. J Allergy
Clin Immunol 2020; 145:1558-9.

Honda T, Kabashima K. Reconciling innate and acquired immunity in atopic
dermatitis. J Allergy Clin Immunol 2020; 145:1136-7.

Hijnen DJ. Shifting paradigms in the immunology of atopic dermatitis. J Allergy
Clin Immunol 2020; 145:1360-2.

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

Nomura T, Honda T, Kabashima K. Multipolarity of cytokine axes in the
pathogenesis of atopic dermatitis in terms of age, race, species, disease stage
and biomarkers. Int Immunol 2018; 30:419-28.

Nomura T, Wu J, Kabashima K, Guttman-Yassky E. Endophenotypic Variations
of Atopic Dermatitis by Age, Race, and Ethnicity. J Allergy Clin Immunol Pract
2020; 8:1840-52.

Kramer ON, Strom MA, Ladizinski B, Lio PA. The history of atopic dermatitis. Clin
Dermatol 2017; 35:344-8.

Guttman-Yassky E, Bissonnette R, Ungar B, Suarez-Farinas M, Ardeleanu M,
Esaki H, et al. Dupilumab progressively improves systemic and cutaneous



561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

abnormalities in patients with atopic dermatitis. J Allergy Clin Immunol 2019;
143:155-72.

Guttman-Yassky E, Pavel AB, Zhou L, Estrada YD, Zhang N, Xu H, et al. GBR
830, an anti-OX40, improves skin gene signatures and clinical scores in patients
with atopic dermatitis. J Allergy Clin Immunol 2019; 144:482-93 e7.

Pavel AB, Song T, Kim HJ, Del Duca E, Krueger JG, Dubin C, et al. Oral Janus
kinase/SYK inhibition (ASN002) suppresses inflammation and improves
epidermal barrier markers in patients with atopic dermatitis. J Allergy Clin
Immunol 2019; 144:1011-24.

Werfel T, Layton G, Yeadon M, Whitlock L, Osterloh I, Jimenez P, et al. Efficacy
and safety of the histamine H4 receptor antagonist ZPL-3893787 in patients with
atopic dermatitis. J Allergy Clin Immunol 2019; 143:1830-7 e4.

Wollenberg A, Howell MD, Guttman-Yassky E, Silverberg JI, Kell C, Ranade K,
et al. Treatment of atopic dermatitis with tralokinumab, an anti-IL-13 mAb. J
Allergy Clin Immunol 2019; 143:135-41.

Bieber T. Leveraging the nice face of Janus kinase inhibition-ruxolitinib cream in
atopic dermatitis. J Allergy Clin Immunol 2020; 145:489-90.

Ding X, Willenborg S, Bloch W, Wickstrom SA, Wagle P, Brodesser S, et al.
Epidermal mammalian target of rapamycin complex 2 controls lipid synthesis and
filaggrin processing in epidermal barrier formation. J Allergy Clin Immunol 2020;
145:283-300 e8.

Guttman-Yassky E, Thaci D, Pangan AL, Hong HC, Papp KA, Reich K, et al.
Upadacitinib in adults with moderate to severe atopic dermatitis: 16-week results
from a randomized, placebo-controlled trial. J Allergy Clin Immunol 2020;
145:877-84.

Kim BS, Howell MD, Sun K, Papp K, Nasir A, Kuligowski ME, et al. Treatment of
atopic dermatitis with ruxolitinib cream (JAK1/JAK2 inhibitor) or triamcinolone
cream. J Allergy Clin Immunol 2020; 145:572-82.

Liew WC, Sundaram GM, Quah S, Lum GG, Tan JSL, Ramalingam R, et al.
Belinostat resolves skin barrier defects in atopic dermatitis by targeting the
dysregulated miR-335:SOX6 axis. J Allergy Clin Immunol 2020; 146:606-20 el12.

Silverberg JI, Pinter A, Pulka G, Poulin Y, Bouaziz JD, Wollenberg A, et al.
Phase 2B randomized study of nemolizumab in adults with moderate-to-severe
atopic dermatitis and severe pruritus. J Allergy Clin Immunol 2020; 145:173-82.



606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bissonnette R, Pavel AB, Diaz A, Werth JL, Zang C, Vranic I, et al. Crisaborole
and atopic dermatitis skin biomarkers: An intrapatient randomized trial. J Allergy
Clin Immunol 2019; 144:1274-89.

Lee YS, Han SB, Ham HJ, Park JH, Lee JS, Hwang DY, et al. IL-32gamma
suppressed atopic dermatitis through inhibition of miR-205 expression via
inactivation of nuclear factor-kappa B. J Allergy Clin Immunol 2020; 146:156-68.

