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Abstract

Background: Netherton syndrome (NS) is a rare recessive skin disorder caused by loss-of-function
mutations in SPINK5 encoding the protease inhibitor LEKTI. NS patients suffer from a severe skin
barrier defect, display inflammatory skin lesions and superficial scaling with atopic manifestations.
They present with typical ichthyosis linearis circumflexa (NS-ILC) or scaly erythroderma (NS-SE).
Objective: Here we employed a combination of several molecular profiling methods to
comprehensively characterize the skin, immune cells and allergic phenotypes of NS-ILC and NS-SE

patients.

Methods: We studied a cohort of 13 NS patients comprising 9 NS-ILC and 4 NS-SE.

Results: Integrated multi-omics revealed abnormal epidermal proliferation and differentiation and IL-
17/1L-36 signatures in lesion skin and in blood in both NS endotypes. While the molecular profiles of
NS-ILC and NS-SE lesion skin were very similar, non-lesion skin of each disease subtype displayed
distinctive molecular features. Non-lesion and lesion NS-SE epidermis showed activation of the type |
IFN signaling pathway, while lesion NS-ILC skin differed from non-lesion NS-ILC skin by increased
complement activation and neutrophil infiltration. Serum cytokine profiling and immunophenotyping
of circulating lymphocytes showed a Th2-driven allergic response in NS-ILC, whereas NS-SE patients

displayed mainly a Th9 axis with increased CCL22/MDC and CCL17/TARC serum levels.

Conclusion: This study confirms 1L-17/IL-36 as predominant signaling axes in both NS endotypes
and unveils molecular features distinguishing NS-ILC and NS-SE. These results identify new

therapeutic targets and could pave the way for precision medicine of NS.
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Key messages

Multi-omic analysis revealed that IL-36 signature was a hallmark of Netherton syndrome.
Cutaneous molecular signatures of NS-ILC involved neutrophil infiltration and complement
activation, while NS-SE involved type | IFN.

Allergic responses were predominantly associated with Th2 phenotype in NS-ILC patients,

but a Th9 phenotype in NS-SE
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Capsule summary

Integrated multi-omics reveals IL-36 signature in Netherton syndrome, specific activation of type |
IFN signaling in NS-SE and endotype-dependent Th2 and Th9 allergic responses. These results could

pave the way for precision medicine of NS.
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Abbreviations
AD
DEG
DEP
ECM
FLG
HC
IFN
IgE/M/G1
ILC
VL
KLK
KRT
LEKTI
LOR
MPO
NS
PAR2
PBMC
SE
TNF
TSLP

Atopic dermatitis

Differentially expressed gene
Differentially expressed protein
Extracellular matrix

Filaggrin

Healthy control

Interferon

Immunoglobulin E/M/G1

Ichthyosis linearis circumflexa
Involucrin

Kallikrein-related peptidase

Keratin

Lympho-epithelial Kazal-type-related inhibitor
Loricrin

Myeloperoxidase

Netherton syndrome

Protease activated receptor 2
Peripheral blood mononucleated cells
Scaly erythroderma

Tumor necrosis factor

Thymic stromal lymphopoietin
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Introduction

Netherton Syndrome (NS) (OMIM 256500) is a rare and severe recessive genetic skin disease
characterized by the diagnostic triad of ichthyosiform erythroderma, a specific hair shaft abnormality
known as trichorrhexis invaginata and high serum IgE levels with atopic manifestations. NS is an
orphan disease with currently no satisfactory treatment. NS is caused by recessive loss of function
mutations in SPINK5 *, encoding the serine protease inhibitor LEKTI expressed at the granular layer-

stratum corneum interface %°

, leading to unopposed activity of cutaneous proteases, including
kallikrein-related proteinases (KLK) 5, KLK7, and KLK14 and epidermal elastase 2 *®. Unrestrained
epidermal protease activity causes excessive desquamation resulting in a profound skin barrier defect
and triggers the activation of inflammatory pathways **2. NS patients display increased transepidermal
water loss, superficial scaling, and redness of the skin. At birth or shortly thereafter, NS patients
present with diffuse erythroderma and scaling. During childhood and adulthood, cutaneous lesions
evolve in some patients towards ichthyosis linearis circumflexa (ILC), which refers to fluctuating
polycyclic and serpiginous erythematous lesions bordered by a double collar of scales, while other
patients retain a scaly erythrodermic phenotype (SE). Both NS-ILC and NS-SE patients usually
develop increased allergen-specific serum IgE with associated multiple airborne and/or food allergies.
The presence of immune system abnormalities remains debated ****,

Histological analyses of NS skin shows stratum corneum detachment, parakeratosis, reduced granular

layer *°

with epidermal hyperplasia and hyper-papillomatosis with increased expression of
proliferation markers such as keratin 16 (KRT16) *°. Differentiation markers such as involucrin (IVL),
loricrin (LOR), and filaggrin (FLG) are diffuse in NS upper epidermal layers with a reduction of
desmosomal components °, which contribute to the skin barrier defect. Several studies pointed to an

altered lipid composition of NS stratum corneum *"*8

, which is likely to aggravate the skin barrier
defect and inflammation. Epidermal hyperplasia, abnormal differentiation, and altered lipid
composition are features in common with other inflammatory skin diseases, including atopic

dermatitis (AD), psoriasis and ichthyoses. A transcriptomic study comparing different forms of
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ichthyoses including NS, with psoriasis and AD, revealed that NS transcriptomic signature was closer

to psoriasis, although psoriatic patients lack allergic manifestations *.

