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Tape strips from early-onset pediatric atopic dermatitis
highlight disease abnormalities in nonlesional skin
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Abstract

Background: Skin biopsies promote our understanding of atopic dermatitis/AD
pathomechanisms in infants/toddlers with early-onset AD, but are not feasible in
pediatric populations. Tape strips are an emerging, minimally invasive alternative, but
global transcriptomic profiling in early pediatric AD is lacking. We aimed to provide
global lesional and nonlesional skin profiles of infants/toddlers with recent-onset,
moderate-to-severe AD using tape strips.

Methods: Sixteen tape strips were collected for RNA-seq profiling from 19 infants/
toddlers (<5 years old; lesional and nonlesional) with early-onset moderate-to-severe
AD (<6 months) and 17 healthy controls.

Results: We identified 1829 differentially expressed genes/DEGs in lesional AD and
662 DEGs in nonlesional AD, vs healthy skin (fold-change 22, FDR <0.05), with 100%
sample recovery. Both lesional and nonlesional skin showed significant dysregula-
tions of Th2 (CCL17 and IL4R) and Th22/Th17 (IL36G, CCL20, and S100As)-related
genes, largely lacking significant Th1-skewing. Significant down-regulation of termi-
nal differentiation (FLG and FLG2), lipid synthesis/metabolism (ELOVL3 and FA2H),
and tight junction (CLDN8) genes were primarily seen in lesional AD. Significant
negative correlations were identified between Th2 measures and epidermal barrier
gene-subsets and individual genes (FLG with IL-4R and CCL17; r < -0.4, P < .05).
Significant correlations were also identified between clinical measures (body surface
area/BSA, pruritus ADQ, and transepidermal water loss/TEWL) with immune and
barrier mRNAs in lesional and/or nonlesional AD (FLG/FLG2 with TEWL; r < -0.4,
P < .05).

Abbreviations: AD, atopic dermatitis; ADQ, pruritus atopic dermatitis quickscore; CLDN, claudin; DEG, differentially expressed gene; EASI, eczema area and severity index; ELOVL,
elongation of very long chain fatty acids protein; FA2H, fatty acid 2-hydroxylase; FCH, fold-change; FDR, false discovery rate; FLG, filaggrin; GSVA, gene set variation analysis; IL,
interleukin; LCE, late cornified envelope; OR, online repository; gqRT-PCR, quantitative real-time polymerase chain reaction; RNA-seq, RNA-sequencing; SCORAD, scoring atopic
dermatitis; STAT, signal transducer and activator of transcription; TEWL, transepidermal water loss; Th, T helper.
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Conclusion: RNA-seq profiling using tape strips in early-onset pediatric AD captures
immune and barrier alterations in both lesional and nonlesional skin. Tape strips pro-

vide insight into disease pathomechanisms and cutaneous disease activity.

atopic dermatitis, biomarker, pediatric, skin barrier, tape strips
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GRAPHICAL ABSTRACT

Tape strips are collected for RNA-seq profiling from 19 infants/toddlers (ages 0-5 years; lesional and nonlesional) with early-onset
(<6 months), moderate-to-severe AD and 17 healthy controls. We identify 2491 differentially expressed genes in AD vs healthy skin. We
observe significant dysregulation of Th2 and Th22/Th17-related markers, largely lacking Th1 skewing. Significant decreases in barrier-

related genes are seen primarily in lesional skin.

1 | INTRODUCTION

Atopic dermatitis/AD is the most common inflammatory skin dis-
ease in children, yet effective treatments in this population are
Iacking.1 Until recently, comprehensive studies in skin of children
at early disease initiation were lacking, inhibiting targeted thera-
peutic development for this age group. Studies using skin biopsies
in infants and toddlers with early-onset moderate-to-severe AD
determined the cutaneous phenotype of early-onset pediatric AD
(within 6 months of disease initiation), showing differences from
that of adults with long-standing disease.?® Although Th2/Th22-
dominance is shared by children and adults with AD, early-onset
disease in infants and toddlers is also characterized by significant
Th17 polarization and lacks the Th1-skewing that is characteristic
of adults with chronic AD.2® While in adults, whole-skin tissues
have been instrumental in identifying biomarkers to track cuta-
neous disease severity and therapeutic response,®*! biopsies are
largely not feasible in children. Furthermore, studies in blood are
not able to capture the distinct immune and barrier profiles of le-

sional and non-lesional AD skin.*?4

Lately, therapeutics are actively being developed in infants and

1517 and several studies are following babies from birth for

children
development of AD and associated comorbidities.'®?° Hence, there
is a great need to develop minimally invasive approaches that allow
for serial sampling of both lesional and nonlesional skin of early-on-
set AD in infants and children for tracking disease activity in clinical
trials and longitudinal studies.

