Patients with atopic dermatitis have attenuated and distinct
contact hypersensitivity responses to common allergens in

skin
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Background: Atopic dermatitis (AD) is the most common
inflammatory disease. The prevalence of allergic contact
dermatitis to allergens (eg, fragrance) is higher in patients with
AD, despite a trend toward weaker clinical allergic contact
dermatitis reactions. The role of the AD skin phenotype in
modulating allergic sensitization to common sensitizers has not
been evaluated.

Objective: We sought to investigate whether patients with AD
have altered tissue immune responses on allergen challenge.
Methods: Gene expression and immunohistochemistry studies
were performed on biopsy specimens from 10 patients with AD
and 14 patients without AD patch tested with common contact
allergens (nickel, fragrance, and rubber).

Results: Although 1085 differentially expressed genes (DEGs)
were commonly modulated in patch-tested skin from patients
with AD and patients without AD versus control skin, 1185
DEGs were uniquely altered in skin from patients without AD,
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and only 246 DEGs were altered in skin from patients with AD.
Although many inflammatory products (ie, matrix
metalloproteinase 12/matrix metalloproteinase 1/S100A9) were
upregulated in both groups, higher-magnitude changes and
upregulation of interferon responses were evident only in the
non-AD group. Stratification by allergen showed decreased
expression of immune, Ty1-subset, and Ty2-subset genes in
nickel-related AD responses, with increased Ty17/IL-23
skewing. Rubber/fragrance showed similar trends of lesser
magnitude. Negative regulators showed higher expression in
patients with AD.

Conclusions: Through contact sensitization, our study offers
new insights into AD. Allergic immune reactions were globally
attenuated and differentially polarized in patients with AD, with
significant decreases in levels of Tyz1 products, some increases in
levels of Ty17 products, and inconsistent upregulation in levels
of T2 products. The overall hyporesponsiveness in skin from
patients with background AD might be explained by baseline
immune abnormalities, such as increased Ty2, Ty17, and
negative regulator levels compared with those seen in non-AD
skin. (J Allergy Clin Immunol 2014;uEN:ENN-EEN,)

Key words: Atopic dermatitis, allergic contact dermatitis, patch
testing, T-cell polarization, human skin, nickel, rubber, fragrance

Atopic dermatitis (AD) is a common inflammatory skin disease
with increasing prevalence in industrialized countries.' Allergic
contact dermatitis (ACD), the most common occupational dis-
ease,” is a type IV delayed hypersensitivity reaction to aller-
gens/haptens contacting the skin. Although AD is characterized
by Ty2/Tx22 polarization, with some contributions of Tyl and
Tul7 axes,” ACD is increasingly recognized as a Ty17- and
Ty22-polarized response in addition to a classic Ty;1 response.”™

Because AD is characterized by activation of inflammatory
pathways and a disrupted epidermal barrier, increased permeation
of allergens might lead to altered ACD reactions in a background
of chronic AD.” However, the relationship between AD and ACD
remains unclear.

ACD was previously thought to occur either less frequently
or with similar prevalence in patients with AD.'”'* Recent
studies found increased ACD frequency in patients with
AD""'7 and showed that both the severity and duration of AD
are correlated with ACD in atopic children.'® Increased preva-
lences of polysensitization and contact sensitization to fragrances
(ie, balsam of Peru)'>'? and metals were also shown in patients
with AD.”?!

10,11
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Abbreviations used
ACD: Allergic contact dermatitis
AD: Atopic dermatitis
DC: Dendritic cell
DEG: Differentially expressed gene
DNCB: Dinitrochlorobenzene
FCH: Fold change
FLG: Filaggrin
FoxP3: Forkhead box P3
IHC: Immunohistochemistry
IL1F10: IL-1 family, member 10
LC: Langerhans cell
MMP: Matrix metalloproteinase
RT-PCR: Real-time PCR

Several studies have reported diminished clinical responses to
contact allergens in patients with AD**?* and lower prevalence of
ACD in patients with severe AD.”* A few studies also suggest
decreased responses to strong and clinically irrelevant sensitizers,
such as dinitrochlorobenzene (DNCB); in vitro studies with
PBMCs show impaired cytokine production after stimulation
with contact allergens (ie, nickel).””** Newell et al’° recently
reported attenuated responses to DNCB and Ty2 skewing (with
decreased IFN-y and increased IL-4 levels) in normal-
appearing skin from atopic compared with healthy subjects.
The Ty2-polarized responses were independent of filaggrin
(FLG) mutation status,”’ which is consistent with the lack of as-
sociation between ACD and FLG mutations in most studies.”****’

Past studies did not address the role of AD skin phenotype in
influencing cutaneous allergic responses. We have shown recently
that different allergens induce differential immune polarization,
showing Ty2 and Ty;22 skewing with fragrance,” which might
explain the higher prevalence of ACD to fragrances in patients
with AD.***' To investigate whether immune responses to con-
tact allergens are altered in patients with AD, we have performed
extensive molecular and cellular profiling of patch-tested skin
with common clinically relevant allergens (ie, nickel, rubber,
and fragrance). Our data suggest that the background AD skin im-
mune phenotype affects both the magnitude and polarity of hyper-
sensitivity responses to clinically relevant common allergens.

