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Abstract

Background—Atopic dermatitis (AD) is a common disease, with an increasing prevalence. The
primary pathogenesis of the disease is still elusive, resulting in the lack of specific treatments. AD
is currently considered a biphasic disease, with Th2 predominating acute disease, and a switch to
Th1 characterizing chronic disease. Elucidation of the molecular factors that participate in the
onset of new lesions and maintenance of chronic disease is critical for the development of targeted
therapeutics.

Objectives—We sought to characterize the mechanisms underlying onset and maintenance of
AD.

Methods—We investigated intrapersonal sets of transcriptomes from non-lesional, acute and
chronic lesions of ten AD patients through genomic, molecular and cellular profiling.
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Results—Our study associated the onset of acute lesions with a striking increase in a subset of
terminal differentiation proteins, specifically the cytokine-modulated S100A7, S100A8, and
S100A9. Acute disease was also associated with significant increases in gene expression levels of
major Th22- and Th2- cytokines, and smaller increases in IL-17. A lesser induction of Thl-
associated genes was detected in acute disease, although some were significantly up-regulated in
chronic disease. Further significant intensification of major Th22 and Th2 cytokines was observed
between acute and chronic lesions.

Conclusions—Our data identified increased S100A7, S100A8 and S100A9 gene expression
with AD initiation, and concomitant activation of Th2 and Th22 cytokines. Our findings support a
model of progressive activation of Th2 and Th22 immune axes from acute to chronic phases,
expanding the prevailing view of pathogenesis, with important therapeutic implications.
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INTRODUCTION

Atopic dermatitis (AD) is the most common inflammatory skin disease, with an increased
prevalence in the past several decades.:2 Together with asthma and allergic rhinitis, it
constitutes the “atopic triad,” broadly encountered by the medical community.3 It is
characterized by distinct acute and chronic stages; acute lesions are typically bright red,
“wet” and flat, becoming dull red, dry and thick with chronicity.24

The pathogenesis of AD has been linked to both immune and barrier abnormalities.1:24
While an association between epidermal defects and genetic mutations in filaggrin was
recently identified,® the Th2 (IL-4, IL-13, IL-31) and Th22 (IL-22) cytokines implicated in
ADS7 were shown to suppress major terminal differentiation proteins (i.e. filaggrin and
loricrin).28-11 Unlike psoriasis, another common inflammatory skin disease that is
increasingly considered a Th17 disease, and for which an increased understanding of
pathogenic mechanisms led to development of revolutionary targeted therapeutics, the
pathogenesis of AD is still enigmatic, resulting in the lack of specific treatments.8-12-15 Thjs
is further complicated by the lack of data to address whether acute and chronic AD represent
progressive stages across a continuum of inflammatory responses or if each has distinct
immunologic mechanisms.1:24.15

Specifically, little is known about the factors that initiate AD lesions or sustain chronic
inflammation.1:12.15 This stems from difficulties in obtaining uninvolved (non-lesional),
acute and chronic skin lesions from single patients, ultimately resulting in very few reports,
which offer comparisons on limited numbers of patients.16-20 Furthermore, a broad genomic
analysis comparing acute and chronic disease is lacking.

The current model for acute AD largely originates from an experimental model that uses the
atopy patch test (APT) with environmental allergens to simulate acute disease.?1~24 Based
on these studies, AD pathogenesis is characterized as a biphasic T-cell mediated disease;
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while a Th2 signal predominates the acute phase, a Th2 to Th1 switch promotes disease
chronicity.2:21-23 As this is based on an experimental model, a characterization of
spontaneous acute AD lesions and comparison to chronic lesions from the same patients is
warranted.

We sought to characterize the mechanisms underlying the onset and maintenance of AD,
based on paired comparisons between non-lesional, acute and chronic skin lesions from
individual patients (Figure 1A).