Holgado A, Braun H, Van Nuffel E, Detry S, Schuijs MJ, Deswarte K, et al. IL-
33trap is a novel IL-33-neutralizing biologic that inhibits allergic airway
inflammation. J Allergy Clin Immunol 2019; 144:204-15.

Kabashima K, Nomura T. Revisiting murine models for atopic dermatitis and
psoriasis with multipolar cytokine axes. Curr Opin Immunol 2017; 48:99-107.

Shalom G, Kridin K, Cohen AD. Clinical criteria and sensitivity - what should be
preferred when we tackle highly conflicting issues Response to '‘Metabolic
syndrome and atopic dermatitis: reconsidering the definition criteria’. J Eur Acad
Dermatol Venereol 2020; 34:e131.

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

Dorjbal B, Stinson JR, Ma CA, Weinreich MA, Miraghazadeh B, Hartberger JM,
et al. Hypomorphic caspase activation and recruitment domain 11 (CARD11)
mutations associated with diverse immunologic phenotypes with or without atopic
disease. J Allergy Clin Immunol 2019; 143:1482-95.

Murase Y, Takeichi T, Akiyama M. Aberrant CARD14 function might cause
defective barrier formation. J Allergy Clin Immunol 2019; 143:1656-7.

Peled A, Sarig O, Sun G, Samuelov L, Ma CA, Zhang Y, et al. Loss-of-function
mutations in caspase recruitment domain-containing protein 14 (CARD14) are
associated with a severe variant of atopic dermatitis. J Allergy Clin Immunol
2019; 143:173-81 el0.

Elias MS, Wright SC, Remenyi J, Abbott JC, Bray SE, Cole C, et al. EMSY
expression affects multiple components of the skin barrier with relevance to
atopic dermatitis. J Allergy Clin Immunol 2019; 144:470-81.

Hashimoto T, Yosipovitch G. Itching as a systemic disease. J Allergy Clin
Immunol 2019; 144:375-80.

Malik K, He H, Huynh TN, Tran G, Mueller K, Doytcheva K, et al. Ichthyosis
molecular fingerprinting shows profound TH17 skewing and a unique barrier
genomic signature. J Allergy Clin Immunol 2019; 143:604-18.



652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Sakata D, Uruno T, Matsubara K, Andoh T, Yamamura K, Magoshi Y, et al.
Selective role of neurokinin B in IL-31-induced itch response in mice. J Allergy
Clin Immunol 2019; 144:1130-3 e8.

Shiratori-Hayashi M, Hasegawa A, Toyonaga H, Andoh T, Nakahara T, Kido-
Nakahara M, et al. Role of P2X3 receptors in scratching behavior in mouse
models. J Allergy Clin Immunol 2019; 143:1252-4 e8.

Shiratori-Hayashi M, Yamaguchi C, Eguchi K, Shiraishi Y, Kohno K, Mikoshiba K,
et al. Astrocytic STAT3 activation and chronic itch require IP3R1/TRPC-
dependent Ca(2+) signals in mice. J Allergy Clin Immunol 2021; 147:1341-53.

Yang JM, Koh HY, Moon SY, Yoo IK, Ha EK, You S, et al. Allergic disorders and
susceptibility to and severity of COVID-19: A nationwide cohort study. J Allergy
Clin Immunol 2020; 146:790-8.

Celebi Sozener Z, Cevhertas L, Nadeau K, Akdis M, Akdis CA. Environmental
factors in epithelial barrier dysfunction. J Allergy Clin Immunol 2020; 145:1517-
28.

Glickman JW, Dubin C, Han J, Dahabreh D, Garcet S, Krueger JG, et al.
Comparing cutaneous molecular improvement with different treatments in atopic
dermatitis patients. J Allergy Clin Immunol 2020; 145:1285-8.

Leung DYM, Berdyshev E, Goleva E. Cutaneous barrier dysfunction in allergic
diseases. J Allergy Clin Immunol 2020; 145:1485-97.

Matsumoto K, likura K, Morita H, Saito H. Barrier dysfunction in the atopic march-
how does atopic dermatitis lead to asthma in children? J Allergy Clin Immunol
2020; 145:1551-3.

Kitagaki H, Fujisawa S, Watanabe K, Hayakawa K, Shiohara T. Immediate-type
hypersensitivity response followed by a late reaction is induced by repeated
epicutaneous application of contact sensitizing agents in mice. J Invest Dermatol
1995; 105:749-55.