METHODS

Patients’ characteristics and skin samples

This study represents a subgroup analysis of 24 patients from previously
reported data (15 women and 9 men; age range, 20-63 years; median, 39
years): 10 patients with concomitant AD and 14 patients without AD.** Patch
testing was performed on patients with patch test-proved ACD to common al-
lergens by using the 15 most common allergens of the North American Con-
tact Dermatitis Group.*” Positive reactions were clinically graded at 72 hours
as 1+, 2+, or 3+.%*** None of the patients were noted to have “angry back
syndrome” during the course of the study. Biopsy specimens were taken
from allergen-reactive patches and control skin (not exposed to the allergen)
under institutional review board—approved protocols. Overall, patients with
AD had 4 positive reactions to nickel, 2 to fragrance, and 3 to rubber. Patients
without AD had 6 positive reactions to nickel, 1 to fragrance, and 3 to rubber.
Because other metals were previously shown to be differentially polarized
compared with nickel and most of them were within the non-AD group,
they were not considered in the subset analysis.”’ One patient was excluded
because control skin was unavailable. FLG mutation status was only available
for 9 patients, and details appear in Table E1 in this article’s Online Repository
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at www.jacionline.org. For additional details, see the Methods section in this
article’s Online Repository at www.jacionline.org.

Immunostaining

Immunohistochemistry (IHC) was performed on frozen tissue sections by
using anti-human mAbs (see Table E2 in this article’s Online Repository at
www.jacionline.org). Epidermal thickness and positive cells per millimeter
were quantified for IHC by using ImageJ V1.42 software (National Institutes
of Health, Bethesda, Md), as previously reported.m

Quantitative real-time PCR and gene arrays

RNA was extracted for real-time PCR (RT-PCR) with EZ-PCR Core
Reagents (Life Technologies, Grand Island, NY), and custom primers were
generated.**>*" Expression values were normalized to hARP U133Plus 2.0
arrays (Affymetrix, Santa Clara, Calif) and used for gene arrays, as previously
described. 54

Statistical analysis

Quality control of microarrays was carried out by using standard quality
control metrics and R package Quality Control software. Images were
scrutinized for spatial artifacts with Harshlight. Expression values were
obtained by using the Guanine Cytosine Robust Multi-Array Analysis
algorithm. Probe sets with more than 1 sample, expression values of greater
than 4, and SDs of greater than 0.15 were kept for analyses. Expression values
were modeled by using linear mixed-effect models, with AD history as a fixed
factor and a random effect for each patient.

Similar analyses were performed for subgroups of patients patch tested for
nickel and rubber/fragrance. Fold changes (FCHs) for the comparisons of
interest were estimated, and hypothesis testing was conducted by using
contrasts with the linear models framework in limma package. P values from
paired ¢ tests were adjusted for multiple hypotheses by using the false discov-
ery rate procedure. In nickel and rubber/fragrance subgroup analyses, adjust-
ments were not applied because of small sample size, with unadjusted P values
and FCHs to indicate differential expression. RT-PCR and IHC data were also
analyzed by using the linear mixed-effect model. Statistical methodology is
detailed in the Methods section in this article’s Online Repository.

RESULTS

The majority of patch test reactions to common allergens
(nickel, fragrance, and rubber) were 1+ or 2+ reactions in both
the AD and non-AD groups, whereas 2 patients without AD had
3+ reactions (see Table E1 and Fig 2, B). Extensive genomic and
molecular profiling of patch-tested skin was performed in patients
with and without AD.

Increased cellular infiltrates in allergic reactions of
atopic and healthy subjects

Similar epidermal thickness was observed after patch testing in
skin from both patients with AD and patients without AD.
Cellular infiltrates in biopsy specimens of allergic reactions to
nickel, rubber, or fragrance from patients with AD and patients
without AD were evaluated by using IHC. Cell counts and
representative images are presented in Fig 1 and Fig E1 in this ar-
ticle’s Online Repository at www.jacionline.org, respectively.
Both groups showed increased infiltrates in patch tested versus
control skin. With nickel, increases in CD3" T-cell numbers
and CD1lc” and DC-LAMP" dendritic cell (DC) numbers
were similar between patients with AD and control subjects,
although decreased numbers of CDla™ and langerin-positive
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FIG 1. Cell Counts for CD3, CD8, CD11c, DC-LAMP, CD1a, CD1c, langerin, and major basic protein (MBP) in
each allergen group were compared between control (not patch tested), AD, and non-AD skin. In general,
non-AD skin showed increased infiltrates compared with AD skin after allergen challenge. Values are

means = SEMs. *P< .1, **P < .05, and ***P < .01.

Langerhans cells (LCs), as well as resident/CD1ct DCs, were
seen in patients with AD. For rubber/fragrance reactions, patients
with AD demonstrated significantly decreased numbers of T cells
(CD3" and CD8%) and various DC subsets compared with
healthy subjects (Fig 1 and see Fig E1).

Genomic profiling identifies altered responses to
contact allergens in atopic patients

Gene arrays were performed to define differentially expressed
genes (DEGs; criteria of FCH > 2 and false discovery rate < 0.05)
in biopsy specimens from positive reactions in patients with AD
versus patients without AD, as represented in the Fig 2, A, Venn
diagram. Many DEGs were common to both groups (1085 genes
and 1854 probes), including T-cell (granzyme B [GZMB]), Tyl
(CXCL10), Ty17 (CXCL1), and other inflammatory (matrix met-
alloproteinase [MMP] 12, S100A9, and MMP1) genes, with much
higher fold changes observed in reactions of patients without AD
(see Table E3, A, in this article’s Online Repository at www.
jacionline.org).

A large group of unique DEGs was identified in patients
without AD (1185 genes and 1636 probes), with fewer unique
DEGs in the AD subset (246 genes and 320 probes; Fig 2, A, and
see Table E3, B and C). A broad interferon signature was detected
solely among the non-AD group (IFN-y, 2'-5'-oligoadenylate
synthetase 2 [OAS2], CXCR3, CXCLI11, and T-box 21
[TBX21]; see Table E3, B). Increased magnitude of upregulated

gene expression in the skin of patients without AD is reflected
by a darker red color within the ACD transcriptome heat map
and stratified by AD status, allergen (nickel vs rubber/fragrance),
and clinical scoring (Fig 2, B).