In addition to skin barrier disruption, epidermal proteases such as KLK5 and KLK14 play a role in
skin inflammation by activating Protease-activated receptor 2 (PAR2), which in turn triggers the
expression of pro-inflammatory cytokines such as TSLP, CXCL8 and TNFa >'*%. Bacterial- and
allergen-derived proteases can also induce PAR2 signaling and activate downstream pro-inflammation
pathways. In particular, NS patients are susceptible to infections by Staphyloccocus aureus, which also
induces an immune response driven by the Th17 and IL-36 axis, thus enhancing skin inflammation
222 previous transcriptomic analyses of NS lesion skin showed an IL-17 signature with increased
expression of target genes encoding anti-microbial peptides or IL-17-related cytokines '*%. NS
patients also displayed an enrichment in circulating lymphocytes expressing IL-17 and IL-22 *,
suggesting that NS could be a Th17-driven disorder resulting from skin barrier impairment **. The
involvement of the Thl7 axis in NS pathogenesis is supported by the successful treatment of NS
patients with anti-IL-17A antibodies **?°. Although anti-IL-17A therapy results in a significant
clinical benefit, we recently reported that improvement could not be durably sustained, suggesting that

other biological pathways are likely to contribute to NS pathogenesis.

NS is a disorder with a profound impact on skin homeostasis leading to skin inflammation and
systemic allergic manifestations involving the immune system. The biological mechanisms underlying
NS pathophysiology are not fully understood. In this study, we performed a comprehensive molecular
characterization of a NS patient cohort to gain further insight into the consequences of loss of LEKTI
expression in the skin and at the systemic level. We sought to define NS and endotype-specific

molecular signatures which could pave the way for novel and precise therapeutic strategies.
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Methods

Patient cohort

A cohort of 13 NS patients from 10 kindreds with a median age of 32 years and 19 age- and sex-
matched HC (median age of 30 years) was recruited. NS was confirmed by the identification of
deleterious mutations in SPINK5 and negative LEKTI immunostaining for the 13 NS patients
including 9 NS-ILC and 4 NS-SE patients. Demographic information of patients are provided in Table
1. Treatments included emollient on a daily base and topical corticosteroids during acute flares. Skin
biopsies and blood were collected prior to any biotherapy and at distance (at least 48 hours) from the
application of a corticosteroid. The protocol was approved by the international review board of Necker
Hospital (Clinical Trial NCT 020 813 13), and the study was conducted in accordance with the

Declaration of Helsinki principles. All patients and HC gave written and informed consent.

RNA sequencing library of NS skin

Total RNA was isolated from 5mm skin biopsy. After a DNase treatment with HL-dsDNase
(ArcticZymes), complemetary DNA (cDNA) was prepared using the NUGEN Ovation RNA-Seq
System from 100 ng of total RNA. RNA-Seq libraries were sequenced on an Illumina HiSeq. Further
details are provided in Supplementary Materials. The transcriptomic data were deposited at GEO data

repository with the accession number GSE164285.

Proteomic analysis of NS skin

Proteins were extracted from frozen skin samples using RapiGest containing buffer followed by
reduction and alkylation. Proteins were digested by first incubating with LysC followed by incubating
with Trypsin. Data were acquired with a Q-Exactive Plus (Thermo Scientific, Bremen, Germany) mass
spectrometer. Further details are provided in Supplementary Materials. Mass spectrometry data as well

as data analysis results have been deposited to ProteomeXchange via MassIVE (ID: PXD023658).
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Statistical analyses
Statistical analyses were performed with GraphPad Prism v8.4.3 and R software (R Development Core
Team, 3.5.0). Further details are provided in supplementary informations. Differences were considered

significant for p<0.05.

Experimental procedures of immunostaining, immunophenotyping of PBMC, western-blotting and

serum cytokine profiling by Luminex are described in supplementary information.
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Results

1. Patient characterization

To study the molecular mechanisms involved in NS, we analyzed a cohort of 13 patients, comprising 9
NS-ILC and 4 NS-SE (Table 1). NS diagnosis was confirmed by the identification of deleterious
mutations in SPINK5 and negative LEKTI immunostaining for each patient. NS-ILC patients
presented with flares of erythematous, serpiginous lesions with a double scaly edge on their trunk
and/or limbs. In contrast, NS-SE patients had extensive scaly and red skin and often displayed a
lichenified appearance of flexion creases (Figure 1A).