Tape strips, capturing the stratum corneum and upper granu-
lar layer,?>?2 are emerging as an alternative to skin biopsies in both
adults and children with AD.?*4¢ Earlier proteomic studies in infants
and children with AD evaluated a limited set of biomarkers in lesional
and/or nonlesional skin.?>%% We recently studied the mRNA profile
in lesional and nonlesional tape-stripped skin of infants and toddlers
(age 0-5 years; mean age 1.7 years) with early-onset AD (<6 months
of disease initiation), using a panel of 79 genes by quantitative re-
al-time PCR/qRT-PCR.*¢

Only a few studies have performed global profiling of lesional
and/or nonlesional tape-stripped AD skin using RNA-seq, includ-
ing two studies on a cohort of adults with mild-to-severe AD?%34

and one in children and adolescents.?* The latter involved 4- to
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17-year-olds with mild-to-severe AD, primarily analyzing nonlesional
skin compared to skin from healthy controls, focusing on differ-
ences between children with and without food allergy.?* This study
showed higher Th2-skewing in the setting of concomitant food al-
lergy and an overall sample recovery rate of 45%.%

We present the first global profiling of both lesional and non-
lesional tape-stripped skin of infants and toddlers (age 0-5 years)
with early-onset AD (<6 months), as compared to age-appropriate
controls. We obtained a sample recovery rate of 100%, capturing an
immune and barrier phenotype that mirrors prior skin biopsy reports
in similar populations.?® Our results highlight vast abnormalities in
nonlesional AD skin at early disease initiation, largely resembling le-
sional skin, and detect greater barrier disruption in comparison with
biopsy studies.?

2 | METHODS
2.1 | Patient characteristics

Infants and toddlers were enrolled at the Ann and Robert H. Lurie
Children's Hospital of Chicago after parents signed written in-
formed consent, approved by the Lurie Institutional Review Board.
The majority of AD patients and controls were European-American.
Inclusion criteria: moderate-to-severe AD starting within the previ-
ous 6 months, age 0-5 years (Table $1).46 Exclusion criteria: active
skin or systemic infections, use of systemic immunosuppressants
(within 4 weeks), topical steroids, antibiotics, or other immunomodu-
lators (within 1 week) or moisturizers (within 12 hours) prior to col-
lection. Control subjects did not have a personal or family history
of atopy. Lesional (n = 19) and nonlesional (n = 11) tape-strip sam-
ples were obtained from AD children and 17 samples were attained
from healthy tape-stripped skin of control children. Clinical disease
measures included SCORing Atopic Dermatitis/SCORAD, Eczema
Area and Severity Index/EASI, body surface area/BSA, and Pruritus
Atopic Dermatitis Quickscore/ADQ. Transepidermal water loss/
TEWL was evaluated as a barrier function measure prior to sampling
after acclimation to ambient humidity, using the AquaFlux Model
AF200 (Biox).

2.2 | Tape-strip collection, RNA extraction, and
RNA-sequencing

Sixteen large D-Squame tape strips (CuDerm Corp) were serially col-
lected from lesions on the extremities (antecubital or popliteal fossa),
and from nonlesional skin in the same extremity, but far from lesions,
in areas of completely normal-appearing skin, as described.*¢ Skin
samples had no signs of active infection. Healthy skin from control
children of comparable age was collected from similar areas. The
first two tape strips from each sample were discarded.?*?74¢

RNA was extracted from pooled 3-16 tape strips using the miR-

NAeasy Mini Kit (Qiagen). RNA AmpliSeq libraries were constructed

with the lon AmpliSeq Transcriptome Human Gene Expression Kit
using 5 ng RNA per sample. RNA-seq libraries were pooled and se-
quenced on the lon S5 XL system sequencer with lon 550 Chips,
screening more than 20 000 genes per reaction.?* Additional details

can be found in the Appendix S1.

2.3 | Immunohistochemistry

Immunohistochemistry was performed on frozen lesional and non-
lesional skin sections from infants and toddlers (age <5 years) with
early-onset, moderate-to-severe AD and on healthy skin from con-
trols of a similar age, using monoclonal antibodies, as previously de-
scribed (Table $2).464

2.4 | Statistical analysis

RNA-seq alignment and quality control steps were performed, as
described.*® Fold-changes and hypothesis testing were obtained
using the general framework for linear models in the limma pack-
age. P-values were adjusted for multiple hypotheses using the
Bejamini-Hochberg procedure, controlling for false discovery rate/
FDR. Genes with fold-change/FCH 22 and FDR <0.05 were con-
sidered differentially expressed. Spearman correlation coefficients
were used to evaluate the relationship between mRNA expression
in lesional and nonlesional AD skin and clinical measures (EASI,
SCORAD, BSA, Pruritus ADQ), and the barrier measure, TEWL.