Although the AD group showed lower-magnitude responses,
246 genes were uniquely dysregulated in patients with AD (Fig 2,
A), including many immune genes (ie, CCR6, CCL20, secreted
phosphoprotein 1 [SPP1], and mitogen-activated protein kinase
1 [MAPKI1]). Thus we performed a more detailed characteriza-
tion of immune-related genes.

Lower expression of many cytokines, chemokines,
and specific immune genes in patch reactions in
patients with AD

Because we recently showed that common allergens (nickel,
rubber, and fragrance) induce distinct tissue immune responses
(Tgl/Tyx17 for nickel and Ty2/TH22 for rubber/fragrance),g() re-
sponses in patients with AD versus those in patients without
AD were further analyzed and stratified by these allergens. Over-
all, highly significant stronger expression of immune, Ty1, and
Tu2 genes3() was detected in nickel reactions among patients
without AD, as shown in the box plots in Fig 2, C.

A detailed analysis of the immune gene subset is presented as a
heat map in Fig 3 (see Tables E4, A-C, and ES5, A-C, in this arti-
cle’s Online Repository at www.jacionline.org). Despite similar
levels of cellular infiltrates, the nickel response in patients with
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FIG 2. Common and unique DEGs for skin from patients with AD and patients without AD compared with
control skin, with direction of dysregulation shown (red, upregulated; blue, downregulated). A and B, A core
set of 1085 DEGs (intersection in purple; Fig 2, A) was common and defines the ACD transcriptome (depicted
as a heat map in Fig 2, B). Samples were arranged by AD status, clinical scoring, and allergen group. R, Rub-
ber/fragrance; N, nickel; M, other metals/purified protein derivative (PPD). C, Box plots of the allergen re-
sponses across major immune pathways represented in gene arrays. Values are means = SEMs. *P < .1,

**P < .05, and ***P < .01.

AD was characterized by higher activation of IL-17-related genes
(CCL20 and lipocalin 2 [LCN2]) and strong reductions in
markers of general inflammation (MMP12), T cells (CD2 and
CD28), DCs (integrin o X [[TGAX] and CD1B), innate immunity
(IL-8), Tyl/Ty2 chemokines (CXCL9, CXCL10, CCL18, and
CCL22), and Ty9 (IL-9) versus skin from patients without AD
(Fig 3). Rubber/fragrance showed higher CCL22, CCL2, and
IL-32 (an IL-22-induced gene)4' induction, which is consistent
with higher Ty2/Ty22 polarization to rubber/fragrance.3() (0)3
note, even in patients with AD, Ty1 responses remained stronger
than Ty2 responses (see Table E6 in this article’s Online Repos-
itory at www.jacionline.org).

RT-PCR confirms attenuated immune responses in
patch-tested AD skin

RT-PCR data adjusted for levels of immune activation in control
skin confirmed decreased immune responses in patch-tested AD
skin (Fig 4). Similar to array data, exposure to nickel resulted in less
induction of T-cell trafficking markers (CCR7), interferon-related
genes (IFN-a, IFN-y, CXCL9, and CXCL11) and Ty2-related
(CCL18, CCL22, CCL26, IL-4, IL-5, and IL-13), Ty22-related
(IL-22), and Ty9-related (IL-9) markers in skin of patients with
AD versus patients without AD (see Table E4, A-C).

IL-17-related genes (LCN2, CCL20, and IL-17A) showed
increased induction in reactions in patients with AD compared
with that seen in reactions in patients without AD in nickel-
exposed skin (Fig 4), which is consistent with gene array data (Fig
3 and see Table E4, C). IHC for neutrophils was performed by us-
ing neutrophil elastase to rule out possible infection as an inducer
of IL-17/Ty17 pathway genes. No significant differences were
found in neutrophil elastase—positive cell counts between control
AD and control non-AD skin (see Fig E2 in this article’s Online
Repository at www.jacionline.org).

Overall, a similar trend of lower expression in patients with
AD, with smaller magnitude of differences compared with nickel,
was seen with rubber/fragrance. However, several cytokines
(IFN-a, IFN-y, IL-5, IL-13, IL-22, and IL-9) showed increased,
but not significant, nRNA expression in patients with AD (Fig 4).
Accounting for the intensity of the reaction did not change our re-
sults. Means and P values for IHC and RT-PCR data are available
in Tables E7 and ES in this article’s Online Repository at www.
jacionline.org.

AD skin expresses higher induction of regulatory
gene products

Because several factors might drive decreased immune re-
sponses in AD skin, we analyzed expression of immune markers
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FIG 3. Asubset of differentially expressed immune genes. Samples in the heat map are grouped by AD status
and allergen type and arranged by clinical scoring from 1+ to 3+ (gray to black). Red, Upregulated; blue,
downregulated. FCHs of allergen compared with petrolatum are shown. *P < .1, **P < .05, and ***P < .01.

in control AD versus non-AD skin, as well as expression of
negative regulators in both patch-tested and control skin (Fig 5).
Unexposed control skin from patients with AD had highly
increased expression of inflammatory products, including T-cell
trafficking markers (CCR7), interferon/Ty1-related genes (IFN-
o, [FN-y, CXCL9, and CXCL11), and Ty17/IL-23-related genes
(IL-12/23p40 and CCL20) compared with control non-AD skin
(see Fig E3 in this article’s Online Repository at www.
jacionline.org).

