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Abstract
Background  Epidermolytic ichthyosis (EI) is a major form of nonsyndromic inherited ichthyosis, characterized by erythroderma, marked hy-
perkeratosis and scale, bulla and erosion at birth, associated with KRT1/KRT10 mutations. The cytokine and chemokine profiles in EI are poorly 
understood, and specific treatment options have not been established.
Aim  To explore novel biomarkers and therapeutic targets in patients with EI.
Methods  We analysed cytokine levels in serum and skin samples from 10 patients with inherited ichthyosis, including seven patients with 
EI. Wild-type and mutant KRT1 constructs were established and transfected into HaCaT cells, an immortalized keratinocyte cell line, for in vitro 
immunoblotting and immunocytochemistry analyses.
Results  Multiplex cytokine/chemokine analysis revealed that 10 cytokines/chemokines [interleukin (IL)-1β, IL-4, IL-17A, IL-16, IL-18, IL-1 
receptor-α, macrophage colony-stimulating factor, interferon-α2, basic fibroblast growth factor and monocyte chemotactic protein-3] were 
significantly increased in patients with EI. Furthermore, IL-18 levels were significantly higher in patients with EI [n = 7; 2714.1 (1438.0) pg mL−1] 
than in healthy controls [n = 11; 218.4 (28.4) pg mL−1, P < 0.01]. Immunohistochemical analyses showed that IL-18 expression was elevated 
in skin samples from patients with EI. Serum IL-18 levels correlated with the severity of ichthyosis, as measured by the Ichthyosis Scoring 
System. Immunoblotting analysis revealed that mature IL-18 levels were increased in the supernatant of mutant KRT1 expressing HaCaT cells. 
Additionally, these cells showed NLRP3 aggregation in the cytoplasm and ASC clustered around mutant keratin aggregations. These findings 
suggest that mutant keratin might promote the activation of the NLRP3 inflammasome and its downstream caspase-1-mediated IL-18 release 
in keratinocytes from patients with EI.
Conclusions  Our results suggest that serum IL-18 is a severity marker released from the skin of patients with EI. Blockade of IL-18 may be a 
useful novel therapeutic option for patients with EI.

Introduction

Inherited ichthyosis is a heterogeneous group of geno-
dermatoses characterized by generalized hyperkeratosis, 
dry skin and scales. Several ichthyosis subtypes are often 
associated with erythroderma.1,2 Epidermolytic ichthyosis 
(EI; OMIM 113800), a major form of inherited ichthyosis, 
is characterized by erythroderma, marked scales, bullae 
and erosions at birth. EI is also classified as keratinopathic 
ichthyosis, and is mainly caused by heterozygous KRT1 or 
KRT10 genes encoding keratin (K)1 or K10, respectively.1,2 
Keratins are intermediate filament proteins expressed 
in epithelial cells and are divided into two groups: acidic 
Type I (K9–28, K31–40) and basic Type II (K1–8, K71–86). 
Keratins form heterodimers between these two groups in a 

tissue-dependent and differentiation-dependent manner.3,4 
Type II keratin K1 and Type I keratin K10 are the major kerat-
ins expressed in the suprabasal keratinocytes of the epi-
dermis.4 Furthermore, keratin is a crucial structural protein 
and its mutations are associated with keratin-related dis-
eases, as they cause structural instability in keratinocytes. 
However, recent studies have also suggested that keratins 
regulate immune responses,5–8 and an imbalance in the 
immune response may be an important pathomechanism 
in keratin-related diseases, such as EI.

