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Abstract

Background: Monitoring the effects of biologic therapies in skin diseases will benefit from
alternative nonivasive skin sampling techniques to examine immune pathways in diseased tissue
early and longitudinally.

Objective: To establish minimally invasive profiling of skin cytokines for diagnosis, therapeutic
response monitoring and clinical research in atopic dermatitis (AD) and other skin diseases,
particularly in pediatric cohorts.

Methods: We developed a novel method for cytokine profiling in the epidermis using skin tape
strips (STS) in a setting designed to maximize the efficiency of protein extraction from STS. This
method was applied to analyze STS protein extracts from lesional skin of AD children (n=41)

and normal healthy controls (n=22). Twenty cytokines were probed with ultra sensitive Mesoscale
multiplex cytokine assay.

Results: A significant increase in IL-1b, 1L-18, IL-8 and a decrease in IL-1a in the stratum
corneum of AD lesional skin was found. Concurrently, an increase in markers associated with type
2 inflammatory response was readily detectable in AD lesional skin, including CCL22, CCL17
and TSLP. Levels of IL-1b, IL-18 and TSLP exhibited positive correlations with AD severity index
(SCORAD) and skin transepidermal water loss (TEWL), while an inverse correlation between
IL-1a and SCORAD, IL-1a and TEWL was found. Levels of CCL17, CCL22, TSLP, IL-22 and
IL-17a correlated with skin TEWL measurements.

Conclusion: Using minimally invasive STS analysis we identified cytokine profiles easily
sampled in AD lesional skin. The expression of these markers correlated with disease severity
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and reflected changes in TEWL in lesional skin. These markers suggest new response assessment
targets for AD skin.
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INTRODUCTION

Atopic dermatitis (AD) is the most common pediatric inflammatory skin disease, affecting
approximately 20% of children and 5% of adults worldwide. It is associated with severe
itching, sleep disturbance, and significant impairment of the quality of life.2 There is
enormous interest in identifying minimally invasive strategies that allow assessment of skin
inflammation following the treatment and monitoring the patient’s adherence to treatment
protocols and medications.

Molecular profiling of adult and, more recently, pediatric AD with whole skin biopsies
has improved the understanding of the disease pathogenesis and informed new therapeutic
strategies. However, biopsies are often difficult to perform in pediatric patients and are
not feasible for longitudinal clinical trials that require repetitive skin sampling over long
treatment courses. While much less invasive than skin biopsies, analysis of blood samples
from AD patients provides only information about systemic inflammation and cannot
capture the complexity of localized immune and epithelial interactions in the upper skin
layers. Thus, there is an unmet need for non-invasive approaches to accurately capture
key immune and barrier biomarkers of lesional and nonlesional AD skin. In addition, the
noninvasive skin tape provides samples of only top epidermal layers3 and enables exclusive
assessment of epidermal cytokines that might be overlooked in full skin biopsies. This
approach will be useful for clinical trials of novel biologics in AD that target epithelial
produced cytokines.

A unique skin tape stripping (STS) protocol that allows examination of skin transepidermal
water loss (TEWL) and the use of STS for assessment of skin lipids and proteins has

been recently developed.4-8 With only two STS, this approach facilitates the assessment

of the natural moisturizing factor (NMF) in the skin that is represented by fillagrin (FLG)
breakdown products, including ¢/s- and trans-urocanic acid (UCA) and pyroglutamic acid
(PCA), as well as comprehensive profiling of major classes of lipids in the skin. In

recent studies, this approach demonstrated reduced UCA and PCA levels and altered lipid
metabolite levels in lesional and nonlesional STS samples of AD patients.*® STS have also
been successfully used for the transcriptomic analysis of AD skin.>8

The current study describes an innovative method for profiling the local skin cytokine
environment using STS samples and ultrasensitive Mesoscale multiplex cytokine assay
(MSD) and emphasizes the role of epithelial produced cytokines, including IL-1 family
members, in AD pathology.
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Study subjects