Higher induction of known negative immune regulators™” was
detected in both control and patch-tested AD versus non-AD
skin by using a gene array (as shown in a heat map; Fig 5, A)
and by means of RT-PCR (Fig 5, B). We observed significantly
lower expression of IL-37, a recently reported negative regulator
cytokine,*” in non-AD compared with AD skin exposed to rub-
ber/fragrance (Fig 5, A); RT-PCR data confirmed this finding
(P <.001; Fig 5, B). IL-1 family, member 10 (IL1F10), expres-
sion was also upregulated in AD versus non-AD skin (Fig 5,
A). Additionally, patch-tested skin to rubber/fragrance shows
increased expression of cytotoxic T-lymphocyte antigen 4 in
both patients with AD and patients without AD, with a greater
magnitude in AD skin (Fig 5, A, and see Table E5, A). AD
skin also showed greater expression of IL-10, forkhead box P3

(FoxP3), and IL-37 mRNA in control skin and nickel patch-
tested skin (Fig 5, B).

DISCUSSION

This is the first human study to extensively profile molecular and
cellular responses to common and clinically relevant topical
allergens (nickel, rubber, and fragrance) in AD compared with
non-AD skin. Although previous studies have suggested that the
ACD response might be attenuated in patients with AD,”~” these
studies focused on immune responses in peripheral blood, which
might not be representative of skin,***° or on clinically irrelevant
sensitizers, such as DNCB.”’ Recently, Newell et al”® demonstrated
an attenuated hypersensitivity reaction and Ty2 skewing in nonle-
sional AD versus healthy skin by using a strong hapten (DNCB),
suggesting that the characteristic immune phenotype of background
AD skin contributes to the distinct T2 polarization on challenge.”’
Although DNCB is a useful model to study hypersensitivity reac-
tions, it has universal sensitization potential; alternatively, exposure
to common allergens might be more significantly influenced by the
genetic background that leads to barrier defects in patients with AD.
Until now, the role of background AD skin phenotype in altering
allergic responses has not been characterized.
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Our data show that tissue responses to clinically relevant
cutaneous allergens are both attenuated and differentially polar-
ized in patients with AD compared with patients without AD. On
a background of a Ty2-polarizing disease, such as AD, one would
expect perpetuated T2 responses after exposure to sensitizers, as
observed with DNCB.”’ However, not only did our data not sup-
port this finding in patients with AD, it also showed mainly
decreased Ty2 responses to the most common allergen, nickel.
Even for antigens known for Ty2 skewing (rubber and
fragrance),”” we observed inconsistent and mostly nonsignificant
modulation of Ty2-related chemokines. Surprisingly, an AD
background seems to predispose to Tyl7/IL-23 skewing in
response to nickel. To the extent that there might be cross-
regulation of Ty 1 and Ty 17 pathways,“"w the decreased Ty re-
sponses seen with nickel might allow an increased magnitude of
Ty17 response in these patients.

One possible explanation for the attenuated contact hypersen-
sitivity response to common contact allergens in patients with AD
is altered antigen-presenting responses (decreased LCs and some

DC subsets) on a background of increased antigen penetration,
ultimately leading to impaired T-cell priming.’” This hypothesis
is supported by our IHC data showing significantly decreased
counts of CD1a* DCs, CD1C™" DCs, and langerin-positive LCs
in patients with AD exposed to common allergens.

Another explanation for the altered responses in patients with
AD is the differential expression of inflammatory pathways
responsible for programming allergic sensitization in background
AD skin. We have shown that baseline AD skin has increased
expression of inflammatory pathways, particularly Tyl7, with
significantly increased levels of 1L-12/23p40 and CCL20 and in-
creases in expression of Ty2 chemokines and cytokines (CCL22,
CCL26, and IL-13; Fig 4). Thus increased levels of Ty;17 and T2
axes at baseline might attenuate the Tyl component of ACD,
possibly resulting in decreased intensity and differential polarity
in patients with AD.

Our study presents a few limitations. First, all samples were
taken at 72 hours, and therefore we cannot evaluate cytokine
mRNA kinetics in the ACD response. Additionally, because of the
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small sample size, we used less stringent cutoffs for subgroup
analyses. However, the results are consistent in showing lower-
magnitude immune responses in patients with AD.

Attenuated immune responses might also stem from over-
expression of recognized regulatory products in AD skin
compared with non-AD skin, which was observed at baseline or
after application of contact allergens. These negative regulators
include FoxP3, a transcription factor necessary for regulatory T
cell development5 ! 1L-10, a known inhibitor of Tyl responses5 2.
cytotoxic T-lymphocyte antigen 4, an inhibitory molecule found
on the surfaces of T cells™; and 2 novel regulatory cytokines,
IL-37°* and IL1F10.>

IL-37 is a new member of the IL-1 family, which has been
shown to be a fundamental inhibitor of innate immunity.”® IL-37
upregulation is correlated with disease severity in patients with
AD and is known to inhibit proinflammatory cytokines, such as
IL-1a, IL-1B, TNF, and IL-6,42’57 and suppresses production of
CXCLS, IL-6, and S100A7.°%°° Our data also show increased
IL-37 expression in the rubber/fragrance group, possibly explain-
ing the overall decreased induction of inflammatory pathways in
this group compared with nickel.

IL1F10, also known as IL-38, is a novel member of the IL-1
family and shares homology with the IL-1 receptor antagonist.
A recent study showed that IL-38 reduces the production of IL-
17A, IL-22, and IL-8 through IL-36 receptor a binding.”
Because IL-17A and IL-22 are important in the elicitation phase
of contact hypersensitivity®*°"°! upregulation of these negative
regulators in patients with AD might also contribute to the
decreased intensity of ACD reactions.

In conclusion, immune responses to defined antigens might be
altered on a background of AD, affecting both the magnitude and
polarity of the responses. Our findings have implications beyond
allergic sensitization; decreased vaccination responses observed
in patients with AD might be mechanistically linked to attenuated
ACD responses by the increased regulatory tone observed in this
study.®” Although decreased ACD responses in patients with AD
might be desirable, the decreased Tyl component, if present in
response to infectious antigens, might be undesirable for vaccina-
tions or control of cutaneous infections. Strategies to boost Ty1
responses in AD skin might thus need to be considered to increase
the effectiveness of clinically relevant immune responses.

