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the major orphan forms of ichthyosis
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Background: The ichthyoses are rare genetic disorders associated
with generalized scaling, erythema, and epidermal barrier
impairment. Pathogenesis-based therapy is largely lacking because
the underlying molecular basis is poorly understood.

Objective: We sought to characterize molecularly cutaneous
inflammation and its correlation with clinical and barrier
characteristics.

Methods: We analyzed biopsy specimens from 21 genotyped
patients with ichthyosis (congenital ichthyosiform
erythroderma, n = 6; lamellar ichthyosis, n = 7; epidermolytic
ichthyosis, n = 5; and Netherton syndrome, n = 3) using
immunohistochemistry and RT-PCR and compared them with
specimens from healthy control subjects, patients with atopic
dermatitis (AD), and patients with psoriasis. Clinical measures
included the Ichthyosis Area Severity Index (IASI), which
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integrates erythema (IASI-E) and scaling (IASI-S);
transepidermal water loss; and pruritus.

Results: Ichthyosis samples showed increased epidermal
hyperplasia (increased thickness and keratin 16 expression) and T-
cell and dendritic cell infiltrates. Increases of general inflammatory
(IL-2), innate (IL-13), and some Ty1/interferon (IFN-y) markers
in patients with ichthyosis were comparable with those in patients
with psoriasis or AD. TNF-a levels in patients with ichthyosis were
increased only in those with Netherton syndrome but were much
lower than in patients with psoriasis and those with AD. Expression
of Ty2 cytokines (IL-13 and IL-31) was similar to that seen in
control subjects. The striking induction of IL-17-related genes or
markers synergistically induced by IL-17 and TNF-a (IL-17A/C,
IL-19, CXCL1, PI3, CCL20, and IL36G; P <.05) in patients with
ichthyosis was similar to that seen in patients with psoriasis. IASI
and IASI-E scores strongly correlated with IL-17A (r = 0.74,

P <.001) and IL-17/TNF-synergistic/additive gene expression.
These markers also significantly correlated with transepidermal
water loss, suggesting a link between the barrier defect and
inflammation in patients with ichthyosis.

Conclusion: Our data associate a shared Ty17/IL-23 immune
fingerprint with the major orphan forms of ichthyosis and raise
the possibility of IL-17-targeting strategies. (J Allergy Clin
Immunol 2017;139:152-65.)
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Ichthyoses are genetically and clinically heterogeneous
disorders with generalized skin scaling, thickening, and
erythema. Other than ichthyosis vulgaris and recessive X-linked
ichthyosis subtypes,'”’ the ichthyoses each occur in less than
1:100,000 persons. Affected subjects have an extremely
compromised quality of life because of disfigurement and the
accompanying itching, pain, and functional limitation.*” The
epidermal barrier is abnormal, with defects in lipids and differenti-
ation resulting in increased transepidermal water loss (TEWL). 10-12

Treatment for ichthyosis is largely supportive and unsatisfactory.
For more severely affected subjects, oral retinoids, vitamin
A analogues, are often administered to improve the hyperkerato-
sis.'*"'> However, retinoids can worsen skin inflammation and pruri-
tus and have deleterious effects (hypertriglyceridemia, teratogenicity,
and hyperostosis),'® limiting their use. Topical anti-inflammatory
medications (ie, steroids and calcineurin inhibitors) are often
ineffective and easily absorbed systemically, restricting chronic
use.'”'® Thus a huge unmet need exists for safe and more effective
treatments that will ideally also target the erythema/inflammation.
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Abbreviations used
AD: Atopic dermatitis
AMP: Antimicrobial peptide
ARCI: Autosomal recessive congenital ichthyosis
CIE: Congenital ichthyosiform erythroderma
CISI: Congenital Ichthyoses Severity Index
DC: Dendritic cell
DC-LAMP: Dendritic cell lysosomal-associated membrane protein
DEFB4: B-Defensin-B4
EIL: Epidermolytic ichthyosis
FLG: Filaggrin
hARP: Human acidic ribosomal protein
IASI: Ichthyosis Area Severity Index
IASI-E: Ichthyosis Area Severity Index—Erythema
IASI-S: Ichthyosis Area Severity Index—Scaling
IHC: Immunohistochemistry
K16: Keratin 16
LCN2: Lipocalin 2
LI: Lamellar ichthyosis
LOR: Loricrin
NS: Netherton syndrome
PAR2: Protease-activated receptor 2
PPL: Periplakin
TEWL: Transepidermal water loss
TSLP: Thymic stromal lymphopoietin