In both endotypes, histological analyses revealed stratum corneum detachment, psoriasiform
epidermal hyperplasia with elongated rete ridges and parakeratosis in non-lesion and lesion skin
(Figure 1B). The stratum granulosum was thicker in non-lesion NS-SE skin and was almost
completely absent in lesion skin from both NS endotypes. Subcorneal microabscesses were seen in
lesion NS-ILC skin only. Histological observations were supported by immunostaining of skin
sections (Figure E1). Marked inflammatory infiltrates were observed in NS lesion skin in both
subtypes. Immunostaining with MPO and tryptase antibodies showed massive neutrophil and mast cell
infiltrates in lesion NS-ILC and lesion NS-SE skin, respectively (Figure 1C). No eosinophils or
infiltrating lymphocytes were observed (data not shown).

Total serum IgE levels were similarly increased by 3-to 40-fold in both NS-ILC and NS-SE patients
(Table 1) and were associated with several atopic manifestations. Serum component allergen-specific
IgE showed high levels of specific IgE against pollens, dust mites, pets and nuts (Figure 1D and
Figure E2A). Likewise, all patients analyzed had elevated specific IgE against cross-species allergens
such as profilin, tropomyosin or PR10 proteins (Figure 1D and S2B). These results showed that the
two clinical subtypes of NS shared common histological and allergic sensitization features with

distinct immune cell skin infiltrates.

2. NS patients display IL-17 and IL-36 driven immune response in skin and peripheral blood.
To investigate the transcriptomic signature of NS, RNAseq was performed of lesion and non-lesion

skin biopsies obtained from NS patients or healthy donors. Principal component analysis (PCA)
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revealed a clear separation between NS lesion, non-lesion and healthy control samples (Figure 2A),
with non-lesion skin of NS-ILC patients being close to HC and non-lesion NS-SE skin resembling
lesion samples. A global analysis was performed to compare HC, NS non-lesion and NS lesion skin
(Table E1) and the DEGs identified in each comparison were submitted to DAVID online tool.
Epidermal differentiation, immune response, inflammation and proliferation were the most enriched
biological processes in DEGs. Lesion and non-lesion skin showed similar features with DEGs mainly
involved in epidermal differentiation and immune response when compared to healthy controls.
Inflammation and proliferation were specifically enriched in lesion skin (Figure E3A).

In parallel, proteomic profiling of non-lesion and lesion skin biopsies from the same patients showed a
clear separation between NS and healthy controls as revealed at the RNA level (Figure E3B). RNAseq
and proteomic were positively correlated (Figure 2B) and showed enrichment for the same biological
processes. Up-regulated proteins in NS non-lesion and lesion skin (Table E1) were mainly involved in
epidermal differentiation, cell adhesion, anti-microbial response and the immune response, whereas
multiple proteins crucial in extracellular matrix organization were downregulated compared to healthy
skin biopsies (Figure E3C). Proteins involved in the immune response, especially in the IL-17/1L-36
pathways, were specifically upregulated in lesion skin.

Genes involved in IL-17/1L-36 pathways (S100A7/8/9, P13, 1L36G) were among the ones with the
highest transcript and protein fold changes (Figure 2B). Immunostaining of skin sections revealed a
significant increase in IL-36y in lesion and non-lesion NS skin and S100 proteins in lesion NS skin
compared to healthy controls (Figure 2C). Evidence for IL-17 and IL-36 signature was also sought in
NS patients sera . IL-36y and the IL-17-induced chemokine CCL20 serum levels were significantly
increased in NS patient compared to HC (Figure 2D). Overall, the 1L-17/IL-36 transcriptomic and

proteomic signature was identified in lesion skin of both NS endotypes and in non-lesion NS-SE skin.

3. Transcriptomic and proteomic profiling distinguishes NS-ILC from NS-SE
Despite common features, omic analyses revealed that differences could be observed between the two
NS endotypes. Therefore, transcriptomic data were further analyzed by calculating the Euclidian

distance which clearly distinguished non-lesion NS-ILC samples from non-lesion NS-SE skin with
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2208 DEGs (Figure 3A, Table E2). In contrast, lesion skin from NS-ILC and NS-SE showed more
similarities with only 168 DEGs identified (Figure E6A, Table E2). Extracellular matrix (ECM)
organization, cell adhesion, and innate immune response were significantly enriched in NS-ILC, while
the NS-SE signature involved the type I interferon signaling pathway and response to viruses (Figure
3B). NS-ILC and NS-SE skin transcriptomic profiles were compared to AD and psoriasis lesion skin
2930 and showed that lesion NS-ILC and NS-SE and non-lesion NS-SE skin significantly correlated
with psoriasis (Figure E6B).