Patient Population

Intrapersonal acute, chronic (> 72 hrs duration) and non-lesional (= 10 cm from active
lesions) skin biopsies (Figure 1A) and blood samples were collected from each of 17
patients with moderate-to-severe AD under an Institutional Review Board-approved
protocol. Biopsies were not taken from skin that was clinically judged as infected. No
systemic or topical treatments were allowed for >4 weeks prior to biopsies. Ten patients (4
males and 6 females, age: 20-67 years; mean age: 44 years) (see Table E1 in the Online
Repository) met the following criteria for distinguishing true acute from “acute on chronic”
skin lesions: a) new lesions of <72 hours duration, as previously defined!®; b) lack of skin
lichenification; c) lack of regenerative hyperplasia, as defined by epidermal thickness
<150um (H&E) (Figure 1B) and basal or confluent supra-basal Keratin 16 (K16) positivity
(Figure 1C). Serum IgE levels were increased in 7 of 10 patients (range: 27.9-3652 kU/L;
mean: 1032 kU/L; reference range: 0-160 kU/L) and eosinophil counts in 1 patient
(reference range: 0% to 7%). The Scoring of Atopic Dermatitis (SCORAD) index was used
to evaluate disease severity (range: 40-63; mean: 50). No filaggrin gene mutations were
found.

Skin biopsies from normal volunteers2® and psoriasis patients26 (n=15 in both) were used for
comparisons (see Methods in the Online Repository).

Biopsies were frozen in OCT medium for immunohistochemistry (IHC) and liquid nitrogen
for RNA extraction. Histologic and real-time PCR (RT-PCR) analyses were performed on
non-lesional, acute, and chronic skin samples from all 10 patients. However, because of loss
of tissue with laboratory processing, gene array analysis was performed on 8 patients.

Immunohistochemistry

IHC was performed on cryostat tissue sections using purified mouse anti-human monoclonal
antibodies (see Table E2 and Methods in the Online Repository). Epidermal thickness was
quantified and positive cells per millimeter were counted manually using computer-assisted
image-analysis software (ImageJ 1.42; NIH, Bethesda, MD).

Sample preparation for RT-PCR and gene chip analysis

RNA was extracted for RT-PCR, which was performed with EZ-PCR Core Reagents (Life
Technologies, Grand Island, NY), and custom primers were generated as previously
described.2” We used human HGU133Plus2.0 GeneChip probe arrays (Affymetrix Inc,
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Santa Clara, Calif). Total RNA was extracted by Qiagen RNeasy Mini Kit (Valencia, Calif),
and DNA was removed by Qiagen RNAse-free DNAse Set. Total RNA (50 ng) was reverse
transcribed and amplified with Ovation Whole Blood Solution from NuGen (San Carlos,
Calif). The labeled target was fragmented and hybridized to probe arrays, using Encore
Biotin Module from NuGen (see Methods in the Online Repository).

Statistical analyses

RESULTS

Analysis of gene-array and RT-PCR data (log, scale of normalized values) was through a
linear mixed-effect model and of IHC cell counts was via the paired Wilcoxon Rank Sum
Tests.

Affymetrix CEL files were scrutinized for spatial artifacts by Harshlight package.28
Expression values were obtained with the frozen robust multi-array analysis (fFRMA)
algorithm.2? Since samples were hybridized using different kits, the batch effect was
removed using R’s package COMBAT.30 Raw data was deposited in NCBI’s Gene
Expression Omnibus repository (accession no. GSE36842).

Expression values (in logy) were modeled by a linear mixed-effects model, with Group as
the fixed effect and a random intercept for each patient, in the framework of Bioconductors’
limma package. The comparisons of interest were tested using moderated t-test,3! and
resultant p-values were adjusted for multiples hypotheses by the Benjamini-Hochberg
procedure. Since typical FDR cutoffs proved as very stringent for the small sample size,
genes with fold change (FCH)>1.5 and p<0.01 were considered differentially expressed
genes (DEGS) (see Methods and Table E3 in the Online Repository).