3 | RESULTS

We performed RNA-seq global profiling of tape strips obtained from
lesional and nonlesional skin of 19 infants and children (age range
0-5 years, mean age 1.7 years) with early-onset moderate-to-severe
AD (6 months since disease initiation) and healthy skin from 17 con-
trols (mean age 1.7 years). Most AD (n = 14) and control (n = 15)
children were <1-year-old and European-American (Table S1).
Nineteen lesional and 11 nonlesional tape-strip samples were
obtained from AD children, and 17 samples were attained from
healthy tape-stripped skin of control children. As some AD patients
had very severe disease, it was difficult to obtain true normal-ap-
pearing skin for nonlesional samples from all children. We recovered
RNA and performed RNA-seq in 100% of samples (19/19 and 11/11

of lesional and nonlesional AD, respectively, and 17/17 of controls).

3.1 | Tape-strips global transcriptomic profiling
captures key immune mediators of atopic dermatitis

Using criteria of fold-change/FCH >2 and false discovery rate/FDR
<0.05, we detected 1829 (1243 up- and 586 down-regulated) dif-
ferentially expressed genes/DEGs in lesional AD and 662 DEGs (637
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FIGURE 1 Summary heatmap of differentially expressed immune genes. Immune gene expression of multiple pathways in tape-stripped
skin of atopic dermatitis/AD and controls using RNA-seq, based on criteria of fold change ([FCH|)>2 and false discovery rate (FDR) <0.05.

Table shows FCHs in nonlesional vs normal (NL vs N), lesional vs normal (LS vs N), and lesional vs nonlesional (LS vs NL) tape-stripped AD

skin. ***FDR < 0.001, **FDR < 0.01, *FDR < 0.05, *FDR < 0.1
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up- and 25 down-regulated) in nonlesional AD, compared to con-
trol skin, as depicted in the Venn diagram (Figure S1A) and heatmap
(Figure S1B, Table S3). 601 DEGs (576 up-regulated, 25 down-regu-
lated) were differentially modulated in both lesional and nonlesional
vs control skin (Figure S1A, Table S3). While some differences were
also noted between lesional and nonlesional AD, these did not attain
statistical significance (Figure S1A, Table S3).

As whole-skin biopsy studies in early-onset pediatric AD demon-

2,3,49

strated a distinct immune profile in this age group, we evaluated

t, 461148 55 jllustrated in a

a previously reported immune gene-subse
heatmap (Figure 1). Overall, there was significant dysregulation of
inflammatory genes in both lesional and nonlesional tape-stripped
AD vs control skin (Figure 1). Measures of general inflammation
(MMP12 and PDE4B), and cellular infiltration, such as dendritic cells/
DC (ITGAM/CD11b, ITGAX/CD11c, and FCER1A), Langerhans cells
(CD207/Langerin), and T cells/T-cell activation and migration (CD4,
CD5, ITK, and CCR?7), significantly increased in lesional and nonle-
sional AD vs controls. Some markers demonstrated even greater
changes in nonlesional AD (FCER1A, CD207/Langerin, CD1b, CCR7)
than lesional skin (Figure 1, Table S3). Genes related to JAK/STAT
signaling were also significantly up-regulated in either lesional (JAK3
and STAT6) or nonlesional (JAK2) AD vs controls (all FDR <0.05;
Figure 1, Table S3).

We further observed significant dysregulation of measures of
innate immunity (IL-1B and TNF) and major T-helper pathways in
both AD tissues (Figure 1, Table S3). Many Th2 markers were sig-
nificantly up-regulated in both AD tissues vs control skin (IL-4R,
CCL17, CRLF2/TSLPR, and IL-7R), while few were significantly in-
creased in either nonlesional (CCL22 and CCR4) or lesional (IL-13)
skin (FDR <0.05; Figure 1, Table S3). Similar to our reports in skin
biopsies,?* we found highly up-regulated expression of Th17/Th22-
related genes in lesional and/or nonlesional AD (IL-36A/G, CCL20,
CAMP/LL37, VNN3, and S100As) (FDR <0.05; Figure 1, Table S3).
Th1 measures exhibited smaller increases that did not attain signif-
icance for either lesional or nonlesional samples (CXCL9/CXCL10/
CXCL11, STAT1, MX1, OASL). The negative regulators 1L.-34°° and
IL-37° were down-regulated in AD lesions (FDR <0.05 for IL-37;
Figure 1, Table S3).

A sensitivity analysis showed no significant differences in AD
children with (n = 4; one with asthma, three with food allergies) and
without other atopic conditions (data not shown). Due to male pre-
dominance in the AD cohort, we also performed a sensitivity anal-
ysis of only male AD patients and controls, obtaining similar results
(Figure S2-S3).

3.2 | Tape-strips capture epidermal barrier
alterations at disease initiation

We next evaluated epidermal barrier alterations using a previously
reported barrier gene-subset.”*4648 predominantly in lesional AD
tape-stripped skin, we noted vast and significant down-regulation of

multiple barrier genes, including markers of terminal differentiation

(FLG, FLG2, CDSN, LCE1B/LCE1C/LCE1E/LCES5A), lipid biosynthe-
sis/metabolism (ALOXE3, FA2H, GAL, and ELOVLS3), tight junction
(GJB3 and CLDNS8), and keratin (KRT77/KRT79) genes (FDR <0.05;
Figure 2, Table S3). Barrier genes were also down-regulated in non-
lesional AD vs normal skin, although most did not attain statistical

significance (Figure 2, Figure S4, Table S3).