In parallel, proteomic data were also further analyzed and revealed 66 significant DEPs between NS-
ILC non-lesion and NS-SE non-lesion skin and 54 DEPs between NS-ILC lesion and NS-SE lesion
skin (Table E2). Multiple proteins involved in the extracellular matrix organization as well as in
neutrophil degranulation were present in higher abundance in NS-ILC compared to NS-SE biopsies
(Figure 3C). Four SERPINs, some of which are known as protease inhibitors, were enhanced in NS-
ILC skin compared to NS-SE. Of note, heavy chains of IgGl and IgM (IGHG1 and IGHM,
respectively) and C1S, which are involved in the classical pathway of complement activation, were
also enriched in NS-ILC lesion skin (Figure 3C and E6B). In the NS-SE endotype, proteins involved
in epidermal development, keratinocyte differentiation, cell proliferation and the inflammatory
response were upregulated. Proteomic profiling of NS-SE skin revealed that the IFN pathway

downstream effector STAT1 was more abundant in NS-SE non-lesion skin than in NS-ILC non-lesion

skin (Figure E6B).

4. Complement activation is more pronounced in NS-1LC skin

Proteomic data showed increased expression of complement C1S, IgG and IgM heavy chains.
Enhanced expression of classical complement components was confirmed at the transcript level by
RNAseq data. In particular, C1QB and C1QC prensented significantly increased transcript levels in
non-lesion and lesion skin compared to healthy controls (Figure 4A). C1R was also significantly
increased in lesion NS-ILC skin compared to healthy controls. Since these components initiate the
classical cascade, cleavage of complement C3 was assessed by western-blotting in NS skin (Figure

4B). Complement C3 could be detected in NS skin lysates but not in healthy controls. Complement
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C3a full length (115kDa) and fragments iC3b (68 kDa) and C3dg (40 kDa) were observed. The three
bands were quantified and added to obtain total complement C3, which was significantly increased by
2-fold in lesion NS-ILC skin lysates compared to non-lesion NS-ILC and NS-SE (Figure 4B). In
addition, the percentage of complement C3 cleavage was enhanced by 1.5-fold in non-lesion and
lesion NS-ILC skin compared to NS-SE (Figure 4C). The increased cleavage of C3 in NS-ILC skin

suggested that complement activation was involved in NS-ILC inflammatory response.

5. NS-SE patients show an IFN signature which predominates in the skin.

Transcriptomic profiling revealed a marked type | IFN signature in non-lesion and lesion skin from
NS-SE patients, which was absent in non-lesion NS-ILC and minimal in lesion NS-ILC (Figure 4D
and E7A). Strikingly, the intensity of increased expression of IFN-induced gene was comparable
between non-lesion and lesion NS-SE skin. The IFN signaling pathway was further assessed in skin
biopsies by immunostaining of STAT1 and its phosphorylated form. Increased expression and
phosphorylation of STAT1 with nuclear localization were oberved in lesion epidermis of both NS
subtypes compared to healthy control (Figure 4E). STAT1 expression and phosphorylation were also
enhanced in non-lesion NS-SE skin, consistent with type | IFN pathway activation, in contrast to non
lesion NS-ILC. Plasmacytoid dendritic cells (pDC) which are the main source of type | IFN, were not
detected by immunostaining (data not shown). Evidence for a type | IFN signature was also shown at
the systemic level with increased serum level of IFN-a in NS-SE patients compared to HC and NS-
ILC patients (Figure 4F). However, patients’ PBMC showed no evidence for IFN polarization (Figure
E7B), except for patients 10.2 and 9. Immunophenotyping of peripheral DCs revealed no differences

in pDC frequency and increased type 1 myeloid DC (mDC1) in NS-SE compared to HC (Figure E7C).

6. Distinct allergic responses are triggered in NS-1LC and NS-SE

Discrimination between the two endotypes was further assessed at the systemic level by analyzing
their serum cytokine profiles. A supervised partial least square discriminant analysis revealed that
these cytokine profiles differed between HC, NS-ILC and NS-SE (Figure 5A). Among the 49

cytokines, 15 were significantly discriminant and could explain the projection of the 3 groups along
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the 2 axes. The first axis was mainly driven by CCL22/MDC and CCL17/TARC, while the second
axis was mostly explained by CCL27/CTACK, IL-4, IL-16 and CXCL2. CCL22/MDC and
CCL17/TARC serum levels were significantly increased in NS-SE, but not in NS-ILC patients,
compared to HC. CCL27/CTACK and IL-4 showed no statistical difference between NS-ILC and HC
but were significantly decreased in NS-SE sera compared to NS-ILC and HC (Figure 5B).

The 4 most discriminant cytokines (CCL17/TARC, CCL22/MDC, CCL27/CTACK and IL-4) are
known to be involved in allergic response. While IL-4 and CCL27 are Th2 cytokines, the major source
of CCL17/TARC and CCL22/MDC is Th9 cells. Detailed immunophenotyping of PBMCs revealed a
significant increased Th2 subset in NS-ILC compared to healthy controls, while NS-SE showed a
significantly enhanced Th9 subset compared to both healthy controls and NS-ILC patients (Figure
5C). These results were supported by increased IL-4 and IL-13 positive memory CD4 T cells in NS-
ILC patients compared to NS-SE. Of note, 1L-9 producing memory CD4 T cells were not enhanced in
neither NS-ILC nor NS-SE patients. Th2 and Th9 cells contribute to the maturation of B cells which

are involved in the allergic response by producing IgE.