To identify the key pathways associated with acute skin lesions, we characterized the global
cellular, molecular and gene-expression alterations that appear with the onset of AD lesions.

Acute disease triggers increased hyperplasia

We compared epidermal thickness and protein expression of the proliferation markers K16
and Ki67, among non-lesional, acute and chronic AD skin lesions (Figure 1B-D). A
significant increase in epidermal thickness (52%, P=0.027) and proliferation (153% increase
in Ki67+ cells, P=0.004) was observed from non-lesional to acute lesions, with additional
respective increases of 141% (P=0.02) and 110% (P=0.02) from acute to chronic lesions
(Figure 1B, D). K16 mRNA expression was also significantly up-regulated between non-
lesional and acute (P=0.02, Figure 1C), with a further significant increase in chronic lesions
(P=0.016, Figure 1C). While chronic lesions demonstrated continuous suprabasal K16
staining, acute lesions showed patchy K16 positivity (Figure 1C).

Genomic expression differences between acute, non-lesional and chronic AD

Gene-arrays were conducted to explore the characteristics of acute compared to chronic and
non-lesional AD skin lesions, using the above criteria to define DEGs in acute compared to
chronic and non-lesional AD (see Table E3 in the Online Repository).
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Our study defined a set of intrapersonal transcriptomes from non-lesional, acute and chronic
skin lesions of individual patients. 90 probe-sets (76 genes) were up-regulated and 42 (26
genes) were down-regulated in acute compared to non-lesional AD (Figure 1E). A higher
number of DEGs were identified in chronic in comparison to non-lesional AD [411 probe-
sets (310 genes) up- and 141 (110 genes) down-regulated]. A relatively small set of DEGs
distinguished chronic and acute AD [68 probe-sets (47 genes) up-and 96 (75 genes) down-
regulated] (Figure 1E and see Table E3 in the Online Repository).

Acute AD is associated with an abrupt increased expression of epidermal S100 proteins

As the top 50 DEGs between acute and non-lesional AD skin include many terminal
differentiation genes (see Figure E1 in the Online Repository), we further analyzed this
gene-group (Figure 2A).

The transition from non-lesional to acute lesional skin was associated with a striking
increase in expression of a subset of epidermal differentiation complex (EDC) genes,
including S100A7, S100A8 and S100A9 (~4 FCH, Figure 2A, see Figure E1 and Table E3
in the Online Repository). These steep increases, detected by gene-arrays (~4 FCH), were
confirmed by both strong protein expression of SL00A7 and S100A8 in tissue sections of
acute lesions, which localized to the upper spinous and granular layers of the epidermal
keratinocytes (Figure 2B), and by comparatively large increases in gene expression levels by
RT-PCR (~8-FCH, P=0.019, Figure 2C).

Compared to normal controls, the expression of other well-characterized EDC genes [i.e.
filaggrin, loricrin and late cornified envelope 2B (LCE2B)] showed large reductions in non-
lesional AD skin, and were unaltered with either acute or chronic disease (Figure 2A). This
was further confirmed by RT-PCR, showing grossly similar mMRNA expression of filaggrin
and corneodesmosin across non-lesional and active disease (Figure 3).

Acute atopic dermatitis is associated with Th2 and Th22 cytokine activation

One hypothesis for the abrupt activation of the SI00A7, S100A8 and S100A9 genes is that
they are induced by T-cell derived cytokines, since these products were shown to be up-
regulated in vitro by 1L-22 and/or IL-17 cytokines.8:10:32:33 Thus, we broadly measured
changes in activation of major cytokines and chemokines that define Th1, Th2, Th22 and
Th17 T-cell subsets, as well as representative genes shown to be up-regulated in cytokine-
treated keratinocytes®34-41 using both gene-arrays and quantitative RT-PCR measures,
since transcripts of primary cytokines are not always measured on gene-arrays (Figure 3 and
see Figure E2 in the Online Repository).