Clinical implications: Altered reactivity to vaccinations and
cutaneous infections in patients with AD might be mechanisti-

cally linked to attenuated allergic responses, and strategies to
boost Tyx1 responses might be necessary to increase the effec-
tiveness of protective immunologic responses.
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Methods
Patients’ Characteristics and skin samples

Patch testing was performed using the North American Contact Dermatitis
Group Standard (NACDG) for 15 common contact allergens and at 72 hours the
patch test site was evaluated for positive reactions. A reaction score of 1+, 2+, or
3+ was assigned to any positive reactions, assessed via established patch test
guidelines.F*2 Biopsies were taken from allergen-reactive patches and control
skin (not exposed to the allergen) under institutional review board-approved
protocols. Overall, AD patients had 4 positive reactions to nickel, 2 to fragrance,
and 3 to rubber. Patients without AD had 6 positive reactions to nickel, 1 to
fragrance, and 3 to rubber. Four patients with reactions to other metals were
excluded from the analysis due to the small sample size and previous data
showing that other metals and nickel polarize differently and should not be
grouped together.>® One patient was excluded since control skin was
unavailable. Serum IgE levels were elevated in 10/219 patients (range 28.6-

5000, mean 560, reference range 0-114 kU/L).

Immunohistochemistry

Biopsy specimens were frozen in O.C.T. medium and cryostat tissue
sections of all patients were stained with hematoxylin (Fisher, Fair Lawn, NJ) and
eosin (Shandon, Pittsburgh, PA). Immunohistochemistry (IHC) was performed by
using purified anti-human monoclonal antibodies. For IHC, biotin-labeled horse
anti-mouse secondary antibodies (Vector Laboratories) were used to detect the

primary antibodies, and the staining signal was developed with chromogen 3-
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amino-9-ethylcarbazole (AEC, Sigma-Aldrich). Epidermal thickness and positive
cells per millimeter were manually quantified by using computer-assisted image

analysis software (ImageJ 1.42; National Institutes of Health, Bethesda, MD).

Quantitative real-time (RT) PCR and gene-array analysis

RNA was extracted and Affymetrix Human U133Plus 2.0 arrays (Affymetrix,
Santa Clara, CA) were used as previously described.® Briefly, we used human
HGU133Plus2.0 GeneChip probe arrays (Affymetrix Inc, Santa Clara, Calif)
containing approximately 54,000 probe sets to assess expression of more than
47,000 transcripts, including approximately 38,500 genes and unigenes. Total
RNA was extracted from tissues frozen in liquid nitrogen by the Qiagen RNeasy
Mini Kit (Valencia, Calif). DNA was removed with on-column DNAse digestion by
the 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 (San Carlos, Calif). The chips were washed,
stained with streptavidin-phycoerythrin, and scanned (HP GeneArray Scanner;
Hewlett-Packard Company, Palo Alto, Calif). On each chip, the human
housekeeping genes [-actin and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) served as controls. Suite 5.0 software normalized the expression level

values using these controls.
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RT-PCR Analysis

The TagMan RT-PCR reaction was performed with EZ-PCR Core Reagents
(Life Technologies), according to the manufacturer’s directions. The primers and
probes for CCL13 (Hs00234646 m1l), CCL17 (Hs00171074 m1l), CCL18
(Hs00268113_m1), CCL19 (Hs00171149 m1), CCL20 (Hs01011368 m1),
cCL21 (Hs00989654 g1), CCL22 (Hs01574247_m1), CCL26
(Hs00171146_m1l), CCL5 (Hs00174575 ml), CCR7 (Hs01013469 m1l),
CXCL10  (Hs01124251 gl), CXCL11  (Hs04187682_gl), CXCL9
(Hs00171065_m1), Foxp3 (Hs01085834 m1), GATA3 (Hs00231122_m1), IFNA1
(Hs00256882_s1), IFNG (Hs00989291 m1l), IL10 (Hs00961622_m1), IL13
(Hs00174379_m1), IL17A (HS00174383_m1), IL17F (Hs00369400 m1), IL18
(Hs01038788_m1), IL1B (Hs01555410 m1l), IL2 (Hs00174114 m1l), IL22
(Hs01574154 m1), IL12p19 (Hs00900828 gl), 1L23p40 (Hs01011518 ml),
IL2RA (Hs00907779_m1), IL31 (Hs01098710_m1), IL32 (Hs00992441 m1), IL33
(HS00369211_m1), IL37 (Hs00367201_m1), IL4 (Hs00174122 m1), IL5
(Hs01548712_gl1), IL6 (Hs00985639 m1), IL7 (Hs00174202_ml), IL7R
(Hs00902334 _m1), IL8 (Hs00174103 m1), IL9 (Hs00914237 m1), LCN2
(Hs01008571_m1), MX1 (Hs00895608 m1), OX40 (Hs00937194 gl), OX40L
(Hs00182411_m1), PI3 (Hs00160066 m1l), PUl (Hs02786711 m1l), RORG
(Hs01076122_m1), S100A7 (Hs01923188 ul), S100A8 (Hs00374264 gl),
S100A9 (Hs00610058_m1), TBET (Hs00203436_m1), TGFB (Hs00998133_m1),
TNFa (Hs01113624 gl), TSLP (Hs00263639 m1), TSLPR (Hs00845692_ m1)

were designed by Life Technologies. The human acidic ribosomal protein (hARP)
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gene, a housekeeping gene, was used to normalize each sample and each gene.
The primer sequences used were generated with the Primer Express algorithm
(Applied Biosystems, Foster City, Calif), version 1.0, by using published genetic
sequences (National Center for Biotechnology Information—PubMed), as follows:
hARP forward CGCTGCTGAACATGCTCAA, hARP reverse
TGTCGAACACCTGCTGGATG, and hARP probe 6-FAM-
TCCCCCTTCTCCTTTGGGCTGG-TAMRA (Gene Bank accession no. NM-
001002). The data were analyzed and quantified by using the software provided
with the Applied Biosystems PRISM 7700 (Sequence Detection Systems, version

1.7).