Inherited ichthyosis, including EI, negatively affects 
patient quality of life.9–11 There is no specific or effective 
treatment option for ichthyosis; treatment is limited to topical 
emollients, keratolytic agents and oral retinoids. Therefore, 
effective therapeutic options are needed to reduce the 
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psychological and economic burden of the disease.11,12 As 
biologics have recently been widely used as safe and effec-
tive treatments for several inflammatory skin diseases, such 
as atopic dermatitis (AD) and psoriasis,13,14 elucidation of the 
systemic immunological profile of the disease may aid the 
expansion of therapeutic targets. Several recent studies 
have analysed immunophenotypes in the skin of patients 
with inherited ichthyosis and focused on T helper (Th)17-
related cytokines as a common signature across the major 
orphan forms of ichthyosis.15,16 Based on these findings, a 
clinical trial of secukinumab, an anti-interleukin (IL)-17 mon-
oclonal antibody, was recently conducted against several 
subtypes of inherited ichthyosis, including EI, autosomal 
recessive congenital ichthyosis (ARCI) and Netherton syn-
drome (NS), but did not show significant efficacy.17 These 
results suggest that the immunological features may not 
be consistent across ichthyosis subtypes with diverse back-
grounds. Investigations focusing on individual subtypes are 
needed to identify specific therapeutic targets.

We analysed sera from patients with inherited ichthyosis 
(whose immunological profiles are not well understood), 
including EI, to investigate novel severity markers and ther-
apeutic targets of EI. Several proinflammatory cytokines 
were found to be significantly elevated in patients with EI 
and we focused on the importance of IL-18, which is not well 
understood in the pathomechanism of EI.

Methods

Patients

Serum and skin samples of patients with ichthyosis were 
collected from Niigata University Medical and Dental 
Hospital and Hokkaido University Hospital. The diagnosis 
and classification of inherited ichthyosis were performed 
by board-certified dermatologists according to international 
criteria.1 The severity of ichthyosis was assessed using 
the Ichthyosis Scoring System (ISS), a recently developed 
ichthyosis severity measurement tool.18 In addition to the 
total ISS score, the combined scale or erythema scores for 
each site were evaluated and designated as ISS-Scale (ISS-
S) and ISS-Erythema (ISS-E) scores, respectively. Serum 
samples from healthy volunteers without any dermatologi-
cal disorders were collected as healthy controls (HCs) and 
patients with AD of various severities were also collected 
as controls.

Cytokine and chemokine measurement by 
multiplex bead assay kit

The serum levels of 48 cytokines and chemokines were 
measured (Bio-Plex Pro Human Cytokine Screening Panel, 
48-Plex; Bio-Rad Laboratories, Hercules, CA, USA) as 
described previously,19 and data acquisition of plates with 
fluorescent beads was performed (Bio-Plex 200 system; 
Bio-Rad Laboratories). Standards and serum samples were 
measured in duplicate. Values below the detection limit 
were rated as 0 and those above were rated as the value 
of the detection limit. Data analysis was performed using 
Bio-Plex Manager Software (V6.1; Bio-Rad Laboratories) to 
calculate concentrations in pg mL−1.

Measurement of serum interleukin-18 levels by 
ELISA

Serum IL-18 levels were measured by sandwich ELISA 
(Human IL-18 ELISA kit; MBL, Tokyo, Japan) according to 
the manufacturer’s instructions. Standards and serum sam-
ples were measured in duplicate. Absorbance was meas-
ured at 450 nm using a microplate reader (iMark; Bio-Rad 
Laboratories). The concentration of IL-18 was calculated 
from standard curves generated using Microplate Manager 
software (V6; Bio-Rad Laboratories).

Immunohistochemical staining

Immunohistochemistry of formalin-fixed paraffin-embedded 
sections was performed according to standard procedures. 
Antigen retrieval with citrate buffer (pH 6.0) was performed 
on the dewaxed sections. Mouse monoclonal anti-IL-18 
antibody (clone25-2G, 1 : 200, MBL) was used as the pri-
mary antibody. A prediluted, horseradish peroxidase (HRP)-
labelled antibody (Dako EnVision + System-HRP-labelled 
polymer antimouse; Agilent Technologies, Santa Clara, CA, 
USA) was used as the secondary antibody. Colour develop-
ment was performed using HRP and 3,3′-diaminobenzidine.

Statistical analyses

Statistical analysis and visualization were performed using 
R statistical software (V4.1.3; https://www.r-project.org) 
with the R package ggplot2.20 A significant difference in 
multiplex cytokine measurement between HCs and EI was 
detected using the Mann–Whitney U test. Comparison 
was performed of serum IL-18 concentrations between 
HCs, patients with AD, patients with non-EI ichthyosis 
and patients with EI, using Kruskal–Wallis one-way anal-
ysis of variance on ranks, followed by Dunn–Bonferroni 
test to detect significant differences between each group. 
Correlations with clinical severity were assessed using the 
Spearman rank correlation test. Differences were consid-
ered statistically significant at P < 0.05.