Kitagaki H, Ono N, Hayakawa K, Kitazawa T, Watanabe K, Shiohara T.
Repeated elicitation of contact hypersensitivity induces a shift in cutaneous
cytokine milieu from a T helper cell type 1 to a T helper cell type 2 profile. J
Immunol 1997; 159:2484-91.

McFadden JP, White JM, Basketter DA, Kimber I. Does hapten exposure
predispose to atopic disease? The hapten-atopy hypothesis. Trends Immunol
2009; 30:67-74.



698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

McFadden JP, Dearman RJ, White JM, Basketter DA, Kimber I. The Hapten-
Atopy hypothesis II: the ‘cutaneous hapten paradox'. Clin Exp Allergy 2011,
41:327-37.

Nakajima S, Kitoh A, Egawa G, Natsuaki Y, Nakamizo S, Moniaga CS, et al. IL-
17A as an inducer for Th2 immune responses in murine atopic dermatitis models.
J Invest Dermatol 2014; 134:2122-30.

Liang Y, Yu B, Chen J, Wu H, Xu Y, Yang B, et al. Thymic stromal lymphopoietin
epigenetically upregulates Fc receptor gamma subunit-related receptors on
antigen-presenting cells and induces TH2/TH17 polarization through dectin-2. J
Allergy Clin Immunol 2019; 144:1025-35 e7.

Sawada Y, Honda T, Nakamizo S, Nakajima S, Nonomura Y, Otsuka A, et al.
Prostaglandin E2 (PGE2)-EP2 signaling negatively regulates murine atopic
dermatitis-like skin inflammation by suppressing thymic stromal lymphopoietin
expression. J Allergy Clin Immunol 2019; 144:1265-73 €9.

Eyerich K. Counteracting lipids orchestrate type 2 immunity. J Allergy Clin
Immunol 2019; 144:1175-6.

Wu J, Guttman-Yassky E. Efficacy of biologics in atopic dermatitis. Expert Opin
Biol Ther 2020; 20:525-38.

Thaci D, E LS, Deleuran M, Kataoka Y, Chen Z, Gadkari A, et al. Efficacy and
safety of dupilumab monotherapy in adults with moderate-to-severe atopic
dermatitis: a pooled analysis of two phase 3 randomized trials (LIBERTY AD
SOLO 1 and LIBERTY AD SOLO 2). J Dermatol Sci 2019; 94:266-75.

Brunner PM, Pavel AB, Khattri S, Leonard A, Malik K, Rose S, et al. Baseline IL-
22 expression in patients with atopic dermatitis stratifies tissue responses to
fezakinumab. J Allergy Clin Immunol 2019; 143:142-54.

Czarnowicki T, He H, Krueger JG, Guttman-Yassky E. Atopic dermatitis
endotypes and implications for targeted therapeutics. J Allergy Clin Immunol
2019; 143:1-11.

Sanyal RD, Pavel AB, Glickman J, Chan TC, Zheng X, Zhang N, et al. Atopic
dermatitis in African American patients is TH2/TH22-skewed with TH1/TH17
attenuation. Ann Allergy Asthma Immunol 2019; 122:99-110 e6.

Chan TC, Sanyal RD, Pavel AB, Glickman J, Zheng X, Xu H, et al. Atopic
dermatitis in Chinese patients shows TH2/TH17 skewing with psoriasiform
features. J Allergy Clin Immunol 2018; 142:1013-7.



743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
7T
778
779
780
781
782
783
784
785
786
787

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Noda S, Suarez-Farinas M, Ungar B, Kim SJ, de Guzman Strong C, Xu H, et al.
The Asian atopic dermatitis phenotype combines features of atopic dermatitis
and psoriasis with increased TH17 polarization. J Allergy Clin Immunol 2015;
136:1254-64.

Czarnowicki T, Gonzalez J, Shemer A, Malajian D, Xu H, Zheng X, et al. Severe
atopic dermatitis is characterized by selective expansion of circulating TH2/TC2
and TH22/TC22, but not TH17/TC17, cells within the skin-homing T-cell
population. J Allergy Clin Immunol 2015; 136:104-15 e7.

Suarez-Farinas M, Dhingra N, Gittler J, Shemer A, Cardinale |, de Guzman
Strong C, et al. Intrinsic atopic dermatitis shows similar TH2 and higher TH17
immune activation compared with extrinsic atopic dermatitis. J Allergy Clin
Immunol 2013; 132:361-70.

Esaki H, Ewald DA, Ungar B, Rozenblit M, Zheng X, Xu H, et al. Identification of
novel immune and barrier genes in atopic dermatitis by means of laser capture
microdissection. J Allergy Clin Immunol 2015; 135:153-63.