Statistical Analysis

Statistical methods are initially used in this paper to gather evidence that
gene expression and population cell counts differ between two groups: subjects
with atopic dermatitis personal history (AD) and the ones without it (non-AD),
controlling by their control skin. Microarray, RT-PCR gene expression and
immunohistochemistry cell counts were obtained from an initial sample of n=24
subjects. A subgroup of 19 patients patch tested for nickel, rubber and fragrance
allergen was separated for further analysis. The comparisons carried for the

whole data set were replicated for nickel and rubber/fragrance subgroups.

The comparisons are planned to identify genes that are differentially

expressed in patch-tested AD and non-AD subjects when compared to their
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control skin. When subgroup analysis was performed, due to small sample size,
cut-offs determined for decisions about significance were less restrictive (one-
sided tests and p-values below 0.10). Quality control of microarrays was carried
out using standard QC metrics and R package Quality Control and Harshlight.®*
One patient (#17) was classified as an outlier and removed from the analysis.
Expression measures were obtained using GCRMA algorithm.® Probe
sets with at least 1 sample with expression values larger than 4 and standard
deviation (SD)>0.15 were kept for further analyses. To follow normality
assumptions required by most of the statistical methods used in this paper, the
expressions were log2-transformed. Although data from immunohistochemistry
are measured as counts, we assumed normal distribution for statistical modeling

purposes.

Genomics Statistical Analysis:
In Figure 2B, a heatmap for gene expression was used to illustrate differences
between AD, non-AD groups and control skin. The criteria for gene selection
were: fold-change higher than 2 and FDR (False-Discovery Rate) lower than
0.05. The distance matrix was built based on Euclidean distances and McQuitty
algorithm was used for gene clustering, The same parameters for clustering were
applied to the heatmaps in Figure 3 and 5A that included immune and negative
regulators genes, respectively.

For microarray and RT-PCR data, log2-transformed expression values

were modeled using linear mixed-effects models with AD status and control skin
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as fixed effects and a random effect for each patient. Comparisons of interest
were assessed using linear contrasts via restricted log-likelihood maximization
(REML). The contrasts of interest were designed to perform the following
comparisons: AD vs. Control, non-AD vs. Control and AD vs. non-AD. The later
contrast was carried with and without adjusting expressions by background skin.
Analysis for arrays was conducted under the general framework of limma
package. P-values from moderated (paired) t-test were adjusted for multiple
hypotheses across genes using Benjamini-Hochberg procedure. LME, as
implemented in limma’s R package from Bioconductor, provides tools that can
handle high-dimensionality data with the use of moderated t-statistics and
selection of significant genes using principles from Bayesian Inference (e.qg.
empirical Bayes).

All differentially expressed probes were divided into three groups: AD,
Common and non-AD, according to the significance found in the contrasts.
Probes that are simultaneously differentially expressed in the contrasts: AD vs.

Control and non-AD vs. Control are classified in the Common group.

Pathway Analysis:

For Figure 2C, box-plots were created using the distribution of the
log2(FCH) of immune, Thl and Th2 genes within each allergen (Nickel or
Rubber/Fragrance) vs. control. This highlights major pathway differences
between groups. The size of the individual dots (representing distinct genes) is

scaled to their FCH for each allergen.
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Figures 4 and 5B show bar plots of RT-PCR log,(FCH) of each allergen
and with mean £ SEM displayed in a bar plot. Stars directly above the error bars
indicate the significance in one-sided tests for comparisons against control
(p<0.1(*),p<0.05(**),p<0.01(***)). Comparisons between AD and non-AD groups
are also indicated, here with lines that link the two allergens being compared,

again with stars to indicate significance.

Immunohistochemistry Statistical Analysis:

Biomarkers for IHC analysis were analyzed with linear mixed effect
models as implemented in Ime function that is part of nime package in R. The
high magnitude of the cell counts and inspection of the data distribution with
histograms contributed to assumption of Gaussian distribution for the responses.
Skin (background or patch-tested for an allergen) and AD personal history status
were treated as fixed effects and a random intercept for each patient was
included. Estimates and significance of linear contrasts representing differences
between groups and their controls are represented in the bar plots displayed in

Figure 1.
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Table E1. Characteristics of Study Patients

Pt | Gender | Age | Allergen | Reaction” AD Serum FLG Other Positive Patch-
# Group? History IgE mutation Test Reactions
(KU/L)

1 F 37 Nickel +3 N 225 Negative Cobalt +2
Phenoxyethanol +1
Phenylenediamine +1
BND +1
Potassium Dichromate +1
Dust Mite +1

2 F 28 Nickel +3 N 99.4 n/a Dust Mite +1

3 M 39 Rubber +2 N 94 Negative Thiuram +2
Carba Mix +2
Cobalt +2
Peanut +1
Dust Mite +1

4 M 20 Fragrance +2 N 98.7 n/a Dust Mite +1

5 M 63 Rubber +2 N 134 n/a Balsam of Peru +1
Cobalt +1
Peanut 1
Soybean +1
Lentils +1
Wheat +1
Oat +1
Codfish +1
Apple +1