A cohort of 62 children from a prospective, clinical mechanistic study registered at
ClinicalTrials.gov (identifier; NCT03168113) was used in this study. The details of the
study cohort were reported earlier.8 The protocol was approved by the Western Institutional
Review Board, protocol number 20170474. Written informed consent was provided by the
parent or legal guardian, and written assent was provided by the participant, as applicable,
before participation. All AD participants had active skin disease diagnosed using the
published criteria® and were stratified into two groups based on their food allergy (FA)
status: 1) AD FA+ (n=21) — these children were allergic to peanut, with a peanut skin prick
test wheal = 8 mm, as well as documentation of a previous positive oral food challenge

to peanut or convincing history of an immediate allergic reaction to peanut. 2) AD FA-
(n=19) — these participants had no personal history of FA and a negative skin prick test
(wheal < 3 mm) to peanut, milk, egg, wheat, soy, shellfish mix (clam, crab, oyster, scallops,
and shrimp), almond, English walnut, hazelnut, cashew, brazil nut, and sesame seed. 3) NA
(n=22) — non-atopic (NA) healthy controls were defined as individuals without a personal
history of atopic diseases and negative skin prick tests to the same foods as well as common
aeroallergens (cat, dog, dust mite, cockroach, mold mix, tree mix, grass mix, and weeds
mix). AD FA+ and AD FA- children were also skin tested for the aeroallergens and

the information was recorded. The full inclusion and exclusion criteria for this study and
study subject characteristics are detailed in prior publication.® All participants avoided any
treatments, baths, and skin creams or emollients that may potentially affect the skin barrier
function before the collection of skin samples.

Skin Disease Severity Assessments

All AD FA+ and AD FA- patients in the study had active AD. None of the study

subjects had an overt skin infection. AD severity was evaluated using the SCORing Atopic
Dermatitis (SCORAD)0:11 and the Eczema Area and Severity Index (EASI).12 Persistence
of AD was evaluated using the Nottingham Eczema Severity Score (NESS),13 a validated
index incorporating clinical course over the past 12 months, disease intensity over the

past 12 months, and extent of body surface area involvement. Enrollment of AD FA+ and
AD FA- participants was actively matched based on AD severity (mild or moderate) as
determined by the NESS.

Skin TEWL Assessments

STS sample

TEWL was evaluated using the AquaFlux AF200 (Biox, London, UK) as previously
described.®9 In this study TEWL measurements from the surface of lesional skin sampled
by skin tape stripping for cytokine analysis were used.

acquisition
Twenty D-Squame tape strips (CuDerm; @22mm) were collected from lesional skin of the

upper arm (forearm) of all AD patients using a D-Squame D500 pressure instrument to
apply equivalent pressure (225 g/cm?) for STS collection and from similar area of the skin
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of healthy controls (Fig 1A, B). Collected STS were stored individually adhered to glossy
storage cards (CuDerm) to minimize air exposure of the collected material (Fig 1C, D) and
kept frozen at - 80°C prior to processing.

Protein extraction from STS

Due to the relatively small quantity of biomaterial collected from the skin with adhesive
STS, the protocol was optimized to minimize the total volume of extraction buffer for each
sample. Extraction chambers containing individual STS (in extraction buffer) were placed in
a Cole-Parmer 8891 bath sonicator for 30 minutes at 40kHz at 65W. After the sonication,
STS were removed from the buffer, protein extracts were transferred into microtubes and
centrifuged to clear cell debris and tape adhesive residue. Samples were cryopreserved for
future analysis.

Total protein quantification and normalization of samples variability

Total protein levels in STS extracts were measured with NanoOrange Protein Quantitation
Kit (Invitrogen). The MSD assay results for each measured cytokine were normalized to the
total protein in each sample.

MSD multiplex assay

Protein extracts were prepared from STS and analyzed using the MSD U-Plex human
cytokine multiplex platform. The study aimed to profile the expression of cytokines in
lesional samples that were previously reported to be associated with inflammation in AD
skin (general inflammation; IL-1a, IL-1b, IL-18, IL-6, and IL-8; Th2 cytokines: CCL17,
CCL22, TSLP, IL-33, IL-13, IL-22, IL-31, and eotaxin; Th1/Th17 cytokines: IL-10, IL-17a,
IL-17c, IL-21, IL-23, and IP-10). For statistical analysis, cytokine concentrations below the
fit curve range (signal below the bottom of the bottom-of-the-curve fit, no concentration
given) were assigned the value of the lowest sample concentration detected below the
standard curve detection limit to maintain the ranking order.