The onset of acute lesions is associated with significant increases in gene expression levels
of Th2- (i.e. IL-4, IL-13, IL-31) and Th22- (i.e. IL-22) defining cytokines (Figure 3 and see
Figure E2A-B in the Online Repository). The largest quantitative gene-expression increases
are associated with 1L-31, IL-22, S100A7, S100A8 and S100A9, as demonstrated by both
RT-PCR and gene-arrays (Figure 3 and see Figure E2B in the Online Repository). Acute
disease showed a positive correlation between the SCORAD index and IL-22 mRNA
expression (r=0.55, P=0.132). A lesser induction of Thl/interferon- [i.e. IFN-y, myxovirus
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resistance 1 (MX-1), IL-1p, CXCL9-11] induced products was also evident in acute disease
(Figure 3 and see Figure E2C in the Online Repository). Small increases in Th17 axis
cytokines (IL-17, 1L-23p19 and 1L23p40) were detected in acute disease, accompanied by
significant increases in IL-17-regulated products [CCL20, peptidase inhibitor 3 (PI13)/Elafin,
and lipocalin 2 (LCN2)] (Figure 3 and see Figure E2D in the Online Repository).

Intensification of immune activation rather than an immune switch characterizes chronic

disease

Progressive increases in IL-22 mRNA and its associated products (S100A7, S100AS8,
S100A9 and IL-32)%2 were detected between acute and chronic lesions (Figure 3 and see
Figure E2B in the Online Repository). Chronic lesions are also characterized by intensified
Th2-related inflammation, with significant increases in most associated products (i.e. IL-5,
IL-13, IL-10, IL-31, CCL5, CCL13, CCL18), with the exception of IL-4 and its receptor that
decreased from acute-to-chronic lesions (Figure 3 and see Figure E2A in the Online
Repository). Nevertheless, in chronic disease, changes in IL-4 mRNA expression correlate
with the SCORAD index (r=0.833, P=0.008). Significant increases in Thl-related products
(i.e. IFN-y, MX1, CXCL9-11) were detected only in chronic skin lesions although small
increases were evident in acute lesions. No significant differences were found in Th17-
mediated products between acute and chronic disease (except for LCN2). Significant
increases in several IL-17-regulated genes (CCL20, PI3, LCNZ2) were detected in chronic
lesions, as compared to non-lesional skin (Figure 3 and see Figure E2D in the Online
Repository). A significant increase in the regulatory T-cell marker, forkhead box protein 3
(FOXP3) was found in chronic disease alone (Figure 3).

A multiple regression analysis identified the best set of SCORAD predictors in chronic AD
as Th2-, Thl- and Thl7-associated products, and Th2-derived CCL18 and CCL13 in acute
AD (see Table E4 in the Online Repository).

Increased immune-cell infiltrates with disease onset by immunohistochemistry

Since these data associate the onset and chronicity of AD with progressive increases in
cytokines and chemokines, we measured the infiltration of non-lesional, acute and chronic
lesions by various inflammatory cells (Figure 4).

Significant increases in infiltrating T (CD3") cells (303%, P=0.004), myeloid (CD11c™")
dendritic-cells (DCs) (178%, P=0.004), mature DCs (CD83*) (P=0.034) and inflammatory
dendritic epidermal cells (IDECs) [as quantified by Fc receptor for IgE high affinity | (Fce
RI*) (P=0.038) and CD206™ (P=0.009) cells] were observed between non-lesional and acute
AD skin lesions (Figure 4). Increases in cell counts were also noted in Langerhans cells
(CD1a%*) and other DC subsets, including: “inflammatory” [TNF-related-apoptosis-inducing
ligand (TRAIL*)] DCs and “resident” (CD1c*) DCs.*3 T-cell and DC infiltrates were further
increased with disease chronicity (P<0.05 for most subsets, Figure 4).

Although scant numbers of eosinophils, neutrophils and mast cells were detected in skin
lesions (as quantified by major basic protein*, neutrophil elastase*, and tryptase* cell
counts, respectively), we observed an increase in these infiltrates from non-lesional through
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chronic disease (P=0.036 and P=0.022, for eosinophils and neutrophils, respectively, see
Figure E3 in the Online Repository).