6 F 55 Nickel +2 N 36.6 Negative Dust Mite +1

7 F 57 Nickel +2 N 28.6 Negative Dust Mite +1
Codfish +1

8 F 51 Nickel +2 N 39.8 n/a Cobalt +1

9 M 23 Rubber +1 N 59 n/a Dust Mite +2

10 F 54 Nickel +1 N 264 Negative Quaternum-15 +1
Carrot +1
Celery +1

11 F 50 Fragrance +2 Y 1414 R501Xneg Codfish +1

2282del4-
hetero

12 F 55 Rubber +2 Y 83.8 Negative None

13 F 52 Nickel +2 Y 528 n/a Dust Mite +2
Lentils +1
Sesame +1

14 F 48 Nickel +2 Y 5000 Negative Cobalt +2

15 F 45 Nickel +2 Y 39.5 n/a None

16 F 33 Nickel +2 Y 1205 n/a Dust Mite +1
Carba +2
BOP +1

17 M 31 Rubber +1 Y 143 n/a None

18 M 34 Rubber +1 Y 827 Negative None

19 M 42 Fragrance +1 Y 322 n/a Carba Mix +1
Soybean +1
Barley +1

20 M 28 PPD +3 N n/a n/a Dust Mite +2
Lentils +1
Wheat +1
Cow Milk +1
Egg White +1

21 M 36 Cobalt +1 N n/a n/a Dust Mite +1
Peanut +1

22 F 32 Cobalt +1 Y 783 n/a Dust Mite +1




23 F 33 Potassium +1 N n/a n/a Lentils +1
Dichromate

24 F 39 Cobalt +1 N n/a n/a Dust Mite +1

a: Allergens were grouped into two categories: Nickel (10 patients) and Rubber/Fragrance (2 BOP, 1 Fragrance mix, 5
Carba Mix, 1 Thiuram mix patients), Cobalt (3 patients), PPD (1 patient), Potassium Dichromate (1 patient)
b: Positive-patch tests were graded according to established guidelines (See Methods and Supplementary Methods)



Table E2. Antibodies used for Immunohistochemistry

Antibody Vendor Clone Isotype Dilution
CD3 BD Biosciences SK7 lgG1 1:100
CD8 Abcam 144B IgG1 1:25

CD11c BD Biosciences B-ly6 IgG1l 1:100

DC-LAMP Fisher Scientific 104.G4 IgG1l 1:50

Langerin Immunotech DCGM4 IgG1l 1:100
CDl1c Miltenyi Biotec AD5-8E7 IgG2a 1:100
MBP Thermo Scientific BMK13 IgG1 1:15




Table E6. Summary of log2-Fold Changes relative to background skin in Thl- and Th2-

related genes within specific allergen subsets.

Allergen /
Group Thl Th2 p-value*
Mean SD N Mean SD N
Nickel non-AD 3.07 2.28 25 2.49 1.94 | 14 0.41
Nickel AD 2.20 146 | 25 1.41 1.26 | 14 0.08
RbFG non-AD 1.60 114 | 25 1.75 1.63 | 14 0.76
RbFG AD 1.48 1.07 | 25 2.00 159 | 14 0.28

*P-values are calculated for the two-sided t-test that compares average log2-FCH in Thl
genes vs. Th2 genes. Significant p-values were observed for Thl vs Th2 fold-changes in

Nickel AD.



Table E7. Descriptive Statistics for Cell Counts from Immunohistochemistry

CD3 CD8
Group Mean SD N Mean SD N
Control non-
AD 94.91 43.74 11 47.27 24.58 11
Control AD 102.22 68.44 9 46.67 17.85 9
Nickel non-AD 895.83 458.97 6 366.00 179.01 6
Nickel AD 1001.75 890.89 4 291.00 218.08 4
RbFg non-AD 742.40 614.56 5 245.80 244.59 5
RbFg AD 421.40 123.96 5 154.80 108.42 5
CD11 DCLAMP
Group Mean SD N Mean SD N
Control non-
AD 47.27 24.58 11 22.55 29.62 11
Control AD 46.67 17.85 9 10.11 14.32 9
Nickel non-AD 366.00 179.01 6 218.17 229.90 6
Nickel AD 291.00 218.08 4 203.75 211.74 4
RbFg non-AD 245.80 244.59 5 234.80 205.80 5
RbFg AD 154.80 108.42 5 110.40 83.49 5
CD1a CD1c
Group Mean SD N Mean SD N
Control non-
AD 60.64 23.88 11 69.09 40.54 11
Control AD 27.33 15.22 9 64.44 36.66 9
Nickel non-AD 73.50 38.62 6 101.33 79.43 6
Nickel AD 36.00 22.46 4 17.00 10.89 4
RbFg non-AD 55.20 49.92 5 185.00 209.46 5
RbFg AD 26.40 8.26 5 84.00 61.16 5
LANGERIN MBP
Group Mean SD N Mean SD N
Control non-
AD 90.36 67.74 11 4.00 3.62 11
Control AD 91.89 64.76 9 2.38 4.03 9
Nickel non-AD 64.67 33.29 6 34.67 26.90 6
Nickel AD 26.25 14.61 4 23.00 7.00 4
RbFg non-AD 88.80 41.76 5 28.50 12.12 5
RbFg AD 44.40 28.59 5 45.00 44.40 5




Table E8. Summary Statistics for log2-Expressions for RT-PCR in allergen subsets

CCRY IFNal
Group Mean SD N Mean SD N
Control non-AD 5.23 1.16 10 7.59 3.45 10
Control AD 6.54 1.30 9 9.94 3.15 9
Nickel non-AD 9.36 1.78 6 10.55 2.58 6
Nickel AD 10.08 2.79 4 11.28 2.39 4
RbFg non-AD 9.82 2.71 4 6.90 5.06 4
RbFg AD 9.08 1.11 5 10.58 1.26 5

IFNg CXCL9
Group Mean SD N Mean SD N
Control non-AD 6.92 2.76 10 7.02 2.83 10
Control AD 8.14 2.78 9 9.96 2.20 9
Nickel non-AD 10.89 3.15 6 12.24 3.81 6
Nickel AD 11.36 3.78 4 13.79 5.19 4
RbFg non-AD 9.87 5.26 4 10.99 5.66 4
RbFg AD 10.99 1.67 5 11.91 2.86 5