Suarez-Farinas M, Ungar B, Correa da Rosa J, Ewald DA, Rozenblit M,
Gonzalez J, et al. RNA sequencing atopic dermatitis transcriptome profiling
provides insights into novel disease mechanisms with potential therapeutic
implications. J Allergy Clin Immunol 2015; 135:1218-27.

Suarez-Farinas M, Tintle SJ, Shemer A, Chiricozzi A, Nograles K, Cardinale I, et
al. Nonlesional atopic dermatitis skin is characterized by broad terminal
differentiation defects and variable immune abnormalities. J Allergy Clin Immunol
2011; 127:954-64 el-4.

Brandt EB, Sivaprasad U. Th2 Cytokines and Atopic Dermatitis. J Clin Cell
Immunol 2011; 2.

Koga C, Kabashima K, Shiraishi N, Kobayashi M, Tokura Y. Possible pathogenic
role of Th17 cells for atopic dermatitis. J Invest Dermatol 2008; 128:2625-30.

Nograles KE, Zaba LC, Shemer A, Fuentes-Duculan J, Cardinale I, Kikuchi T, et
al. IL-22-producing "T22" T cells account for upregulated IL-22 in atopic
dermatitis despite reduced IL-17-producing TH17 T cells. J Allergy Clin Immunol
2009; 123:1244-52 e2.

Gittler JK, Shemer A, Suarez-Farinas M, Fuentes-Duculan J, Gulewicz KJ, Wang
CQ, et al. Progressive activation of T(H)2/T(H)22 cytokines and selective
epidermal proteins characterizes acute and chronic atopic dermatitis. J Allergy
Clin Immunol 2012; 130:1344-54.



788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Almoguera B, Vazquez L, Mentch F, March ME, Connolly JJ, Peissig PL, et al.
Novel locus for atopic dermatitis in African Americans and replication in
European Americans. J Allergy Clin Immunol 2019; 143:1229-31.

Czarnowicki T, He H, Leonard A, Kim HJ, Kameyama N, Pavel AB, et al. Blood
endotyping distinguishes the profile of vitiligo from that of other inflammatory and
autoimmune skin diseases. J Allergy Clin Immunol 2019; 143:2095-107.

Kumar R, Seibold MA, Burchard EG. Atopic dermatitis, race, and genetics. J
Allergy Clin Immunol 2020; 145:108-10.

Czarnowicki T, He H, Canter T, Han J, Lefferdink R, Erickson T, et al. Evolution
of pathologic T-cell subsets in patients with atopic dermatitis from infancy to
adulthood. J Allergy Clin Immunol 2020; 145:215-28.

Son JH, Chung BY, Kim HO, Park CW. Clinical Features of Atopic Dermatitis in
Adults Are Different according to Onset. J Korean Med Sci 2017; 32:1360-6.

Noda S, Krueger JG, Guttman-Yassky E. The translational revolution and use of
biologics in patients with inflammatory skin diseases. J Allergy Clin Immunol
2015; 135:324-36.

Wen HC, Czarnowicki T, Noda S, Malik K, Pavel AB, Nakajima S, et al. Serum
from Asian patients with atopic dermatitis is characterized by TH2/TH22
activation, which is highly correlated with nonlesional skin measures. J Allergy
Clin Immunol 2018; 142:324-8 el1.

Abuabara K, Ye M, McCulloch CE, Sullivan A, Margolis DJ, Strachan DP, et al.
Clinical onset of atopic eczema: Results from 2 nationally representative British
birth cohorts followed through midlife. J Allergy Clin Immunol 2019; 144:710-9.

Alexis AF, Rendon M, Silverberg JI, Pariser DM, Lockshin B, Griffiths CE, et al.
Efficacy of Dupilumab in Different Racial Subgroups of Adults With Moderate-to-
Severe Atopic Dermatitis in Three Randomized, Placebo-Controlled Phase 3
Trials. J Drugs Dermatol 2019; 18:804-13.

Mohapatra SS, Mohapatra S, McGill AR, Green R. Molecular mechanism-driven
new biomarkers and therapies for atopic dermatitis. J Allergy Clin Immunol 2020;
146:72-3.

Bakker DS, Nierkens S, Knol EF, Giovannone B, Delemarre EM, van der Schaft
J, et al. Confirmation of multiple endotypes in atopic dermatitis based on serum
biomarkers. J Allergy Clin Immunol 2021; 147:189-98.



832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Kubo A, Nagao K, Yokouchi M, Sasaki H, Amagai M. External antigen uptake by
Langerhans cells with reorganization of epidermal tight junction barriers. J Exp
Med 2009; 206:2937-46.