Compared to psoriasis, IL-17-induced genes are not highly increased in AD

Th17/1L-17 up-regulates a large set of genes in keratinocytes that are coordinately up-
regulated in psoriasis.1044-46 Therefore, we examined disease profiles of acute AD, chronic
AD and psoriasis (each compared to non-lesional skin) for genes induced by 1L-17.10

In contrast to a strong up-regulation of Th17/IL-17-induced genes in psoriasis, this
association is attenuated in both acute and chronic AD (Figure 5A-B, D). As visualized in
Figure 5A-B and D, almost all of the IL-17-related genes (61/74, 82% in acute AD and
63/74, 85% in chronic AD) are within the psoriasis field, with few exceptions, including
S100A7 and S100A8, which are synergistically induced by IL-17 and I-22.8:10.33.43

A similar magnitude of representation of 1L-17-induced genes was found between acute and
chronic AD lesions, demonstrating lack of major differences in this immune-axis between
acute and chronic disease (Figure 5C-D).

Thus, while psoriasis has a strong Th17/IL-17 molecular fingerprint, this signature is less
evident in both acute and chronic AD.

DISCUSSION

The pathogenesis of AD has been attributed to alternate mechanisms, including a) a
defective formation of the epidermal barrier, with mutations in filaggrin that may contribute
to this defect,® or b) effects of immune cytokines such as IL-4, IL-13 and IL-31 that can
suppress epidermal differentiation.28-1147 |n the first model, immune activation might arise
as a consequence of abnormal growth/differentiation of the epidermis, whereas in the second
model, disease-related barrier changes might be driven by underlying T-cell activation and
cytokine production. While early models of immune activation in AD focused on the
differential roles for Th2 and Th1 in disease initiation and maintenance, recently, roles for
Th17 and Th22 T-cells have also been proposed.’:12:44.48

Within the context of alternate models of pathogenesis, it is extremely important to measure
alterations in terminal epidermal differentiation and immune mediators that occur with the
onset of acute skin lesions. However, it has been extremely difficult to perform studies on
true acute AD lesions, since most AD patients present with only chronic lesions (defined as
persisting for >72 hours).16 In turn, most studies of “acute” disease changes have examined
skin inflammation induced by topical application of environmental allergens that is assumed
to parallel immune changes in acute skin lesions.21-24 Measures made in these patch
reactions have suggested the biphasic model, in which initiation of inflammation is
associated with Th2 activation, and chronic disease is associated with a Th1 switch.21-23
The biphasic model is in marked contrast to the progressive cytokine activation that occurs
in an 1L-4 transgenic mouse model resembling AD inflammation.3®

Our study represents the first comprehensive genomic and molecular comparison of
intrapersonal non-lesional, acute and chronic skin lesions. With analysis of well-defined
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acute AD lesions, in comparison to chronic and clinically uninvolved AD skin, we have
established detailed changes in epidermal growth/differentiation and immune activation that
occur with both the onset of new lesions and persistence of disease.