3.3 | Pathway-level comparisons show significant
dysregulation of Th2/Th17/Th22 immune and
barrier signatures

We performed gene-set-variation-analysis/GSVA to evaluate en-
richment of previously published T-helper and epidermal terminal
differentiation and lipid gene-sets (Figure 3A; Table $4).°152 While
Th2- and Thi17-pathways were significantly enriched in both le-
sional and nonlesional AD (P < .05), the Th22 pathway significantly
increased in nonlesional AD (P < .05) and trended towards signifi-
cance in lesional vs control skin (P < .1). No significant dysregula-
tion was seen in the Th1 axis. Epidermal barrier and lipid genes were

significantly down-regulated in lesional AD vs control skin (P < .05;

Figure 3A).
Since Th2 cytokines inhibit synthesis of barrier products, in-
cluding terminal differentiation proteins and Iipids,53'58 we used

Spearman correlations to evaluate correlations between the Th2-
and barrier-related gene-subsets across all our skin samples. We
found a significant negative correlation between these signatures
(r=-0.42, P = .0035) (Figure 3B). We further performed Spearman
correlations between individual up- or down-regulated AD biomark-
ers within these respective pathways, as presented in a correlation
heatmap (Figure S5), obtaining clusters of positive and negative
correlations by unsupervised clustering. Markers of cellular infil-
trates and immune genes largely positively correlated and clustered
together, including cellular- (CD4, ITGAX/CD11c, CD1A/CD1B/
CD1C, CD207/Langerin), innate immunity- (IL-1A/B, IL-8/CXCLS8),
Th2- (IL-4R, IL-13, and CCL17), and Th17/Th22-(IL-36A/G, CCL20,
CAMP/LL37, and S100As) related markers (r > 0.4, P < .05) (Table S5,
Figure S5). Epidermal differentiation, lipid, and tight junction genes
also largely clustered together, correlating with each other (FLG,
FLG2, LCE1B/LCE1C/LCE1D/LCE1E, FA2H, ELOVL3, and CLDNS8)
(r > 0.4, P < .05) (Table S5, Figure S5). In line with the correlation
by pathway, we noted significant negative correlations between
various epidermal barrier (FLG, CLDN8, and LCE1C) and lipid genes
(ELOVL3) with Th2 markers (IL-4R and CCL17/TARC) (r < -0.4,
P < .5) (Table S5, Figure S5).

3.4 | Comparisons between tape-strips and whole-
skin biopsies portray shared and unique signatures

We compared the relative (fold-change) differences in lesional and
nonlesional AD vs controls in tape strips with whole-tissue data

obtained from our previously published AD study in a cohort of
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FIGURE 2 Summary heatmap of differentially expressed epidermal barrier-related genes. Barrier gene expression in tape-stripped skin of
atopic dermatitis/AD and healthy skin using RNA-seq, based on criteria of fold change (|[FCH|) >2 and false discovery rate (FDR) <0.05. Table
shows FCHs in nonlesional vs normal (NL vs N), lesional vs normal (LS vs N), lesional vs nonlesional (LS vs NL) tape-stripped AD skin. ***FDR

<0.001, **FDR <0.01, *FDR <0.05, “FDR <0.1

similar age (mean age of 1.3 years)? using scatterplots (Figure 4A-
B). Overall, both modalities detected significant dysregulation in le-
sional skin, while nonlesional skin showed greater inflammation in
tape-strips vs biopsies. Comparing both lesional and nonlesional skin
(vs controls), we found a largely concordant Th2-skewing (IL-4R, IL-
13, CCL17/TARC, and CCL22), although some Th2 markers (CCL26
and CCL7) showed higher expression in biopsies (Figure 4, Table S6).
Many Th17/Th22-related markers displayed similar expression
in tape-stripped and biopsied nonlesional (IL-22, IL-36G, PI3, and
S100A7/8) or lesional (CCL20, S100A8, and P13) skin; however, a few
Th17/Th22 markers demonstrated greater lesional up-regulations in
skin biopsies (IL-19, IL-26, 1L-22, and S100A9/12) (Figure 4, Table S6).

In contrast, greater down-regulation of several barrier-related genes
(FLG, CLDNS8, FA2H, CDSN) was captured by tape strips in both le-
sional and nonlesional skin. Negative regulators IL-34 and IL-37 were
similarly or better captured by tape strips in AD tissues (Figure 4).

3.5 | Immunohistochemistry validates the
presence of cellular infiltrates in the outer epidermis

Using immunohistochemistry, we validated the expression of den-
dritic cell/DC and Langerhans cell/LC markers (CD1a and CD11c) in

lesional, nonlesional, and control skin from our similarly aged biopsy
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samples

cohort (Figure 56).2% Overall, positive immunostaining for these
cellular markers was noted already in the superficial layers of the
lesional and nonlesional AD epidermis, highlighted by the 40X in-
serts (Figure S6). Foci of CD1a" staining (marks both DCs and LCs)
(Figure S6A-C) and CD11c" myeloid DCs were observed in the upper
epidermis (Figure S6D-F).