Statistical analysis

RESULTS

All statistical analyses and figure preparations were done in GraphPad Prizm software.
The expression of cytokines in NA and AD lesional STS samples were compared using
nonparametric Mann-Whitney test. STS samples of the three study groups was examined
using ANOVA. Dunn’s multiple comparisons post-test was used to correct for multiple
testing. A p-value <0.05 was considered significant. Expression of individual cytokines
in lesional skin samples was correlated with TEWL and SCORAD. Pearson correlation
coefficient and p values were reported.

Cytokine analysis of skin tape strip samples collected from AD lesional skin and healthy

skin

In this study, consecutive STS samples were collected from healthy non-atopic (NA)
controls and lesional skin of AD patients (20 STS per patient) with or without FA. Protein
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extracts were prepared from STS as described in Methods. Total protein amounts extracted
from NA STS samples and AD lesional skin STS samples are summarized in Figure 2.
Significantly higher protein yields were obtained from STS samples prepared from lesional
skin of AD FA+ and AD FA- patients as compared to skin tape strip samples from NA
subjects (eFig 1).

Samples collected from deeper keratinocyte layers (171 and 19t STS sample) were
examined for the presence of cytokines with MSD multiplex assay. Forty microliters of
protein extracts were designated for analysis and the amounts of cytokines detected were
corrected for the total protein concentration in these samples. A broad panel of chemokines
and cytokines known to be involved in inflammatory skin reactions associated with AD was
screened in this study (Fig 3, eFig 2).

Significant changes in proinflammatory cytokines were observed in AD lesional skin, with
the decrease in preformed IL-1a in stratum corneum of AD lesional STS samples, and a
significant increase in IL-8, IL-1b and IL-18 levels in these samples.

Type 2 inflammation is a prominent feature of AD skin pathology. Analysis of AD lesional
STS samples revealed significant increases in CCL17 and CCL22, chemokines that attract
type 2 cytokine-producing T cells and inflammatory monocytes to the skinl# (Fig 3).
Increased TSLP levels were observed in AD lesional STS samples (Fig 3). No significant
differences in 1L-22, IL-13, or IL-10 were found between the NA and AD lesional STS
samples, indicating that these cytokines are not easily detectable in the upper layers of the
skin sampled with STS (Fig 3).

Type 1/17 cytokines were also assayed and no significant differences in levels of 1L-23,
IL-21, IL-17a or IL-17c were observed between the NA and AD lesional skin (Fig 3). A
decrease in IL-12 p70 was found in AD lesional skin compared to NA samples (Fig 3).
Increased levels of IP-10 were detected in AD lesional samples (Fig 3).

Simiar cytokine trends and no significant differences were detected between AD FA+ and
AD FA- STS samples. The details are presented in eFig 1. Of note, a decrease in IL-31 was
observed only in AD FA+ lesional skin samples (eFig 1).

Relationships between cytokine profiles and disease severity and skin barrier function

Several cytokines measured in lesional skin samples demonstrated significant relationships
with the AD disease severity index measured in these patients. Significant positive
correlations between IL-8, IL-18, TSLP, and AD SCORAD were observed. In addition,
the level of IL-1a in AD lesional skin demonstrated an inverse correlation with SCORAD

(Fig 4).

TEWL was measured in the same lesional area that was sampled for cytokine analysis in this
study. Importantly, significant positive correlations between Th22/Th17 cytokines (IL-22,
IL-17a), Th2 cytokines (CCL17, CCL22, TSLP) and lesional TEWL measurements were
observed (Fig 5). The levels of IL-8 and IL-18 exhibited significant positive correlations
with lesional TEWL levels, while an inverse correlation between lesional IL-1a levels and
lesional TEWL measurements was found (Fig 5).
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DISCUSSION

This study established a novel procedure for preparation of protein extracts from skin

tape strip samples in a minimal extraction buffer volume, utilizing only 2 STS samples

per patient for each multiplex assay. The results demonstrate that collected extracts are
suitable for profiling of inflammatory mediators in the skin. A panel of twenty analytes that
reflect general inflammatory response (IL-1 family members and IL-8), type 2 and type 17
inflammation in the skin and characterized changes in the expression of these targets in
pediatric AD lesional skin was assembled for this study.