Kaplan DH, Igyarto BZ, Gaspari AA. Early immune events in the induction of
allergic contact dermatitis. Nat Rev Immunol 2012; 12:114-24.

Honda T, Egawa G, Grabbe S, Kabashima K. Update of immune events in the
murine contact hypersensitivity model: toward the understanding of allergic
contact dermatitis. J Invest Dermatol 2013; 133:303-15.

Honda T, Nakajima S, Egawa G, Ogasawara K, Malissen B, Miyachi Y, et al.
Compensatory role of Langerhans cells and langerin-positive dermal dendritic
cells in the sensitization phase of murine contact hypersensitivity. J Allergy Clin
Immunol 2010; 125:1154-6 e2.

Thyssen JP, Linneberg A, Engkilde K, Menne T, Johansen JD. Contact
sensitization to common haptens is associated with atopic dermatitis: new
insight. Br J Dermatol 2012; 166:1255-61.

Otsuka A, Nakajima S, Kubo M, Egawa G, Honda T, Kitoh A, et al. Basophils are
required for the induction of Th2 immunity to haptens and peptide antigens. Nat
Commun 2013; 4:1739.

Spergel JM, Mizoguchi E, Brewer JP, Martin TR, Bhan AK, Geha RS.
Epicutaneous sensitization with protein antigen induces localized allergic
dermatitis and hyperresponsiveness to methacholine after single exposure to
aerosolized antigen in mice. J Clin Invest 1998; 101:1614-22.

Kabashima-Kubo R, Nakamura M, Sakabe J, Sugita K, Hino R, Mori T, 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; 67:37-43.

Nakajima S, Nomura T, Common J, Kabashima K. Insights into atopic dermatitis
gained from genetically defined mouse models. J Allergy Clin Immunol 2019;
143:13-25.

Meisser SS, Altunbulakli C, Bandier J, Opstrup MS, Castro-Giner F, Akdis M, et
al. Skin barrier damage after exposure to paraphenylenediamine. J Allergy Clin
Immunol 2020; 145:619-31 e2.

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, et al. Innate
lymphoid cells--a proposal for uniform nomenclature. Nat Rev Immunol 2013;
13:145-9.



878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Artis D, Spits H. The biology of innate lymphoid cells. Nature 2015; 517:293-301.

Brunner PM, Guttman-Yassky E, Leung DY. The immunology of atopic dermatitis
and its reversibility with broad-spectrum and targeted therapies. J Allergy Clin
Immunol 2017; 139:S65-S76.

Nomura T, Kabashima K, Miyachi Y. The panoply of alphabetaT cells in the skin.
J Dermatol Sci 2014; 76:3-9.

Godfrey DI, Koay HF, McCluskey J, Gherardin NA. The biology and functional
importance of MAIT cells. Nat Immunol 2019; 20:1110-28.

Papadopoulou M, Sanchez Sanchez G, Vermijlen D. Innate and adaptive
gammadelta T cells: How, when, and why. Immunol Rev 2020; 298:99-116.

Huang C, Li F, Wang J, Tian Z. Innate-like Lymphocytes and Innate Lymphoid
Cells in Asthma. Clin Rev Allergy Immunol 2020; 59:359-70.

Withers DR. Lymphoid tissue inducer cells. Curr Biol 2011; 21:R381-2.

Guia S, Narni-Mancinelli E. Helper-like Innate Lymphoid Cells in Humans and
Mice. Trends Immunol 2020; 41:436-52.

Constantinides MG. Interactions between the microbiota and innate and innate-
like lymphocytes. J Leukoc Biol 2018; 103:409-19.

Kasal DN, Bendelac A. Multi-transcription factor reporter mice delineate early
precursors to the ILC and LTi lineages. J Exp Med 2021; 218.

Parker ME, Ciofani M. Regulation of gammadelta T Cell Effector Diversification in
the Thymus. Front Immunol 2020; 11:42.

Leyva-Castillo JM, Galand C, Mashiko S, Bissonnette R, McGurk A, Ziegler SF,
et al. ILC2 activation by keratinocyte-derived IL-25 drives IL-13 production at
sites of allergic skin inflammation. J Allergy Clin Immunol 2020; 145:1606-14 e4.

Alkon N, Bauer WM, Krausgruber T, Goh I, Griss J, Nguyen V, et al. Single-cell
analysis reveals innate lymphoid cell lineage infidelity in atopic dermatitis. J
Allergy Clin Immunol 2021.

Fang D, Zhu J. Dynamic balance between master transcription factors
determines the fates and functions of CD4 T cell and innate lymphoid cell
subsets. J Exp Med 2017; 214:1861-76.