3.6 | Molecular alterations correlate with atopic
dermatitis clinical severity

We evaluated correlations between expression of immune and bar-
rier markers in lesional and nonlesional AD skin with clinical severity
(EASI, SCORAD, BSA, Pruritus ADQ) and barrier function (TEWL)
measures (Table 1). EASI correlated with the [L-17/Th17-related
marker [L-36G (r > 0.4, P = .073), while SCORAD negatively cor-
related with barrier genes in lesional and nonlesional AD (SOAT1,
FADS2, and CLDN1) (r < -0.4, P < .1) (Table 1). We observed sig-
nificant, or trending toward significant, positive correlations of BSA
with lesional expression of T-cell/T-cell activation (ICOS), Th2-(IL-
13RA1 and IL-4R) and Th17-(IL-17A/F, CXCL1, IL-36G, and STAT3)
related products (r > 0.4, P < .1) (Table 1). In nonlesional skin, BSA
positively correlated with AHR (aryl hydrocarbon receptor), involved
in Th22-differentiation®”®® and IL-7R, a component of the thymic
stromal lymphopoietin receptor®® (r > 0.4, P < .1), and significantly
negatively correlated with the lipid metabolism measure DGAT2
(r<-0.4,P < .05)(Table 1).

Significant, or trending toward significant, negative correlations

with TEWL were found in lesional and/or nonlesional skin, including

markers of terminal differentiation (FLG, FLG2, LCEs, and CDSN) and
the negative immune regulator IL-34 (r < -0.4, P < .1) (Table 1). TEWL
also significantly correlated with the inflammatory marker MMP12
in nonlesional AD (r > 0.4, P < .05) (Table 1). Pruritus ADQ showed
significant positive correlations with lesional and/or nonlesional
inflammatory measures (CD4 and MMP12) (r > 0.4 P < .05), and
negative correlations with barrier-related genes (ELOVL3, FA2H,
AWAT1/DGA2, and CLDN8) and IL-34 (r < -0.4, P < .1) (Table 1). All

correlations are provided in Table S7.

4 | DISCUSSION

To our knowledge, we present the first tape-strip global transcrip-
tomic profiling study in infants and toddlers ages 0-5 years (mean
age, 1.7 years, mostly within the first year of life) with moderate-
to-severe, early-onset (<6 months of disease initiation) AD. Biopsies
cause pain and scarring and are infeasible in studies in young chil-
dren. Given the rapid progress of exploration of novel targeted
treatments, including current clinical trials of dupilumab, in children

15,16

with AD as young as 6 months of age, minimally invasive alterna-

tives to biopsies to track therapeutic responses in clinical trials and
longitudinal studies are needed.!8%62

Tape-strip studies in the pediatric population have been limited
thus far, including proteomic studies that evaluated a panel of pro-
teins in nonlesional skin of infants (<1 year) in one study® and le-
sional and nonlesional AD skin from children (<12 years) in another

t.23

repor Using gRT-PCR, our group also recently evaluated a panel

of 79 AD-related biomarkers.*® A prior RNA-seq transcriptomic
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FIGURE 4 Scatterplots comparing relative log2 fold-change
(FCH) differences in tape-stripped vs biopsied samples. Nonlesional
(A) and lesional (B) atopic dermatitis/AD vs healthy skin in tape-
strip data (y-axis) compared with whole-tissue data reported in a
previously published AD study in a cohort of similar age (x-axis).
Sizes of the circles represent the absolute differences in log2 FCH
between expression of AD vs controls in tape-strips and whole-skin
tissue data

study in children (ages 4-17 years) with mild-to-severe AD with and
without food allergies focused on nonlesional skin, and identified a
higher Th2 signature in children with AD and concomitant food-al-
lergies, as compared to those without food allergies.?* Two other
tape-strip RNA-seq studies using a cohort of mild-to-severe adult
AD patients have also been reported, primarily evaluating differ-
ences between nonlesional AD and normal skin.?** These adult
studies identified an inflammatory group with higher Th2 inflamma-
tion, but the tape-strip data largely did not replicate the vast dif-

ferentiation abnormalities seen in skin biopsies.?>* These previous

RNA-seq studies reported sample recovery rates ranging between
18% and 89% across healthy, nonlesional and/or lesional skin sam-

21,2434 \yith a total sample recovery rate of 45% across a study

ples,
of children and adolescents.?*

In the present RNA-seq profiling study, we achieved 100% recovery
rates in both lesional and nonlesional AD, but also in control samples
and were able to show that tape-strips capture the characteristic im-
mune and barrier signatures in skin lesions as identified in biopsy studies
within the same pediatric age-group.>® Moreover, our data potentially
capture even greater inflammatory and epidermal barrier dysregula-
tions in tape-stripped nonlesional AD skin at early disease initiation, as
compared to reports in whole-skin biopsies.z’3 As such, tape strips may
provide novel insights into disease mechanisms in nonlesional AD skin,
representing a sub-clinical, yet molecularly altered tissue.