7. Skin and blood multi-omics show correlated signature

Each NS subtype could be distinguished based on their cutaneous molecular signature and their
immune profile in peripheral blood. Spearman correlation and hierarchical clustering was built on
omic, Luminex and phenotyping datasets to identify related cutaneous and systemic signatures and
their correlation with NS clinical features (IgE serum levels and severity score). Four clusters,
including two with positive correlations and two with negative correlations, could be observed (Figure
6). The first cluster consisted in a strong positive correlation between the expression level of genes
involved in type I IFN, IL-36 pathways, Th9 subset frequency and CCL22, CCL20 and IFNa serum
levels. This cluster also revealed a strong correlation with markers of epidermal proliferation (MKI67),
wound healing (KRT16) and differentiation (IVL). The enhancement of these markers was more
pronounced in NS-SE patients than in NS-ILC. The second correlation cluster gathered C1Q and MPO
transcript levels, CXCL2, CCL27, IL-4 and IgE serum levels and the frequency of IL-17, IL-13 and

IL-4 positive CD4 T cells, which were all increased in NS-ILC patients. Conversely, the last two
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clusters resulted from negative correlations between the markers of the first and the second cluster and
vice versa. IgE serum levels were included in the NS-ILC-specific cluster but no significant
correlation was observed, except for IL-4-positive memory T cells. The severity score showed a
significant positive correlation with CCL17 serum levels and was negatively correlated with IL-9-
positive memory CD4 T cells. The Spearman correlation matrix was consistent with the inflammatory

signatures identified in each endotype.
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Discussion

Here, we describe the global changes in NS-ILC and NS-SE patients compared to HC, at the clinical,
histological and molecular levels. In both clinical subtypes, transcriptomic and proteomic signatures of
non-lesion skin revealed abnormalities in epidermal proliferation and differentiation. Epidermal
hyperproliferation and impaired differentiation are major characteristics of NS lesion skin which have
been previously reported >*¢3, Complete loss of differentiation markers seen in lesion NS-SE may
result from increased serine protease activity in lesion NS-SE compared to NS-ILC ', which is
supported in our study by downregulation of protease inhibitors in NS-SE patients. Multi-omic
profiling showed a prominent IL-17/1L-36 signature in lesion skin of both NS endotypes, which could
contribute to epidermal hyperproliferation and impaired differentiation. 1L-17 and IL-36 cytokines

2% and inhibit epidermal differentiation in psoriasis **. We

trigger epidermal proliferation
previously reported, and confirmed in this study, that lesion NS-ILC skin displayed marked neutrophil
infiltrates, whereas lesion NS-SE skin was mainly infiltrated with mast cells 2. Neutrophil gelatinase-
associated lipocalin and histamine released by mast cells could participate in the dysregulation of
epidermal differentiation in NS-ILC and NS-SE patients, respectively ***”. The expression of wound
healing markers (KRT6 and KRT16) was enhanced in NS-SE non-lesion skin compared to NS-ILC
non-lesion skin, suggesting that skin homeostasis is more disrupted in NS-SE patients. Non-lesion NS-
SE skin also displayed increased expression of epidermal differentiation markers compared to NS-
ILC, which could result from the enhanced IFN signature in non-lesion NS-SE skin. Indeed, IFN-B is
required to induce differentiation of cultured keratinocytes *.

Multi-omic analyses of NS skin revealed increased immune and inflammatory responses, which
mainly relied on IL-17 and IL-36 cytokines. IL-17A and F are secreted by Th17 cells, and IL-17C is
expressed by keratinocytes, while IL-36a, p and y cytokines are mainly found in the epidermis *.
Staphyloccocus aureus is the most represented strain in NS skin microbiome % and contributes to the
IL-17/IL-36 signature by disrupting the skin barrier. In addition, a recent study showed that
epicutaneous Staphylococcus aureus enhanced IgE production in an 1L-36-dependent manner_*°.

Therefore, the skin barrier defect is likely to trigger an immune response in NS patients with no

evidence for an immunodeficiency as previously suggested **. Of note, the inflammatory properties of
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IL-17 and IL-36 pathways are enhanced by their capacity to mutually regulate each other ****. Recent
studies have shown that IL-36 cytokines are the most upstream mediator of skin inflammation in
murine models of psoriasis ““. In keratinocytes, IL-17 and IL-36 cytokines induce CCL20 and
CXCLS8 expression and secretion, which contribute to the inflammatory environment by recruiting
neutrophils *"*%. In psoriatic patients, IL-17A/F and I1L-36c. and y cytokines have been shown to be

crucial in the course of the disease and to correlate with disease severity **°.