Kerkvliet NI. Recent advances in understanding the mechanisms of TCDD
immunotoxicity. Int Immunopharmacol 2002; 2:277-91.



924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Marshall NB, Kerkvliet NI. Dioxin and immune regulation: emerging role of aryl
hydrocarbon receptor in the generation of regulatory T cells. Ann N Y Acad Sci
2010; 1183:25-37.

Zhou L. AHR Function in Lymphocytes: Emerging Concepts. Trends Immunol
2016; 37:17-31.

Golebski K, Layhadi JA, Sahiner U, Steveling-Klein EH, Lenormand MM, Li RCY,
et al. Induction of IL-10-producing type 2 innate lymphoid cells by allergen
immunotherapy is associated with clinical response. Immunity 2021; 54:291-307
er.

Rothhammer V, Quintana FJ. The aryl hydrocarbon receptor: an environmental
sensor integrating immune responses in health and disease. Nat Rev Immunol
2019; 19:184-97.

Esser C, Rannug A. The aryl hydrocarbon receptor in barrier organ physiology,
immunology, and toxicology. Pharmacol Rev 2015; 67:259-79.

Quintana FJ, Basso AS, Iglesias AH, Korn T, Farez MF, Bettelli E, et al. Control
of T(reg) and T(H)17 cell differentiation by the aryl hydrocarbon receptor. Nature
2008; 453:65-71.

Mezrich JD, Fechner JH, Zhang X, Johnson BP, Burlingham WJ, Bradfield CA.
An interaction between kynurenine and the aryl hydrocarbon receptor can
generate regulatory T cells. J Immunol 2010; 185:3190-8.

Magiatis P, Pappas P, Gaitanis G, Mexia N, Melliou E, Galanou M, et al.
Malassezia yeasts produce a collection of exceptionally potent activators of the
Ah (dioxin) receptor detected in diseased human skin. J Invest Dermatol 2013;
133:2023-30.

Mack MR, Brestoff JR, Berrien-Elliott MM, Trier AM, Yang TB, McCullen M, et al.
Blood natural killer cell deficiency reveals an immunotherapy strategy for atopic
dermatitis. Sci Transl Med 2020; 12.

Kabashima K, Weidinger S. NK cells as a possible new player in atopic
dermatitis. J Allergy Clin Immunol 2020; 146:276-7.

Park CO, Noh S, Jin S, Lee NR, Lee YS, Lee H, et al. Insight into newly
discovered innate immune modulation in atopic dermatitis. Exp Dermatol 2013;
22:6-9.



968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

Shimizuhira C, Otsuka A, Honda T, Kitoh A, Egawa G, Nakajima S, et al. Natural
killer T cells are essential for the development of contact hypersensitivity in
BALB/c mice. J Invest Dermatol 2014; 134:2709-18.

Sun Z, Kim JH, Kim SH, Kim HR, Zhang K, Pan Y, et al. Skin-resident natural
killer T cells participate in cutaneous allergic inflammation in atopic dermatitis. J
Allergy Clin Immunol 2021; 147:1764-77.

Croft AP, Campos J, Jansen K, Turner JD, Marshall J, Attar M, et al. Distinct
fibroblast subsets drive inflammation and damage in arthritis. Nature 2019;
570:246-51.

Mizoguchi F, Slowikowski K, Wei K, Marshall JL, Rao DA, Chang SK, et al.
Functionally distinct disease-associated fibroblast subsets in rheumatoid arthritis.
Nat Commun 2018; 9:789.

Stephenson W, Donlin LT, Butler A, Rozo C, Bracken B, Rashidfarrokhi A, et al.
Single-cell RNA-seq of rheumatoid arthritis synovial tissue using low-cost
microfluidic instrumentation. Nat Commun 2018; 9:791.

He H, Suryawanshi H, Morozov P, Gay-Mimbrera J, Del Duca E, Kim HJ, et al.
Single-cell transcriptome analysis of human skin identifies novel fibroblast
subpopulation and enrichment of immune subsets in atopic dermatitis. J Allergy
Clin Immunol 2020; 145:1615-28.

Ascott A, Mulick A, Yu AM, Prieto-Merino D, Schmidt M, Abuabara K, et al.
Atopic eczema and major cardiovascular outcomes: A systematic review and
meta-analysis of population-based studies. J Allergy Clin Immunol 2019;
143:1821-9.

Drucker AM, Harvey PJ. Atopic dermatitis and cardiovascular disease: What are
the clinical implications? J Allergy Clin Immunol 2019; 143:1736-8.