Results

Patients and healthy controls

We obtained sera from 10 patients with inherited ichthyosis 
(seven with EI, two with ARCI and one with NS), 7 patients 
with AD and 11 HCs. The clinical and genetic characteris-
tics of patients with inherited ichthyosis are summarized in 
Table 1.

Multiplex cytokine/chemokine analysis revealed 
increased levels of proinflammatory cytokines 
and chemokines in the serum of patients with 
epidermolytic ichthyosis

To investigate the changes in immunological status in 
patients with EI, we performed a multiplex cytokine/
chemokine analysis of 48 cytokines and chemokines in 
serum samples from 7 patients with EI (Table 1) and 7 HCs 
(Table 2). (IL)-1β, IL-4, IL-17A, IL-16, IL-18, IL-1 receptor-α, 
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macrophage colony-stimulating factor, interferon (IFN)-α2, 
basic fibroblast growth factor and monocyte chemotactic 
protein-3 levels were all significantly increased in the serum 
of patients with EI (Figure 1).

Interleukin-18 is increased in both serum and skin 
samples of patients with epidermolytic ichthyosis

As K1 ablation reportedly caused a prenatal increase in IL-18 
and impaired the inflammatory network in murine kerat-
inocytes,8 we focused on IL-18 among the cytokines our 
multiplex analysis had shown to be increased. To confirm 
increased serum IL-18, ELISA was used to measure IL-18 
in seven patients with EI, five patients with other inher-
ited ichthyoses (two with ARCI and one with NS), seven 
patients with AD and 11 HCs (Figure 2a). The EI group 
[2714.1 (1438.0)] showed significantly higher serum IL-18 
levels than the HC group [218.4 (28.4), P < 0.01]. No signif-
icant differences were observed in the non-EI ichthyosis 
group [237.4 (73.6)] compared with the HC group. The AD 
group [402.7 (93.0)] showed a trend towards higher IL-18 
levels than the HC group; however, the difference was not 
statistically significant. Interestingly, serum IL-18 is report-
edly a severity marker of AD.21,22

We further performed immunohistochemical staining of 
IL-18 in skin samples from EI, non-EI and HCs (Figure 2b–e, 
Supplementary Figure S1). HCs had only weak positivity in 
the basal layer and no expression in suprabasal keratino-
cytes, whereas patients with EI showed strong positivity in 
the entire layer of the epidermis. Patients with ARCI showed 
a similar pattern to HCs, while patients with NS only had 
weak positivity throughout the whole epidermis.

These findings suggest that IL-18 levels increase in both 
the epidermis and serum of patients with EI and might be 
a disease-specific marker of EI. Furthermore, immunohisto-
chemical staining suggested that IL-18 was secreted by the 
epidermal keratinocytes of patients with EI.

Interleukin-18 levels correlate with clinical severity 
of epidermolytic ichthyosis

To examine whether serum IL-18 levels could be a marker 
of severity of EI, we compared serum IL-18 levels with ISS 
scores.18 First, the EI group was classified by ISS into three 
subgroups [mild (ISS 0–2.0), moderate (ISS 2.0–5.0) and 
severe (ISS 5.0–8.0)],18 and IL-18 levels were compared 
between subgroups (Figure 3a). The severe subgroup 
[5490.6 (2763.3)] had significantly higher levels of IL-18 than 

the mild subgroup [272.3 (66.9), P < 0.05], suggesting that 
IL-18 levels might correlate with the severity of EI. Next, 
we examined the correlation between serum IL-18 levels 
and ISS scores, and found a strong correlation (Figure 3b). 
Furthermore, the combined scores of scale or erythema at 
each anatomical site of ISS were calculated as ISS-S or ISS-
E, respectively, and the correlations between IL-18 levels 
and either ISS-S or ISS-E were examined (Figure 3c,d). Both 
ISS-S and ISS-E showed significant and strong correlations 
with IL-18 levels. However, ISS-E showed a stronger corre-
lation, suggesting that IL-18 might be associated with the 
severity of erythema or erythroderma in EI. We further com-
pared ISS with several proinflammatory cytokines, including 
IL-1β, IL-4 and IL-17A, which were significantly elevated in 
patients with EI. IL-1β showed no correlation with the sever-
ity of ichthyosis, while IL-4 and IL-17A showed relatively 
weak correlations (Supplementary Figure S2).