While the expression of some epidermal differentiation gene products such as filaggrin and
loricrin is largely reduced in non-lesional AD skin, further down-regulation does not occur
with acute or chronic lesions. Thus, onset of clinically significant disease is not
accompanied by decreases in epidermal differentiation genes, but is instead associated with
marked activation of an EDC gene cluster on chromosome 1q, with the largest increases in
expression of SI00A7, S100A8, and S100A9. The increase in these gene products
corresponds with the abrupt increased synthesis of S100 proteins in epidermal keratinocytes
in acute and chronic AD skin lesions. Increased S100A7 in acute AD has been detected in
only one past study, in which both a specific definition of acute AD, and a comparison to
chronic lesions from the same patients were lacking.#® The S100A7, S100A8, and S100A9
proteins were shown to be highly expressed in chronic hyperproliferative epithelium, and
have been associated with an alternative differentiation pathway.>%-52 They have important
functions in inflammation, such as chemotaxis of T-cells, monocytes and neutrophils as well
as pro-inflammatory functions in many inflammatory diseases.8:53-55 The particular
relevance of these proteins for inflammation was underlined with the identification of a new
inflammatory disorder, whose hallmark is an abundance of S100A8 and S100A9.%6 This
disorder is characterized by recurrent skin infections and systemic inflammation, bearing
similarities to AD.%8 Yet, these proteins were also suggested to have antimicrobial activities,
particularly against gram-negative bacteria such as E. coli. Indeed, AD skin is rarely
infected with E. coli.5:57 However, since AD skin is characterized by an increased rate of S.
aureus skin infections, even in the presence of up-regulated S100A7, S100A8 and S100A9
expression, these molecules may be more important as pro-inflammatory mediators in the
pathogenesis of the disease. In acute AD, these proteins might contribute to chemotaxis of
immune cells, and particularly T-cells, which are highly increased in acute disease.

The onset of acute AD skin lesions is also linked to increased skin infiltration by T-cells and
DCs, along with significantly increased synthesis of cytokines that define activation of Th2
and Th22 T-cell subsets, as well as increased IL-17-related products (i.e. CCL20, PI3/Elafin
and LCN2). S100A7, S100A8 and S100A9 were demonstrated to be regulated by IL-22 and
IL-17 cytokines alone and in synergy.8:10:3343 Thus, the marked induction of S100 genes in
the epidermis could be explained by inductive effects of IL-22 and/or IL-17 cytokines on
these gene products in epidermal keratinocytes, while the induction of epidermal hyperplasia
at the onset of acute AD might result from a direct response of keratinocytes to 1L-22.7
Although increased expression of IL-4, IL-13, and IL-31 has been hypothesized to decrease
keratinocyte differentiation,%47 we did not identify corresponding decreases in the
expression of filaggrin, loricrin or other terminal differentiation genes from non-lesional
through chronic skin lesions. A particularly dramatic induction of the itch-associated Th2
cytokine, IL-31, was measured in acute AD, corresponding to the marked pruritus
experienced during development of new lesions.28:59

The sum of these observations suggests a new hypothesis, namely that onset of clinically
evident acute AD lesions is linked to activation of a subset of epidermal differentiation

J Allergy Clin Immunol. Author manuscript; available in PMC 2014 April 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gittler et al.

Page 9

genes, instead of a further suppression of terminal differentiation (Figure 6). This could be
driven by a set of established activators of the S100 epidermal differentiation
proteins,810:33:43 gpecifically 1L-22 and 1L-17 that are increased in acute lesions. While
these cytokines are typically derived from Th17 and Th22 T-cell subsets, and corresponding
increases in T-cell infiltrates are evident in acute lesions, further studies should still establish
T-cells as the source of these cytokines. Furthermore, the S100 proteins could be modulated
by additional factors, such as IL-1a, IL-6, oncostatin M, and TNF-a..89-65 We did not detect
altered expression of these markers in our study, but cannot exclude the possibility that
factors beyond increased 1L-22 and/or IL-17 contribute to modulation of S100 proteins in
acute disease.

Chronic AD lesions are characterized by further increases in epidermal proliferation, skin
infiltration by T-cells and DCs, and mRNA levels of IL-22 and S100 proteins, further
supporting a probable link between expression of these transcriptional axes. The increase in
Th1/IFN-y-related products in chronic lesions could either represent a pro-inflammatory
stimulus for activation for Th17/Th22 T-cells,®® or a counter-regulatory signal to Th257 or
Th17%8 activation. Our findings indicate that progression to chronic disease is associated
with intensification of the immune axes that are up-regulated in acute lesions, particularly
Th22 and Th2, as well as significant increases in Th1l-related products. Although less
significant increases were detected in IL-17 cytokine expression (P=0.13), several 1L-17
regulated products were also significantly increased in acute or chronic AD lesions (Figure 3
and see Figure E2D in the Online Repository). Furthermore, IL-17-related genes were
among the set of best predictors of the SCORAD in chronic disease. Thus, IL-17 might still
be biologically important in initiation and progression of AD lesions, and could activate or
synergize with IL-22 for induction of S100A7, S100A8 and S100A9. However, the
increases in IL-17-associated products in both acute and chronic versus non-lesional AD are
much lower than in psoriasis (Figure 5A-B, D).46 The more modest contribution of the
Th17 axis in AD might result from inhibition of this pathway by activated Th2 cytokines in
both acute and chronic AD.42