Recently, a
transcriptomic study showed increased expression of 1L-36a and y cytokines in NS skin, which also
correlated with disease severity ?*. The present study is the first one describing non-lesion and lesion
NS skin as well as systemic abnormalities found in both clinical manifestations of the disease. In
addition to their increased expression in skin, IL-36a and 1L-36y serum levels were also enhanced in
the sera from both NS endotypes. Although the IL-17/IL36 signature was found in lesion skin from
both endotypes, only non-lesion NS-SE skin displayed increased expression of IL-17/IL-36-related
genes, suggesting that each endotype could present a unique molecular signature.

Multi-omic analyses showed distinct signatures in NS-ILC and NS-SE, suggesting that the molecular
mechanisms involved in skin inflammation are partially different between the two endotypes.
Transcriptomic and proteomic analyses revealed an immune response involving the innate
compartment in NS-ILC lesion skin. In particular, complement C1Q, heavy chains of
immunoglobulins G1 and M and complement C3 cleavage were increased, suggesting classical
complement activation, and are likely to participate in neutrophil recruitment in NS-ILC lesion skin.
Indeed, subcorneal neutrophil collection requires C5a, one of the most potent neutrophil
chemoattractant factors *'. When psoriatic lesions were induced by imiquimod in a C3-deficient
murine model, inflammation and neutrophil infiltrates were reduced *?, supporting the role of
complement activation in neutrophil recruitment and skin inflammation.

In NS-SE lesion and non-lesion skin, transcriptomic analyses revealed a type | IFN-related signature,
which was supported by increased nuclear pSTAT1 immunostaining in keratinocytes. Type | IFN
cytokines are produced by pDCs, which massively infiltrate psoriatic skin > upon activation of the IL-

54,55

36 pathway ">, However, we could not observe pDC infiltrates in lesion or non-lesion NS-SE skin.
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In chronic plaque psoriasis lesions, almost no pDCs are detected but AMP self-RNA complexes and

%57 \which is consistent with the increase in mDC1 subset observed

type I IFN trigger mDC activation
in PBMC from NS-SE patients. The expression level of 1L-36 cytokines was higher in non-lesion NS-
SE skin and could contribute to the enhanced IFN signature. Indeed, IL-36 cytokines induce a strong
and early expression of STAT1, MX2 and oligoadenylate synthase (OAS) genes in human keratinocytes
A recent transcriptomic analysis of blood from pustular and plaque psoriasis patients showed that
IL-36 induces a type | IFN response in severe forms of psoriasis **. Overall, although no marked
induction of the IFN pathway was observed in NS blood, it is likely that the IFN pathway contributes
to chronic inflammation in NS-SE patient skin.

In addition to skin barrier defect and inflammation, all NS patients studied, except patient 8, had
elevated serum IgE levels associated with atopic manifestations. Specific IgE profiling revealed that
all NS patients were sensitized to at least one panallergen and presented sensitivity to food and airway
allergens, as previously shown in a paediatric NS cohort *®. Immunophenotyping of PBMC revealed
increased Th2 subset in NS-ILC, suggesting that the Th2 axis contributes to allergic manifestations in
NS-ILC patients. This hypothesis is supported by increased IL-4 and CCL27/CTACK serum levels,
which distinguished NS-ILC from NS-SE patients. Th2 cells secrete cytokines, including but not
limited to IL-4 and CCL27, which activate immunoglobulin secretion by B cells *°. In contrast, the
allergy-mediated immune response in NS-SE patients involved massive mast cell infiltrates, increased
serum levels of CCL22/MDC and CCL17/TARC and an enhanced Th9 subset in circulating
lymphocytes. Th9 subset has previously been involved in allergen sensitization and in the
development of allergic asthma by producing CCL22/MDC and CCL17/TARC chemokines, leading to
mast cell chemotaxis in mice and in human ®®, 1L-36y and type | IFN increase the differentiation of
naive T cells into Th9 ®® and could contribute to the allergic response in NS-SE.

The description of biological pathways led to considerable progress in the treatment of NS since
classical NS treatments, including emollients, calcineurin inhibitors or topical corticosteroids, show a
limited benefit '°. The new current treatments of NS mainly rely on intravenous immunoglobulins in

children with recurrent infections ** and biotherapy targeting TNF-a,, 1L-4/IL-13, IL-12/1L-23 or IL-

17A, which reduce skin inflammation %% Recently, the inhibition of the IL-17 axis * revealed a



406

407

408

409

410

411

412

413

414

415

416

417

418

419

21

duality in the therapeutic response according to the NS endotype, suggesting that other pathways may
contribute to NS pathogenesis. Here, we confirm the relevance of blocking IL-17A in both endotypes
and the Th2 axis in NS-ILC patients. Our multi-omic approach also revealed a significantly increased
IL-36 signature, which has become an attractive therapeutic target with promising results in pustular
psoriasis °"®8. We also reveal an IFN signature in NS-SE patients. Few therapies specifically inhibit
the IFN signaling pathway but Janus kinase inhibitors are commonly used in AD and psoriasis to
block the IFN pathway **™, and could be a new option in NS treatment. Although biotherapies are not
curative treatment of NS, they substantially improve NS patients’ quality of life.