Epidermal barrier defects in patients with AD cause skin water loss and result in dry and
itchy skin that is further exacerbated by self-inflicted skin injury from scratching.1® There
is a strong association between AD and FLG loss-of-function mutations, which is essential
for the epidermal barrier function and plays a role in the aggregation of keratin filaments.16
In addition, in AD patients without FLG mutations there is an acquired decrease in FLG
expression caused by the activity of Th2 related cytokines (IL-4, IL-13, 1L-31, IL-33, TSLP)
and 1L-22.17 Cytokine profiling results demonstrate presence of type 2 immune activation
in upper epithelial layers of AD lesional skin. Increased CCL17 and CCL22 expression

by keratinocytes selectively supports the chemotaxis of Th2-producing T-cells into AD
lesional skin. In addition, the acquired data revealed increased expression of TSLP in AD
lesional skin, a master cytokine involved in dendritic cell programming and promotion of
Th2 responses.18

Significant increases in the production of inflammatory mediators (including IL-1b, IL-18,
and IL-8) and a decrease in IL-1a in the stratum corneum of AD lesional skin were shown

in this study. The expression profile of IL-1 family cytokines (IL-1a, IL-1b, IL-18) exhibited
major changes in the AD skin. Other research groups have also investigated IL-1 cytokines
in the lesional and nonlesional skin of patients with AD and reported increased levels of IL-1
cytokines in the skin and sweat of these patients.19-23 Keratinocytes release IL-1a and IL-1b
after mechanical skin injury, and a recent study demonstrated that FLG-deficient human and
mouse keratinocytes increase the expression of IL-1a and IL-1b.24 Skin injury, dysbiosis,
and FLG deficiency trigger the release of intracellular IL-1a by keratinocytes, which drives
chronic skin inflammation.2® 1L-1 family members have been shown to be involved in the
regulation of antimicrobial defenses and leukocyte chemotaxis in the skin.28 Notably, a
recent study presented at the 2019 American Academy of Dermatology reported that an
open label (no placebo control) trial of Bermekimab, an anti-1L-1a monoclonal antibody,
showed significant efficacy in reducing skin severity of AD with marked reduction in itch
(AAD 2019, unpublished). STS analysis described here provides a unique opportunity to
monitor the expression of IL-1 family cytokines in AD skin and is a promising approach to
noninvasive assessment of IL-1 expression in AD clinical trials.

Keratin 1 (KRT1) and its heterodimer partner keratin 10 (KRT10) are major constituents

of the intermediate filament cytoskeleton in suprabasal epidermis.2’” KRT1 is critical for
the maintenance of skin integrity and participates in keratinocyte inflammatory networks,
as its absence causes prenatal increase in IL-18 and S100A8 and S100A9 proteins, skin
barrier defects, and perinatal lethality.28 Of interest, the depletion of IL-18 partially rescued
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these defects in KRT1-deficient mice.28 STS analysis described here revealed high levels
of IL-18 in AD lesional epithelia, suggesting a link between the skin barrier dysfunction
and IL-18 production. The results also demonstrate previously unrecognized upregulation
of IP-10 (CXCL10) in AD lesional skin. Consistent with findings in this manuscript, it has
been reported that 1L-18 (high levels of which were found in AD lesional skin) can induce
IP-10 production by keratinocytes.2?

Of interest, 1L-31, a cytokine associated with pruritis in AD skin,30 was decreased in the
stratum corneum of AD FA+ patients. Notably, an increase in the visual analogue scale
(VAS) itch score in the skin of these patients was previously reported.® A decrease in IL-31
levels may suggest a release of this cytokine in the skin of these subjects and its utilization
by the cells in the deeper layers of the skin, including intraepidermal neuronal endings that
respond to 1L-31.30

In this study STS samples from lesional skin of AD children with or without FA were
examined. Inflammatory cytokine profiles in lesional skin from both groups were very
similar.