Our data expands the prevailing view of pathogenic pathways!® and has important
implications for the treatment of acute and chronic AD. One implication of these data is that
potential antagonism of the Th2 and Th22 inflammatory pathways might not only reverse
chronic AD lesions, but could also prevent the onset of new skin lesions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Clinical, histologic and genomic differences between non-lesional (NL), acute and
chronic atopic dermatitis (AD)

A, Clinical images of NL, acute and chronic AD demonstrate bright erythema of acute and
dullness and lichenification of chronic lesions. B-D, Representative immunohistochemistry
stainings of B, H&E and the proliferation markers C, Keratin 16 (K16) and D, Ki67 in tissue
sections of NL, acute and chronic AD skin, as well as B, quantification of epidermal
thickness, C, K16 by real-time PCR (RT-PCR), represented in log, [logo(expression/hARP)]
and D, Ki67* cell counts, showing significantly increased epidermal hyperplasia and
abnormal proliferation in acute lesions, with further increases in chronic lesions. *P < .05,
**p < .01, and ***P <.001, (n=10). Bar plots represent mean + SEM. Scale bar = 100 pym.
E, Venn diagrams of up- and down-regulated probe-sets in acute and chronic skin lesions, in
comparison with NL skin, using criteria of fold change (FCH)>1.5 and p-value<0.1, (n=8).
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Figure 2. Onset of acute lesions is associated with coordinated increases in SI00A7, S100A8 and
S100A9
A, Unsupervised hierarchical clustering of terminal differentiation genes across normal,

non-lesional (NL), acute and chronic atopic dermatitis (AD) skin samples (red, up-regulated,;
blue, down-regulated). In contrast to the uniform down-regulation of well-characterized
epidermal differentiation complex (EDC) genes such as filaggrin and loricrin throughout
NL, acute and chronic skin lesions, there is a steep increase in expression of S100A7,
S100A8 and S100A9 with the onset of acute disease, with further induction in chronic
lesions, as indicated by the black highlighting. Probes with the largest fold change (FCH)
were chosen when several probes represented single genes. *P < .05, **P < .01, and ***P
<.001, (n=8 for AD; n=15 for normals). The significant induction of these S100 proteins has
been validated by increases in both B, protein expression of SI00A7 and S100A8 in
representative immunohistochemistry stainings of acute and chronic lesions, compared to
NL skin, and C, mRNA gene expression levels by real-time PCR (RT-PCR) represented in
log, [logy(expression/hARP)] and natural scale (expression/hARP) (~8 FCH, P<0.02).
hARP, human acidic ribosomal protein. (n=10).
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Figure 3. Marked activation of Th2 and Th22 immune pathways in acute disease with
progressive activation in chronic skin lesions, by real-time PCR (RT-PCR)

Mean expression estimates normalized to human acidic ribosomal protein (hARP) are
represented in log, [logo(expression/hARP)] and natural scale (expression/hARP). The
largest gene-expression increases are associated with Th2- and Th22-associated products,
including I1L-31, IL-22 and S100A7, S100A8, S100A9. Small increases in Thl-related
products are evident in both acute and chronic lesions. In contrast with the immune
mediators, the mMRNA expression levels of filaggrin (FLG) and corneodesmosin (CDSN)
showed similarity across the disease. Bar plots represent mean + SEM. *P < .05, **P < .01,
and ***P < ,001, (n=10). FOXP3, forkhead box protein 3; LCN2, lipocalin 2; MX1,
myxovirus resistance 1; OX40L, OX40 ligand; PI3, peptidase inhibitor 3; TD, terminal
differentiation; TSLPR, thymic stromal lymphopoietin receptor.
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Figure 4. Significant increases in immune-cell infiltrates characterize acute disease onset and
progression to chronic disease, as quantified by means of immunohistochemistry and cell counts