One patient (Patient 6) with mild EI showed marked 
hyperkeratosis localized to the palm, soles and flexural and 
extensoral areas of his limbs. The mutation in this patient 
(KRT1 p.Leu208Pro) has also been reported in systemic 
EI, suggesting the presence of modifying factors (manu-
script in submission). To investigate whether site-specific 
IL-18 expression correlated with phenotypic differences, 
immunohistochemical analysis was performed on skin 
samples from hyperkeratotic and nonhyperkeratotic areas 
of this patient. The skin sample from the hyperkeratotic area 
showed that IL-18 expression was upregulated in the whole 
skin layer, whereas the sample from the nonhyperkeratotic 
area showed that IL-18 expression was similar to that of HC 
skin samples (Figure 3e).

Based on these findings, we conclude that serum IL-18 
levels are not only a disease-specific marker but also a 
severity marker for EI.

Mutant keratin 1 enhances mature interleukin-18 
secretion from keratinocytes

EI is caused by mutations in KRT1 or KRT10, which are 
expressed only in suprabasal keratinocytes. Furthermore, 
keratinocytes are one of the major sources of IL-18 produc-
tion.23–25 Therefore, we investigated whether EI-associated 
KRT1 mutations could promote IL-18 production in in vitro 
experiments (see Supplementary Data S1 for detailed 
materials and methods). In addition to generating enhanced 
green fluorescent protein (EGFP)-tagged constructs har-
bouring wild-type KRT1 and two KRT1 mutations (Table 1) 
associated with a severe phenotype (p.Glu490Gly; Patient 1)  

Table 1  Clinical and genetic summary of the patients with epidermolytic ichthyosis

Patient Age, years Sex Ichthyosis subtype Causative gene Mutation Mutation type ISS

1 20 Male EI KRT1 p.Glu490Gly Heterozygous 6.42
2 35 Female EI KRT1 p.Asp188Lys Heterozygous 5.98
3 59 Male EI KRT1 p.Leu484Arg Heterozygous 4.35
4 56 Male EI KRT1 p.Glu490Lys Heterozygous 4.89
5 28 Female EI KRT10 p.Arg156Cys Heterozygous 5.16
6 15 Male EI KRT1 p.Leu208Pro Heterozygous 0.57
7 32 Male EI KRT1 p.Glu478Gln Heterozygous 0.56
8 19 Male NS SPINK5 p.Thr125fs/p.Glu948Ter Compound heterozygous 4.79
9 35 Female ARCI TGM1 p.Asn125Thrfs Homozygous 5.10
10 68 Male ARCI ABCA12 p.Arg1514His Homozygous 2.60

ARCI, autosomal recessive congenital ichthyosis; EI, epidermolytic ichthyosis; ISS, ichthyosis severity score; NS, Netherton syndrome.
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and a mild phenotype (p.Leu208Pro; Patient 6), we gen-
erated EGFP-tagged KRT1 constructs associated with the 
other two mutations (p.Asn188Ser and p.Ile479Thr) located 
on the helix initiation motif and helix termination motif, 
which are hotspots for keratin mutations. The wild-type 
and mutant K1 constructs were transiently transfected into 

HaCaT cells and analysed. Confocal microscopic observa-
tion showed that mutant K1 caused small ball-like aggrega-
tions in HaCaT cells, whereas wild-type K1 formed filament 
structures (Figure 4a).