CXCL11 IL-4

Group Mean SD N Mean SD N
Control non-AD 5.66 1.88 10 7.43 1.95 10
Control AD 7.13 1.77 9 7.97 2.44 9
Nickel non-AD 11.28 3.76 6 10.63 3.94 6
Nickel AD 11.37 5.41 4 11.55 5.34 4
RbFg non-AD 9.03 5.28 4 10.04 3.71 4
RbFg AD 9.98 3.19 5 9.43 3.57 5

IL-5 IL-13
Group Mean SD N Mean SD N
Control non-AD 4.73 4.88 10 4.61 2.90 10
Control AD 6.11 4.71 9 5.66 2.64 9
Nickel non-AD 12.44 5.45 6 9.17 1.79 6
Nickel AD 11.79 6.03 4 8.81 3.96 4
RbFg non-AD 12.03 7.42 4 9.62 2.65 4
RbFg AD 15.50 1.10 5 10.67 0.60 5

CCL18 CCL22
Group Mean SD N Mean SD N
Control non-AD 5.66 1.07 10 6.83 1.11 10
Control AD 6.57 2.07 9 7.39 1.09 9
Nickel non-AD 8.67 1.15 6 10.04 1.45 6
Nickel AD 8.10 2.16 4 9.88 1.78 4
RbFg non-AD 8.25 3.60 4 10.27 2.47 4




RbFg AD 7.54 0.93 5 10.02 1.37 5
CCL26 IL-9
Group Mean SD N Mean SD N
Control non-AD 7.59 1.34 10 3.52 4.34 10
Control AD 9.37 1.40 9 2.82 3.32 9
Nickel non-AD 10.73 2.95 6 16.10 591 6
Nickel AD 10.67 1.55 4 9.71 8.19 4
RbFg non-AD 11.48 1.92 4 12.18 7.99 4
RbFg AD 11.92 1.60 5 13.20 3.54 5
PU1 IL-17A
Group Mean SD N Mean SD N
Control non-AD 8.10 1.25 10 8.17 3.69 10
Control AD 7.70 1.19 9 6.91 3.77 9
Nickel non-AD 10.29 1.48 6 10.64 4.34 6
Nickel AD 8.81 1.23 4 10.82 5.74 4
RbFg non-AD 9.60 1.14 4 10.30 4.24 4
RbFg AD 8.79 1.05 5 9.00 4.10 5
1L-12/23p40 LCN
Group Mean SD N Mean SD N
Control non-AD 4.29 3.98 10 6.11 2.20 10
Control AD 8.94 3.73 9 5.45 1.73 9
Nickel non-AD 8.06 3.43 6 7.80 1.74 6
Nickel AD 10.50 2.90 4 8.33 1.39 4
RbFg non-AD 8.21 5.33 4 8.26 1.22 4
RbFg AD 11.45 2.15 5 7.69 1.36 5
CCL20 IL-22
Group Mean SD N Mean SD N
Control non-AD 6.90 2.30 10 7.12 1.97 10
Control AD 8.21 1.09 9 8.61 3.36 9
Nickel non-AD 8.76 0.79 6 11.65 3.64 6
Nickel AD 10.31 0.94 4 11.39 5.08 4
RbFg non-AD 8.19 1.01 4 10.63 4.92 4
RbFg AD 8.77 0.79 5 12.48 1.20 5
S100A7 S100A8
Group Mean SD N Mean SD N
Control non-AD 5.89 3.01 10 7.67 2.65 10
Control AD 5.79 2.45 9 7.64 1.90 9
Nickel non-AD 9.72 2.34 6 11.64 191 6
Nickel AD 6.72 4.85 4 10.92 0.80 4
RbFg non-AD 10.77 0.95 4 13.35 1.21 4
RbFg AD 8.98 1.58 5 11.09 0.88 5




S100A9 IL-37

Group Mean SD N Mean SD N
Control non-AD 7.41 2.66 10 7.18 1.77 10
Control AD 7.59 2.13 9 7.93 0.57 9
Nickel non-AD 12.26 1.64 6 5.93 1.62 6
Nickel AD 10.97 1.28 4 6.19 1.11 4
RbFg non-AD 13.42 1.07 4 4.59 2.17 4
RbFg AD 10.75 1.50 5 6.83 0.70 5

IL-10 FOXp3
Group Mean SD N Mean SD N
Control non-AD 7.80 2.06 10 5.93 1.94 10
Control AD 9.53 1.26 9 7.03 1.57 9
Nickel non-AD 9.41 2.36 6 7.89 2.26 6
Nickel AD 11.95 2.35 4 8.90 2.93 4
RbFg non-AD 10.45 2.19 4 9.57 1.25 4
RbFg AD 9.87 1.17 5 9.05 1.40 5




Supplementary Figure Legends

Fig E1. Staining for CD3, CD8, CD11c, CDLAMP, CD1a, CD1c, Langerin, and
Major Basic Protein in AD and NonAD patients patch tested with
Fragrance/Rubber and Nickel, demonstrating increased infiltrates of T-cells, DCs,
and Langerhans cells in non-AD skin compared to AD patch-tested skin
(histology magnification, X10).

Fig E2. Cell counts for neutrophil elastase was compared between control (not
patch-tested) AD and non-AD skin. There was no statistical difference in
neutrophil elastase+ infiltrates in the AD and non-AD samples.

Fig E3. Real-time PCR was used to evaluate expression of major cytokines and
inflammatory markers in skin from healthy controls who were matched against
nickel patch-tested skin. Data were grouped according to AD status and by the
major inflammatory pathways represented. P values of AD vs non-AD expression
are indicated if significant. *P < .05, **P < .01, and ***P < .001.
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