A-E, Significant increases in (CD3*) T-cells, myeloid (CD11c*) dendritic cells (DCs),
mature (CD83*) DCs, Langerhans (CD1a") cells and inflammatory dendritic epidermal cells
(IDECs) [Fc receptor for IgE (Fc e RI*)] characterize acute disease. F, Cell counts of
plasmacytoid [blood dendritic cell antigen 2 (BDCA2*)] DCs, mature [dendritic cell
lysosome-associated membrane glycoprotein (DC-LAMP*)] DCs, resident (CD1c*) DCs,
inflammatory [TNF-related-apoptosis-inducing ligand (TRAIL*)] DCs, IDECs (CD206™")
and atopic [0X40 ligand (OX40L™)] DCs, increase from non-lesional (NL) through chronic
atopic dermatitis (AD) skin. *P < .05, **P < .01, and ***P < .001, (n=10). Bar plots
represent mean = SEM. Scale bar = 100 pm.

e
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Figure 5. Disease profiles of IL-17-induced genes in acute and chronic atopic dermatitis (AD), as

compared to psoriasis

A-B, A scatterplot of fold changes (FCHSs) between lesional and non-lesional (NL) skin for
each disease (in logo-scale) demonstrates that whereas in psoriasis, these genes are well
associated with the genomic differences between NL and lesional skin, no such association
was found for either acute or chronic AD. C, There is a similar distribution of the Th17-
regulated genes between acute and chronic AD, both compared to NL. D, Means and 95%
confidence intervals (Cls) of the logo(FCH) among IL-17 genes in psoriasis and AD

transcriptomes (n=8 for AD; n=15 for psoriasis).
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Figure 6. A schematic illustration of initiation of acute atopic dermatitis (AD) and progression to
chronic skin lesions

Non-lesional AD skin lesions show some immune infiltrates that produce inflammatory
mediators, which might contribute to a defective epidermal barrier. Barrier defects lead to
penetration by epicutaneous antigens that encounter Langerhans cells in the epidermis and
dermal dendritic cells in the dermis, inducing marked immune activation and recruitment of
inflammatory cells in acute AD lesions. Marked activation of Th2 and Th22 axes occurs in
acute disease onset. Smaller increases in Th1l and Th17 immune axes were found in acute
lesions. A progressive activation of Th2 and Th22, as well as Th1 pathways is characteristic
of the chronic stage of AD. The relative induction of each T-cell subset, according to disease
stage, is represented pictorially by their size, relative to the other T-cell subsets. Cytokines
(i.e. IL-4, 1L-13) and chemokines [i.e. CCL17, CCL18, CCL19, CXCL9, CXCL10,
CXCL11] produced by various T-cells and DCs induce further activation and recruitment of
additional immune cells. With the onset of acute disease, Th22 cells release 1L-22, which
induces epidermal hyperplasia, and synergistically with the Th17 cytokine, IL-17, drives an
abrupt increase in a subset of terminal differentiation genes, specifically S100A7, S100A8
and S100A9 proteins. The increases in these barrier proteins contrast with the uniformly
disrupted epidermal differentiation gene products (filaggrin, loricrin, corneodesmaosin, etc.)
throughout non-lesional, acute and chronic AD skin. The Th2 and Th22 cytokines contribute
to inhibition of the terminal differentiation proteins. 1L-31 is abruptly up-regulated in acute
disease, potentially reflecting its role as an itch mediator in AD.
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