Associations between proteomics and transcriptomics STS cytokine profiles

The results of cytokine profiling in lesional skin of AD patients in this study were consistent
with the transcriptomic analysis of nonlesional and lesional STS samples from this study
cohort.5 In the referenced study, the sequencing data were successfully generated only

for a subgroup of patients, as RNA recovery from skin strips was not optimally efficient.
However, the transcriptomic analysis had sufficient sensitivity to detect type 2 inflammation
and dendritic cell activation markers both in the upper layers of lesional skin of all AD
patients and in the nonlesional skin of AD FA+ subjects. Both AD groups exhibited
increased expression of CCL17, CCL22, IL-13, and IL-7R (a TSLP receptor). However,

the transcripts for type 2 immune receptors (i.e., IL-4R, CCR8, and the TSLP receptor
CRLF2) were higher in AD FA+ as compared to AD FA- or NA in nonlesional skin.
Transcriptomic signatures of the immune activation were equally elevated in lesional skin
of both AD FA+ and AD FA- subjects, compared to the NA cohort.® Similarly, this study
revealed increased levels of CCL17 and CCL22 in lesional AD samples. Notably, this study
report also demonstrates increased levels of TSLP protein in AD lesional STS samples,
which is consistent with the increased expression of TSLP receptors found in the previous
study. In contrast to the transcriptomic analysis of the same cohort, no increase in IL-13
protein in AD lesional STS samples was found. Previous analysis of IL-13 expression in
skin tapes collected from infants with AD showed a decrease in IL-13 levels as compared
to controls.22 Activation of IL-1 and IL-18 pathways was evident in the transcriptomic
analysis of AD nonlesional skin, as increased expression of decoy molecules IL-1RN and
IL-18BP that are induced in response to IL-1 and IL-18 pathway activation3! was found in
AD nonlesional skin samples obtained from the study cohort. This is supported by protein
analysis performed in this study: increases in IL-1b and IL-18 and a decrease in preformed
IL-1a levels were found in AD lesional STS samples.

Transcriptome analysis of AD nonlesional and lesional samples in this cohort also revealed
increased IL-8 levels in STS samples (unpublished). Similar findings were reported by
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Guttman-Yassky et al. in the PCR analysis of STS transcripts from AD nonlesional and
lesional skin.32 IL-8 is involved in neutrophil inflammation and the presence of neutrophils
has been previously documented in AD skin,33 although to a lesser degree than in psoriatic
skin.34 One of the explanations is that Staphylococcus aureus (S. aureus) skin colonization
in AD may interfere with IL-8 signaling as other reports have identified marked defects in
neutrophil chemotaxis in response to TLR2 agonists, including S. aureus products, due to
internalization and downregulation of CXCR2, one of the IL-8 receptors.3®

To validate the relevance of STS cytokine profiling in a clinical setting, the relationship
between cytokine levels and SCORAD as well as TEWL were examined. Importantly, four
targets in this study demonstrated significant correlations with SCORAD and a number

of mediators exhibited significant correlations with lesional skin TEWL measurements.
These are critical findings as they highlight the importance of these cytokines/chemokines
in the regulation of AD disease severity and skin TEWL. Along with the markers of type

2 inflammation (CCL17, CCL22, TSLP), a relationship between IL-1 family members
(IL-1a, IL-1b, IL-18), as well as IL-22, IL-17a and skin TEWL was found, suggesting

the involvement of multiple inflammatory mediators in the skin barrier function disruption.
Intriguingly, the results of this work also demonstrated a significant correlation between
IL-22 and skin TEWL. IL-22 has been documented to inhibit skin barrier function as

its expression in the skin of mice caused an AD-like phenotype characterized by chronic
pruritic dermatitis associated with Th2-biased local and systemic immune responses,
down-regulation of epidermal differentiation complex genes, and enhanced dermatitis after
epicutaneous allergen exposure.38