Our global profiling in tape strips shows that the superficial epi-
dermis of both lesional and nonlesional AD skin is characterized by
increases in cellular markers of T/B-cells (CD4 and CD5) and dendritic
cells (ITGAM/CD11b, ITGAX/CD11c, FCER1A, LAMP3/DC-LAMP,
and CD1b). In fact, some measures, such as the T-cell migration
marker CCR7, CD207/Langerin, and FCeRIA (expressed by inflamma-
tory epidermal dendritic cells®® as well as mast cells, basophils, and
eosinophils), showed even greater increases in nonlesional AD skin,
illustrating the significant inflammatory burden already present in
nonlesional skin of infants with early-onset moderate-to-severe AD.

mRNA profiling in skin biopsies from infants with early-onset pe-
diatric AD showed strong Th2 and Th22/Th17-polarization, and lack
of the characteristic Th1-skewing seen in adults with longstanding
AD.2 Likewise, this tape-strip study captured significant up-regulation
of key Th2 mediators in lesional and nonlesional AD tissues, such as
IL-4R (target of the FDA-approved biologic dupilumab), IL-13 (target
of emerging biologics), CCL17/TARC, and genes related to the OX40-
TSLP axis (CRLF2/TSLPR, IL-7R), which perpetuates Th2 activation.®*%>
Also, tape-stripped lesional and nonlesional AD skin demonstrated sig-
nificant up-regulation of Th17/Th22 axis products (IL-36A/G, CCL20,
VNN3, CAMP/LL37, and S100As), largely lacking Th1-skewing.

Epidermal barrier attenuation of terminal differentiation,
tight junction, and lipid-related products are also a hallmark of
chronic adult AD skin.®®>%53 However, previous reports from
infants and toddlers with AD observed smaller and/or nonsig-
nificant down-regulation of terminal differentiation mediators
(FLG, PSORS1C2, and late cornified envelope [LCE] proteins
LCE1B/LCE1E/LCE2B) in skin biopsies of O to 5-year-old children,
and differential lipid and tight-junction alterations compared to
adults with AD.%® Using tape stripping, we identified significant
down-regulation of numerous terminal differentiation prod-
ucts (FLG, FLG2, CDSN, SCEL, and LCEs), as well as lipid (FA2H,
ELOVLS, and GAL) and tight junction (CLDN8) abnormalities in
AD lesions, with a trend for decreases in nonlesional skin as well.
Furthermore, upon comparing relative fold-change differences in
expression data between tape-strips and previously described bi-
opsies? from lesional and nonlesional skin, as compared to normal
skin, it is evident that tape strips in both lesional and nonlesional

AD skin detected enhanced down-regulation of barrier mediators,
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TABLE 1 Spearman correlations of cutaneous AD biomarkers with clinical measures

Correlations of AD biomarkers in lesional skin with clinical measures

BSA TEWL Pruritus ADQ SCORAD
Marker r Pvalue  Marker r Pvalue  Marker r Pvalue  Marker r P value
A.
IL17F 0.700  .003 FLG2 -0.879  .002 AWAT1/DGA2  -0.698  .012 FADS2 -0.525 .044
IL13RA1  0.553  .029 LCE1D -0.818  .007 CDH19 -0.656  .020 SOAT1 -0.499  .058
CXCL1 0.544  .032 ACER1 -0.758 .016 FA2H -0.642 .024 SGPP1 -0.493  .062
CXCL17 0.538 .034 LCE5A -0.721  .024 ELOVL3 -0.604 .038 ORMDL3  -0.477 .072
PDE7B 0.535  .035 LCE1E -0.709  .028 FABP4 -0.572  .052
IL36G 0.529  .037 CDSN -0.697 .031 PPARG -0.561  .058 EASI
IL20 0.521  .041 LCE2C -0.685 .035 CDH11 -0.551  .063 Marker r P value
IFNGR2 0.521  .041 ANXA9 -0.673  .039 CLDN8 -0.551  .063 IL36G 0.479  .073
ICOS 0.515 .044 LCE2D -0.661 .044 FABP7 -0491 1
CXCR2 0.512  .045 IL34 -0.661 .044 IL34 -0.488 1
IL17A 0.494  .054 LCE2A -0.648 .049 CD4 0.642 .024
FASLG 0.482 .061 FLG -0.612  .066 CIITA 0.618  .032
GZMB 0.482 .061 CDH11 -0.600 .073
STAT3 0.479  .062 LCE1C -0.588 .080
TLR1 0.468 .070 PSORS1C2 -0.588 .080
IL17C 0.468 .070 LCE2B -0.564 .096
IL4R 0.456  .078 TGFB1 0.612  .066
VNN3 0.441  .089 ITGAX/ 0.588 .080
CD11c
IL9 0.438 .091 CDé69 0.588 .080
IL2RA 0438 .091 PDE4B 0.552 1
IL19 0426 1