Lowe KE, Mansfield KE, Delmestri A, Smeeth L, Roberts A, Abuabara K, et al.
Atopic eczema and fracture risk in adults: A population-based cohort study. J
Allergy Clin Immunol 2020; 145:563-71 e8.

Budu-Aggrey A, Watkins SH, Brumpton B, Loset M, Tyrrell J, Modalsli EH, et al.
Assessment of a causal relationship between body mass index and atopic
dermatitis. J Allergy Clin Immunol 2021; 147:400-3.

Shalom G, Dreiher J, Kridin K, Horev A, Khoury R, Battat E, et al. Atopic
dermatitis and the metabolic syndrome: a cross-sectional study of 116 816
patients. J Eur Acad Dermatol Venereol 2019; 33:1762-7.



1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
1051
1052
1053
1054
1055
1056
1057

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Ali Z, Ulrik CS, Agner T, Thomsen SF. Association between Atopic Dermatitis
and the Metabolic Syndrome: A Systematic Review. Dermatology 2018; 234:79-
85.

Alexandraki KI, Papaioannou TG, Karamanou M. Metabolic syndrome and atopic
dermatitis: reconsidering the definition criteria. J Eur Acad Dermatol Venereol
2020; 34:€130-el.

Zhou L, Leonard A, Pavel AB, Malik K, Raja A, Glickman J, et al. Age-specific
changes in the molecular phenotype of patients with moderate-to-severe atopic
dermatitis. J Allergy Clin Immunol 2019; 144:144-56.

Archer NK, Jo JH, Lee SK, Kim D, Smith B, Ortines RV, et al. Injury, dysbiosis,
and filaggrin deficiency drive skin inflammation through keratinocyte IL-1alpha
release. J Allergy Clin Immunol 2019; 143:1426-43 e6.

Clowry J, Irvine AD, McLoughlin RM. Next-generation anti-Staphylococcus
aureus vaccines: A potential new therapeutic option for atopic dermatitis? J
Allergy Clin Immunol 2019; 143:78-81.

de Wit J, Totte JEE, van Mierlo MMF, van Veldhuizen J, van Doorn MBA,
Schuren FHJ, et al. Endolysin treatment against Staphylococcus aureus in adults
with atopic dermatitis: A randomized controlled trial. J Allergy Clin Immunol 2019;
144:860-3.

Hussain M, Bonilla-Rosso G, Kwong Chung CKC, Bariswyl L, Rodriguez MP,
Kim BS, et al. High dietary fat intake induces a microbiota signature that
promotes food allergy. J Allergy Clin Immunol 2019; 144:157-70 e8.

Mahdavinia M, Rasmussen HE, Botha M, Binh Tran TD, Van den Berg JP,
Sodergren E, et al. Effects of diet on the childhood gut microbiome and its
implications for atopic dermatitis. J Allergy Clin Immunol 2019; 143:1636-7 e5.

Paller AS, Kong HH, Seed P, Naik S, Scharschmidt TC, Gallo RL, et al. The
microbiome in patients with atopic dermatitis. J Allergy Clin Immunol 2019;
143:26-35.

Tsilochristou O, du Toit G, Sayre PH, Roberts G, Lawson K, Sever ML, et al.
Association of Staphylococcus aureus colonization with food allergy occurs
independently of eczema severity. J Allergy Clin Immunol 2019; 144:494-503.

Zimmermann P, Messina N, Mohn WW, Finlay BB, Curtis N. Association
between the intestinal microbiota and allergic sensitization, eczema, and asthma:
A systematic review. J Allergy Clin Immunol 2019; 143:467-85.



1058
1059
1060
1061
1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091

136.

137.

138.

139.

140.

141.

142.

143.

Reiger M, Traidl-Hoffmann C, Neumann AU. The skin microbiome as a clinical
biomarker in atopic eczema: Promises, navigation, and pitfalls. J Allergy Clin
Immunol 2020; 145:93-6.

Stevens ML, Gonzalez T, Schauberger E, Baatyrbek Kyzy A, Andersen H,
Spagna D, et al. Simultaneous skin biome and keratinocyte genomic capture
reveals microbiome differences by depth of sampling. J Allergy Clin Immunol
2020; 146:1442-5.

Christophers E, Henseler T. Contrasting disease patterns in psoriasis and atopic
dermatitis. Arch Dermatol Res 1987; 279 Suppl:S48-51.

Leyden JJ, Marples RR, Kligman AM. Staphylococcus aureus in the lesions of
atopic dermatitis. Br J Dermatol 1974; 90:525-30.

Tauber M, Balica S, Hsu CY, Jean-Decoster C, Lauze C, Redoules D, et al.
Staphylococcus aureus density on lesional and nonlesional skin is strongly

associated with disease severity in atopic dermatitis. J Allergy Clin Immunol
2016; 137:1272-4 e3.