Altogether, our study reveals a complex skin and systemic inflammatory phenotype in NS, which
confirms the IL-17/IL-36 signature as a common characteristic of NS-ILC and NS-SE and
distinguishes the two endotypes by the type of their immune response: a Th2/complement-driven (NS-
ILC) versus a type | IFN/Th9-driven (NS-SE) inflammatory axis (Figure 6). The dual immune
responses triggered in NS-ILC and NS-SE could pave the way for precision medicine, with a potential

of improving NS patient care and quality of life.
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. SPINKS5 Trichorrexis IgE? - . . Severity
Patient | Sex | Age (year) mutations Consequences NS subtype invaginata Ul/mL Atopy Associated manifestations score
€.880_882del; Altered splicing™; Allergic rhinitis, .
: F 21 C.1820+2T>A altered splicing NS-ILC ) 6217 food allergies Blepharitis, flat warts =]
5 F 17 HMZ: ¢.1048C>T 0.R350* NS-SE + 282 AIIerglc_ rhinitis, angloglema, Perma?al dehydra}tatlon, 8
multiple food allergies failure to thrive
€.238dup; p.A217Gfs*19; Allergic rhinitis, asthma,
3.1 M 16 c.891C>T p.C297C (altered splicing) NS-ILC * & allergic conjunctivitis §
€.238dup; p.A217Gfs*19; i Multiple food allergies,
3.2 M 12 c.891C>T p.C297C (altered splicing) NS-ILC * 670 angiodema 8
C.666+1G>A,; Altered splicing; Allergic rhinitis, - . - .
4 F 21 ¢.2620_2621insT 0.Y874Lfs*6 NS-ILC - 519 food allergy (eggs) Diarrhea in perinatal period 2
Allergic conjunctivitis
. *A- ’
5 F 57 06214355581(155, p.cl:< f5zl4 E::,,é NS-ILC + 7827 asthma, angiodema, Failure to thrive in infancy 6
' P- multiple food allergies
S . Perinatal dehydratation
. Allergic rhinitis, allergic A '
HMZ: Retention of A L blepharitis, visual
6 F 14 €.2539-1501G>C 79bp intronic fragment NS-ILC * 11657 conjunctivitis, asthma, impairement”, obesity”, 8
multiple food allergies #
developmental delay
C.55+1G>A; Altered splicing; ) ) Allergic rhinitis, angiodema, .
! F 18 ¢.2015+5G>A altered splicing NS-ILC 1447l multiple food allergies Short stature (<2.5 percentile) £
HMZ: Perinatal dehydratation,
8 F 34 55_kb del_etlon partial SPINK5 deletion NS-SE + 1259 . bl_epharltls, failure to thrive in 5
including infancy, short stature (<2.5
exon 1to 16 percentile)
€.238dup;
52kb deletion A217Gfs*19: Allergic rhinitis, allergic Perinatal dehydratation, flat
9 M 28 including p- i~ NS-SE + 4676 conjunctivitis, angiodema, warts, short stature (<2.5 8
partial SPINKS5 deletion - : .
exon 5to 34 multiple food allergies percentile)
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C.283-2A>T;

Altered splicing;

Allergic rhinitis,

10.1 45 ¢.2468dup 0.KB24Efs*4 NS-ILC 40918 aIIerglc conjunctivitis, 8
multiple food allergies
. . Allergic rhinitis, Failure to thrive in infancy,
10.2 43 C.283-2A>T; Altered spllclng, NS-ILC 15538 allergic conjunctivitis, short stature (<2.5 percentile), 8
€.2468dup p.K824Efs*4 : -
multiple food allergies flat warts
Allergic rhinitis, Perlnata! de_hygiratatlon, failure
€.283-2A>T; Altered splicing; allergic conjunctivitis to thrive in infancy, s'hort
10.3 41 ’ ' e NS-SE 8538 . ' stature (<2.5 percentile), 8
€.2468dup p.K824Efs*4 angiodema, - -
papillomatous lesions, flat

multiple food allergies

warts
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Table 1: Demographic, clinical and molecular characteristics of 13 NS patients included in the
study. ILC, ichthyosis linearis circumflexa; SE, scaly erythroderma.

!, The normal values of IgE serum level of the laboratory are below 114 Ul/mL;

*, This mutation changes the last nucleotide of exon 10 and disrupts the donor splice site of intron 10.
#, These features are caused by the association of Bardet-Biedl syndrome confirmed by molecular

diagnostic in this patient.
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Figure 1: Clinical and histological features, but not IgE profiles, distinguish 2 NS subtypes. A.
Representative clinical pictures of NS-ILC and NS-SE patients. B. HES staining of skin sections of
HC, lesion and non-lesion skin from NS-ILC and NS-SE patients (magnification x10), bar= 25um.
The enlargements (magnification x40) correspond to upper epidermal layers, bar= 50um. The dotted
black line delineates the dermal-epidermal junction. sc, stratum corneum; sg, stratum granulosum; ma,
micro-abscess; P, parakeratosis. C. Neutrophil and mast cell infiltrates were detected with anti-MPO
and tryptase antibodies, respectively. Nuclei were counterstained with DAPI (blue). The dotted white
line delineates the dermal-epidermal junction. Bar= 50uM (magnification x40). D. Specific IgE were
measured by ImmunoCap ISAC (NS-ILC, n=7; NS-SE, n=2) and the number of patients showing
reactivity towards specific allergens or panallergens such as PR10 proteins, Lipid Transfert Proteins