Correlations of AD biomarkers in nonlesional skin with clinical measures

BSA TEWL Pruritus ADQ SCORAD
Marker r P value Marker r P value Marker r Pvalue  Marker r P value
B
DGAT2 -0.638 .047 FLG -0.685 .035 CRLF2/TSLPR -0.738 .046 SOAT1 -0.709 .028
FFAR2 -0.565 .089 FABP4 -0.636 .054 MMP12 0.810 .022 CLDN1 -0.576 .088
AHR 0.590 .073 SCEL -0.624  .060 PI3 0.667 .083
IL7R 0.559 .093 ANXA9 -0.624  .060
ICOS 0.547 1 IL34 -0.612  .066
FLG2 -0.600 .073

ELOVL3 -0.600 .073
ACOT2 -0.600 .073
MMP12  0.648 .049
CD1A 0.576 .088

Note: Correlation coefficient |r|> 0.4 and P < .1.

Abbreviations: AD, atopic dermatitis; BSA, body surface area; EASI, eczema area and severity index; Pruritus ADQ, Atopic dermatitis quickscore;
SCORAD, scoring atopic dermatitis; TEWL, transepidermal water loss.

including several terminal differentiation markers (FLG, CDSN), in infants may be attributed to a dilutional effect in skin biopsies
compared to biopsied skin. The lower expression of differentiation and possibly suggests that tape strips are better positioned to cap-

markers in tape-strips vs whole-skin biopsies from early-onset AD ture barrier abnormalities.
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Our correlation analyses identified a significant negative cor-
relation between Th2 and barrier gene-subsets. We also noted
significant individual correlations between mRNA expression in
lesional and/or nonlesional skin and some clinical measures, par-
ticularly with BSA and TEWL, but less so with EASI, SCORAD, and
Pruritus ADQ severity scores. Among significant correlations with
BSA were the lesional expression of Th2- (IL-4R and IL-13RA1) and
Th17/Th22-related (IL-17A/F, IL-36G, and VNN3) markers, congru-
ent with a recent report showing BSA as an objective measure of
clinical severity.®® TEWL, an objective functional measure of the
barrier, also showed significant positive correlations with inflam-
matory markers and negative correlations with barrier compo-
nents, including terminal differentiation markers (FLG, FLG2, and
PSORS1C2) and lipid biosynthesis/metabolism genes (ELOVL3 and
FABP4). These results further suggest that superficial sampling of
the epidermis via tape stripping could provide novel insights into
barrier function.

There were a few limitations of this study, including a relatively
smaller sample size, the relatively laborious process of tape stripping
and variations in depth of tape-strip sampling in AD vs control skin.
We had fewer nonlesional samples, due to some AD patients having
very severe disease, making it difficult to obtain true normal-appear-
ing skin for nonlesional samples from all children. Moreover, as these
were young AD patients, it was difficult to perform more invasive
procedures, such as blood draws and skin biopsies, that could have
allowed for additional analysis and comparisons of gene expression
differences within the same cohort. Future protein expression stud-
ies are needed to further define these abnormalities. Evaluation of a
lesion score (eg, Total Sign Score) may have also aided in the identifi-
cation of additional biomarkers. While we had more males in the AD
cohort vs controls, a sensitivity analysis in only males revealed simi-
lar results. Finally, while differences between lesional vs nonlesional
AD skin did not meet statistical significance, highlighting the highly
abnormal nonlesional AD phenotype, variations between patients
may not be fully captured in our assessment.

In sum, we achieved 100% sample recovery rates in our tape-
strip study and captured the characteristic inflammatory milieu of
Th2/Th22/Th17 polarization, with no Thil-skewing in early-onset
pediatric AD skin. Studies in blood from pediatric moderate-to-se-
vere AD infants and toddlers within 6 months of disease initiation
have already found significant Th2 and Th17 up-regulation in the
periphery.’®* The increased systemic inflammation already at early
AD initiation in infants that is significantly correlated with nonle-
sional skin expression,'>!* together with the significant immune
dysregulation that extends to uninvolved tape-stripped skin, may
suggest the potential value for early systemic intervention, to ap-
propriately treat all disease compartments in severe AD early in life.