Kong HH, Oh J, Deming C, Conlan S, Grice EA, Beatson MA, et al. Temporal
shifts in the skin microbiome associated with disease flares and treatment in
children with atopic dermatitis. Genome Res 2012; 22:850-9.

YuJ, Luo Y, Zhu Z, Zhou Y, Sun L, Gao J, et al. A tryptophan metabolite of the
skin microbiota attenuates inflammation in patients with atopic dermatitis through
the aryl hydrocarbon receptor. J Allergy Clin Immunol 2019; 143:2108-19 e12.

Al Kindi A, Williams H, Matsuda K, Alkahtani AM, Saville C, Bennett H, et al.
Staphylococcus aureus second immunoglobulin-binding protein drives atopic
dermatitis via IL-33. J Allergy Clin Immunol 2021; 147:1354-68 e3.



1092 Table 1. Barrier and cytokine changes reported in atopic dermatitis by race.
Features European Asian African
Barrier Thickness " M1 "
K16 ) 1 1
Ki67 I 11 1
FLG ) ! >
LOR Ll >1 )
Cytokine TH2 11 11 11
TH22 111 1111 11
TH17 0 "1 Absent
TH1 11 1~11 Absent

1093  Simplified characteristics of atopic dermatitis in each race are shown.

1094  Upward arrow (1), horizontal arrow (=), and down arrow () indicate upregulation, no
1095 difference, and downregulation in skin lesions in comparison with healthy controls. The
1096 number of arrows indicates the extent of this degree. T+ LOR was decreased in Han
1097  Chinese in one study.®®> Abbreviations: K16, keratin 16; FLG, filaggrin; LOR, loricrin.

1098

1099
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Table 2. Simplified view of innate lymphoid cells and innate like T cells.

Innate lymphoid cells (ILC) Innate-like T cells
NK ILC1 ILC2 ILC3 LTi yoT NKT MAIT
TCR - - - - - yd aB ap
IFN- | IFN-y, | IFN-y,
Cytokine IL-4, IL- Y, TNF, TNF,
production | PNV TNF gy g | A7 0022 e 117, | 7,
IL-17 | IL-22 IL-22
TBX21 GATA3, | RORC PLZF,
. y o) ] ]
Main TFs EOMES TBX21" RORA | AHR RORC | PLZF | PLZF | RORC,
EOMES
TH1
’ TH1
TH17, TH1, | TH2, i
Analogues | TC1 TH1 TH2 TH2?2 T TH17 | TH17, TH17,
TH22 TH22

Current view of ILC and innate-like T cells.

Abbreviations: NK, natural killer; LTi, lymphoid tissue inducer; MAIT, mucosa associated

invariant T.

T; Whether the cytokines produced by LTi play roles in adaptive immunity is not clear.
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Figure legends

Figure 1. Four clusters identified by 143 biomarkers.
Serum samples obtained from 146 patients with severe AD (median EASI = 28) were
analyzed for a panel of 143 biomarkers.”® Four clusters have been identified (see main

text for detail).
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Figure 2. Differential dermatitis outcomes by different skin barrier conditions.
Small molecules, such as metal particles and hapten, may lead to intrinsic AD
development. Hapten exposure provokes TH1 initially, followed by TH2 production on
repeated exposure. Alternatively, the shift from TH1 to TH2 may be induced by
basophils, immune cells which express MHC class Il and IL-4 in the draining lymph
nodes. Protein antigens are captured by Langerhans cells in the epidermis that induce
TH2 via TSLP-TSLP receptor (TSLPR) signaling.
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Figure 3. New players of atopic dermatitis pathogenesis.
In addition to TH2/TC2, various types of cells play roles in AD skin lesion development

(see main text for details).100. 111, 112, 114, 115, 119
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Figure 4. Aging and the cytokine profile of peripheral blood.

The peripheral blood immune phenotype in children and adults with or without atopic
dermatitis is shown. Czarnowicki et al. reported the use of flow cytometry to measure
cytokine levels associated with TH1 (IFN-y), TH2 (IL-13 and IL-9), TH17 (IL-17), and
TH22 (IL-22) in CD4* and CD8"* T cells, and the number of regulatory T cells (Tregs).%°
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Figure 5. Age-specific cytokine profiles in mature adults.
The peripheral blood immune phenotype in children and adults with or without atopic

dermatitis is shown.2?
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Figure 4

Evolution of polar T-cell subsets in healthy controls and atopic dermatitis patients from infancy to adulthood
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