Importantly, multiple clinical trials of both nonspecific and specific agents revealed
favorable outcomes in AD, including Dupilumab, JAK inhibitors, antagonists of the TSLP
axis, an 1L-22 inhibitor, and 1L-33 and IL-17 antagonists.3” Of particular relevance is
Dupilumab, an IL-4 receptor-blocking antibody which has been a significant development
in the management of AD and other atopic conditions. However, only 35%-40% of patients
receiving Dupilumab achieve clear or almost clear skin;37 this supports the need for
additional treatment options in AD, including the IL-1 pathway. Broad anti-inflammatory
inhibition beyond type 2 inflammation has been shown effective in recent trials of JAK
inhibitors in AD skin.38 STS cytokine analysis provides a unique opportunity to monitor
the expression of pro-inflammatory cytokine targets in AD skin beyond type 2 cytokine
pathways and will be useful in future AD trials beyond Dupilumab. The STS cytokine
profiling approach outlined in this study allows monitoring of these mediators in the AD
skin and can be suitable for longitudinal analysis in clinical trials with various age groups,
including children.

Keratinocyte cytokine profile shifts in the lesional stratum corneum of AD patients in
this study were consistent with literature reports.22 These observations further validate the
experimental setting, sample collection, and protein extraction procedures in this study.

Differentiating between cytokines endogenously produced by keratinocytes vs. resident
epidermal lymphocytes/macrophages vs. cytokines that filtered from plasma into the
interstitial fluid is beyond the scope of this report. However, cytokines detected in STS

Ann Allergy Asthma Immunol. Author manuscript; available in PMC 2022 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lyubchenko et al.

Page 9

protein extracts from the stratum corneum are likely the result of endogenous production by
keratinocytes. The majority of cytokines/chemokines examined in this study are endogenous
mediators that are not stored as preformed molecules in the producer cells. New synthesis

is required for secretion and, once released, their half-life is relatively short3® which hinders
the diffusion from deeper epidermal layers or the blood vessel-rich dermis. This is consistent
with findings in this manuscript as epithelial-produced cytokines were readily measurable in
the skin tape strip analysis in this study, while cytokines produced by the infiltrating immune
cells were not considerably different between the study groups. However, IL-1 cytokine
family members are an exception as many of them are stored preformed in large quantities in
epithelial cells.31:40

In summary, this study developed a new setting for STS protein extraction and demonstrated
the utilization of this protein extraction method and ultrasensitive MSD assay for the
measurement of inflammatory mediators in AD lesional skin of children. This approach
identified a novel group of proinflammatory cytokines involved in lesional AD (IL-1b, IL-8,
and IL-18) that extends beyond the type 2 immune response (CCL17, CCL22, and TSLP)
and suggests a new therapeutic target in AD. The study provided evidence of relationships
between the detected inflammatory markers and AD disease severity and TEWL, proposing
that this assay can be used as a minimally invasive approach to monitor skin inflammation.
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FLG filaggrin
FA food allergy
KRT1 keratin 1
KRT10 keratin 10
MSD Mesoscale multiplex cytokine assay
NMF natural moisturizing factor
NA nonatopic
NESS Nottingham Eczema Severity Score
PCA pyroglutamic acid
SCORAD SCORing Atopic Dermatitis
STS skin tape strip
S. aureus Staphylococcus aureus
TEWL transepidermal water loss
UCA urocanic acid
VAS visual analogue scale
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Figure 1.
Skin tape strip (STS) sample collection. Adhesive STS (CuDerm; @22mm) are applied to

the skin area of interest (A) with the standardized pressure device (D-Squame D500; 225
g/cm?) (B). Collected STS are adhered to glossy storage cards (CuDerm) (C, D) to minimize
the air exposure of the collected biomaterial and cryopreserved at —80°C.
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Figure 2.
Concentrations of protein extracts prepared from skin tape strip samples from lesional skin

of AD patients and NA controls. ***p<0.001.
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Figure 3.

C)?tokine profiles of AD lesional skin determines the changes in the proinflammatory and
type 2 cytokine production in these skin samples as compared to skin samples from NA
controls, with no significant effect on type 1/type 17 inflammatory pathway. *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001.
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Figure 4.
A relationship between inflammatory mediators detected in AD lesional skin and AD

disease severity index SCORAD.
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Figure 5.
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A correlation analysis reveals a relationship between inflammatory mediators detected in
AD lesional skin and TEWL measurements from the sampled skin area.
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