(LTP), profilins and tropomyosins, is represented.
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Figure 2: Transcriptomic and proteomic profiling of NS reveal an IL-36 signature. A. Principal
component analysis of RNAseq data from healthy donor skin biopsies (n=19), non-lesion skin (n=13)
and lesion skin (n=14) of 9 NS-ILC and 4 NS-SE patients. B. Pearson correlation analysis using RNA
and protein expression values of cumulatively identified genes. Linear regression line is shown in blue
with a 95% confidence interval (grey). C. IL-36y (red) and anti-microbial peptides S100A7 (green)
immunostaining of skin sections from HC, non-lesion and lesion skin from NS-ILC and NS-SE
patients. Nuclei were counterstained with DAPI (blue). The dotted white line delineates the dermal-
epidermal junction. Bar= 50 um (magnification x40). D. Serum levels of proinflammatory IL-36y and
CCL20 in NS patients (n=13) and healthy controls (n=11). The lines correspond to the mean £ SEM. *

P<0.05, ** p<0.01, *** p<0.001.
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Figure 3: Transcriptomic and proteomic profiling of NS-ILC and NS-SE patients revealed
molecular differences between each endotype. A. Correlation between non-lesion samples
determined by calculating Euclidian distance, which is represented on the heatmap. B. Biological
processes enriched in DEGs between NS-ILC and NS-SE skin. C. Volcano plot comparing proteome
data from healthy donor skin, non-lesion and lesion skin from NS patients (n = 11). Proteins of interest

and their respective GO “biological process” term are highlighted in different colors.
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681  Figure 4: NS-ILC and NS-SE skin display distinct inflammatory response involving complement
682 and IFN pathway, respectively. A. Level of C1QA, C1QB, C1QC, C1R gnd C1S transcripts. B.
683  Complement C3 expression level skin lysates assessed by western-blotting and its C. cleavage
684  percentage in protein extracts from HC, non-lesion and lesion NS skin. D. The Log2 of the fold
685  change for the genes involved in the IFN pathway is represented on the heatmap for each group. E.
686  STAT1 and pSTATL1 immunostaining in skin sections from HC, non-lesion and lesion skin from NS-
687 ILC and NS-SE patients. Nuclei were counterstained with DAPI (blue). The dotted white line
688  delineates the dermal-epidermal junction. Bar= 50uM (magnification x40). F. Serum levels of IFN-a
689  in NS patients (n=13) and healthy controls (n=11). The horizontal bars correspond to the mean + SEM.

690  * p<0.05, ** p<0.01, *** p<0.001.
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691  Figure 5: NS-ILC and NS-SE show allergic features involving either Th2 or Th9 axes A Partial
692  least square discriminant analysis (PLS-DA) model followed by the determination of variable
693  importance projection (VIP, in bold) based on serum cytokine profiles. B. Serum concentrations of IL-
694 4, CCL27/CTACK, CCL22/MDC and CCL17/TARC. Horizontal bars correspond to the mean + SEM.
695  C. Percentages of Th2 and Th9 in PBMC from HC, NS-ILC and NS-SE and production of their
696  cytokines after stimulation with PMA/ionomycin. Horizontal bars represent the mean + SEM. *

697  p<0.05, ** p<0.01, *** p<0.001.
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Figure 6: Cutaneous molecular features and peripheral blood phenotype are strongly correlated
in each NS subtype. Spearman correlation heatmap of clinical (severity score, serum IgE level)
markers, transcript levels, serum cytokine levels and PBMC immunophenotyping. The black boxes
underline clustered markers. Statistitcal significance is indicated in the heatmap * p<0.05, ** p<0.01,

*% n<0.001.
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Figure 7: Proposed model of NS physopathology in its two clinical forms. Loss of LEKTI function
due to SPINK5 mutations, leads to unopposed activity of cutaneous proteases and causes stratum
corneum detachment, epidermal hyperplasia and parakeratosis. The profound skin barrier defect
allows pathogen and allergen entry, triggering the production of pro-inflammatory mediators, the
priming of naive T lymphocytes. A. In NS-ILC, naive T cells differentiate into Th2 cells, which
release 1L-4 triggering pruritus and allergic responses. Complement molecules and CXCL8 chemokine
contribute to the formation of marked neutrophil infiltrates in the dermis and in the stratum corneum.
B. In NS-SE, Th9 cells produce large amounts of CCL22/MDC and CCL17/TARC chemokines,
which are mast cells chemoattractant. Th9 cells contribute to the allergic response by enhancing the
secretion of IgE’s, which induce mast cell degarnulation. Increased IFN signature could contribute to

cutaneous inflammation.
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