Given that tape strips provide a noninvasive alternative to skin
biopsies, this approach may be able to track both systemic and local
skin immune responses in future clinical trials and longitudinal stud-
ies in infants and children. Tape strips may be perhaps even better
positioned than whole-skin biopsies to uncover novel insights into

barrier alterations in AD.
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Supplementary Table 1. Demographics and clinical severity scores

AD patients Controls
(r'?= 19) (n17) P Value

Age (y), mean (SD) 1.7 (1.75) 1.7 (1.6) 0.91
Female sex, n (%) 5 (26.3%) 12 (75%) 0.02
Clinical severity scores, mean (SD)

SCORAD 56.5 (17.7) N/A

EASI 21.0 (12.5) N/A

TEWL, lesional, g/h/m? 68.4 (50.9) N/A

TEWL, non-lesional, g/h/m? 25.1 (14.4) N/A

Pruritus ADQ 17.7 (8.2) N/A

Body Surface Area (%) 33.5(18.0) N/A

Patient history
History of Atopy (%) 4 (21.1) 0 (0)




Supplementary Table 2. Antibodies used for immunohistochemistry

Antigen Manufacturer Clone Isotype Dilution

CD11c BD Biosciences B-ly6 Mouse IgG1 1:100
CD1a Abcam C1A/771 Mouse 1gG1 1:2000




Supplementary Table 2. Antibodies used for immunohistochemistry

Antigen Manufacturer Clone Isotype Dilution

CD11c BD Biosciences B-ly6 Mouse IgG1 1:100
CD1a Abcam C1A/7T71 Mouse 1gG1 1:2000







Appendix S1

SUPPLEMENTARY TEXT

Supplementary Methods

Each large D-Squame (D102) tape-strip was applied to the antecubital or popliteal fossa
for lesional skin. Additionally, normal-appearing skin that is far away from lesions, but in
the same extremity, was sampled for non-lesional skin. With gloves, tape-strips were
applied with pressure with the Cu-derm pressurizer device (D500). The pressure
instrument has a plunger mechanism to ensure even and consistent pressure is applied
to each tape-strip. After pressure is applied and released, tape-strips are moved by
gloved hands and stuck onto the D-Squame Standard storage cards (D120). Using a
pen, small marks were made on the skin after placement of the first tape-strip to ensure
consistent placement of each subsequent tape-strip. Cards were immediately stored on
dry ice in biohazard specimen bags and then transferred to a -80C freezer until time for
shipment. The tapes were pooled together and thoroughly washed with QIAzol for RNA.
RNA was extracted from pooled 3-16 tape-strips using the miRNAeasy Mini Kit (Qiagen,

Hilden, Germany).



Supplementary Figure Legends

Figure S1

A. Venn diagram depicting unique and common up-regulated (red) and down-regulated
(blue) differentially expressed genes/DEGs in lesional and non-lesional atopic
dermatitis/AD skin compared to normal skin, as well as in lesional versus non-lesional
AD skin. B. Heatmap of all DEGs by RNA-seq in normal (N), non-lesional (NL), and

lesional (LS) AD skin.

Figure S2

Summary heatmap of immune genes in male AD patients and controls. Immune gene
expression of multiple pathways in tape-stripped skin of atopic dermatitis’AD and
controls using RNA-seq, based on criteria of fold change (JFCH|)>2 and false discovery
rate (FDR)<0.05. Table shows FCHs in non-lesional versus normal (NL vs N), lesional

versus normal (LS vs N), and lesional vs non-lesional (LS vs NL) tape-stripped AD skin.

***FDR<0.001, **FDR<0.01, *FDR<0.05, +FDR<O.1

Figure S3

Summary heatmap of epidermal barrier-related genes in male AD patients and controls.
Barrier gene expression in tape-stripped skin of atopic dermatitis/AD and controls using
RNA-seq, based on criteria of fold change (|FCH|)>2 and false discovery rate

(FDR)<0.05. Table shows FCHs in non-lesional versus normal (NL vs N), lesional



versus normal (LS vs N), lesional vs non-lesional (LS vs NL) tape-stripped AD skin.

***FDR<0.001, **FDR<0.01, *FDR<0.05, +FDR<O.1

Figure S4

Summary heatmap of barrier-related genes in tape-stripped skin of atopic dermatitis/AD
and controls using RNA-seq. Table shows FCHs in non-lesional versus normal (NL vs
N), lesional versus normal (LS vs N), lesional vs non-lesional (LS vs NL) tape-stripped

AD skin. ***FDR<0.001, **FDR<0.01, *FDR<0.05, +FDR<0.1

Figure S5

Spearman correlation matrix heatmap consisting of individual up- or down-regulated AD
biomarkers of immune and barrier gene-subsets across normal, non-lesional, and
lesional AD skin. Blue shades illustrate negative correlations and red shades illustrate
positive correlations. Clusters of positive and negative correlations were obtained by

unsupervised clustering. +P<0.1; *P<0.05; **P<0.01; ***P<0.001

Figure S6

Representative micrographs of dendritic cells (CD11c*) and Langerhans cells (CD1a").
CD1a* (A-C) and CD11c” (D-F) cells were stained in healthy skin (A, D) and non-
lesional (B, E), and lesional (C, F) atopic dermatitis/AD skin and viewed at 10x
magnification. 40X magnification inserts illustrate CD1a* or CD11c” cellular infiltrates in

the outer epidermal layers. Bar = 100um.
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