Despite elucidation of the genetic basis for the various forms of
ichthyosis, their underlying molecular mechanisms are poorly
understood, with our knowledge predominantly based on culture
and animal models.'”*’ These model systems chiefly focus on
abnormal barrier function and lipid homeostasis, with little atten-
tion paid to immune disturbances.®*"*' Human studies, largely
limited to Netherton syndrome (NS) and the lamellar ichthyosis
(LI) phenotype of autosomal recessive congenital ichthyosis
(ARCI), have examined just a few cytokines.3 >3% Blood analyses
found inconsistent Ty2 skewing® and increases in levels of
proinflammatory  cytokines (TNF-o,, IL-1p3, IL-2, and
IL-18).*"*? Skin studies showed increased expression of TNF-a
and IL-1B in patients with ARCI-LI’” and of protease-activated
receptor 2 (PAR2),’” thymic stromal lymphopoietin (TSLP),
TNF-«, IL-8,43 and the Ty2 cytokine IL-33 in patients with
NS,* which are often coupled with increased expression of
terminal differentiation products (ie, filaggrin [FLG], loricrin
[LOR], and involucrin), and lipid impairement.n’35 3738 Studies
of response to systemic treatments, including retinoids (n = 11),
anti-TNF (n = 1), and oral corticosteroids combined with omali-
zumab (n = 1), in patients with ARCI-LI and those with NS,
respectively,”” " have only assessed a few cytokines. Therapy-
induced decreases in IL-1(3, IL-8, TSLP, IL-5, and IL-17A levels
were found in patients with NS, whereas IL-1a and TNF-« levels
were decreased (nonsignificantly) in patients with ARCI-LL

To elucidate the basis for the cutaneous inflammation seen in
patients with ichthyosis and its correlation with clinical
characteristics, we analyzed skin from 21 patients with the
most prevalent orphan forms of severe ichthyosis: ARCI-LI,
ARClI-congenital ichthyosiform erythroderma (CIE), epidermo-
lytic ichthyosis (EI), and NS. All subtypes showed cutaneous
skewing of Tyl7 expression, which correlated with disease
severity. This Tyl7 profile most closely resembled that of
psoriasis, in which IL-17 antagonism is highly effective in
reversing the inflammation and epidermal pathology.***’ These
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data can lead to a new treatment paradigm targeting the Ty17/
IL-23 pathway in patients with ichthyosis.

METHODS

Patients’ characteristics

Twenty-one patients (aged 10-57 years) with ichthyosis and known mutations
were enrolled (Tables I and IT and see Table E1 and the Methods section in this
article’s Online Repository at www.jacionline.org). Written institutional review
board—approved consent was provided by subjects (>12 years) and parents
(<18 years). Demographic information, medical history, physical examination,
clinical severity scores, pruritus (5-D itch scale and Itch Numeric Rating Scale),
photography, and TEWL measurement were captured. Few scoring instruments
have been used for ichthyosis severity, and the only one tested for reliability is
the Congenital Ichthyoses Severity Index (CISI). In addition to scoring
erythema/redness and hyperkeratosis/scaling, CISI measures alopecia (not a
feature in most patients) and does not score potential differences in body
regions.*® Given its limitations, we modified the CISI scale, eliminating alopecia
and prorating intensity based on body region and extent to create a composite
score similar to the Psoriasis Area and Severity Index.*’ This Ichthyosis Area
and Severity Index (IASI) measures the severity of the erythema (Ichthyosis
Area Severity Index—Erythema [IASI-E]) and scaling (Ichthyosis Area
Severity Index—Scaling [IASI-S]), adding them together to a total IASI score
(Tables I and IT and see Table E2 and the Methods section in this article’s Online
Repository at www.jacionline.org).

Four-millimeter biopsy specimens were collected and assessed in parallel
with tissue from healthy subjects, patients with atopic dermatitis (AD), and
patients with psoriasis previously published by our group.’®>* Genotyping for
FLG mutations in the AD cohort was previously performed on 4 patients, and
results were negative.”' Four samples of healthy adolescents were included
(see Table E3 in this article’s Online Repository at www.jacionline.org) for
comparison with the younger ichthyosis cohort. Patients’ characteristics are
presented in Tables I and IT and Tables E1 and E3.

Quantitative RT-PCR

RT-PCR was performed, as previously described.”® Expression values
were normalized to human acidic ribosomal protein (hARP).

Immunohistochemistry

Immunohistochemistry (IHC) was performed on frozen sections, as previ-
ously described.”” Antibodies are shown in Table E4 and cell counts are shown
in Table ES5 in this article’s Online Repository at www.jacionline.org.

Statistical analyses

Except for RT-PCR expression values, no other missing value imputations
were performed. All available observations were included in analyses, which
were performed by using the statistical language R (www.R-project.org).
Differences in expression values (in log, scale), cell counts, and clinical
variables were assessed by using linear models, which were age adjusted to
account for significant differences in age distributions.

Unsupervised hierarchical clustering of variables or samples/patients was
performed by using the Pearson correlation coefficient as a distance metric
with the McQuitty agglomeration algorithm. The results are represented as a
heat map with a dendrogram and a tree or phylogram (using R package ape).
The uncertainty of the hierarchical clustering analysis was assessed by
using multiscale bootstrap resampling (extended statistics are shown in the
Methods section in this article’s Online Repository).

RESULTS
Demographics and clinical characteristics of
patients with ichthyosis

Twenty-one patients aged 10 years or greater with ARCI-CIE
(n = 6), ARCI-LI (n = 7), EI (n = 5), or NS (n = 3) and with
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