Next, we performed immunoblotting analysis of cell 
lysates and supernatants from transfected cells to assess 

Table 2  Serum cytokine levels in patients with epidermolytic ichthyosis and healthy controls in Luminex bead-based cytokine/chemokine assays

Cytokine

Group, median (interquartile range); pg mL−1

PbHC (n = 7) EI (n = 7)a

IL-1β 1.40 (1.24–2.82) 8.51 (5.01–9.47) ↑ < 0.01**
M-CSF 20.03 (16.73–22.42) 129.82 (76.02–193.63) ↑ < 0.01**
IL-17A 4.13 (3.02–4.65) 10.91 (8.80–14.18) ↑ 0.01*
IFN-α2 0 (0–1.68) 10.39 (8.03–11.97) ↑ 0.01*
IL-18 16.39 (0–55.63) 4601.28 (1436.30–8477.69) ↑ 0.02*
IL-16 32.33 (30.46–51.37) 86.53 (63.73–110.19) ↑ 0.02*
Basic FGF 35.65 (32.38–51.83) 100.67 (65.25–120.85) ↑ 0.03*
IL-4 3.25 (2.88–3.45) 4.97 (4.13–5.70) ↑ 0.03*
MCP-3 0 (0–0.25) 1.23 (1.03–2.50) ↑ 0.03*
IL-1Rα 262.44 (121.80–344.22) 607.19 (484.45–777.41) ↑ 0.04*
IL-12 (p40) 16.00 (11.15–24.51) 60.81 (36.90–76.81) 0.06
IL-8 8.53 (6.11–11.74) 12.88 (11.13–14.99) 0.10
IFN-γ 3.99 (2.84–10.97) 12.56 (7.46–22.38) 0.13
MIF 628.9 (411.86–735.74) 936.75 (588.48–1186.40) 0.13
TRAIL 51.35 (0–54.48) 0 (0–18.21) 0.14
TNF-α 36.92 (34.55–44.63) 50.23 (47.70–55.46) 0.14
CTACK 1064.63 (794.27–1131.54) 822.11 (431.07–1004.08) 0.17
IL-9 281.47 (263.68–1606.87) 1863.76 (979.60–2102.53) 0.17
SCF 108.6 (81.32–115.86) 156.60 (90.91–236.69) 0.17
TNF-β 436.70 (395.55–5224.42) 6247.06 (3284.44–7412.78) 0.17
IL-3 0 (0–0) 0 (0–0.025) 0.17
VEGF 0 (0–0.83) 0 (0–0) 0.17
HGF 351.51 (316.13–453.08) 559.75 (387.75–601.69) 0.21
IL-7 12.85 (3.33–16.81) 19.62 (12.10–19.62) 0.24
MIG 155.25 (119.15–202.65) 111.91 (96.17–129.36) 0.26
MIP-1β 236.26 (208.89–1619.89) 2129.38 (1076.20–2227.74) 0.26

SCGF-β 199 646.74 (169 666.18–573 583.05) 570 829.22 (347 780.11–891 201.62) 0.26
GM-CSF 0.37 (0–1.86) 1.8 (1.31–2.52) 0.27
IL-10 2.39 (0.48–5.27) 6.03 (2.83–8.38) 0.34
GRO-α 762.18 (502.13–1233.44) 1404.6 (719.83–1540.60) 0.34

IL-1α 0 (0–4.24) 6.52 (0–18.51) 0.34

β-NGF 0 (0–0) 0 (0–0) 0.39
IL-12 (p70) 0 (0–0) 0 (0–0) 0.39
IL-15 0 (0–0) 0 (0–0) 0.39
RANTES 14 175.91 (10 116.69–15 516.19) 15 516.19 (12 739.61–15 516.19) 0.44
PDGF-BB 9909.81 (2477.07–16366.73) 18 712.6 (3234.71–22 055.26) 0.46
IL-6 0.09 (0–0.55) 0.57 (0.08–1.415) 0.47
SDF-1α 1527.58 (976.03–6766.38) 6766.38 (3823.47–6766.38) 0.52
LIF 4.59 (0–9.02) 5.76 (0–80.09) 0.55
IL-2 0 (0–0) 0 (0–0.15) 0.59
Eotaxin 103.09 (78.36–123.35) 138.67 (85.97–231.05) 0.62
MCP-1 38.41 (28.97–49.64) 46.51 (38.28–72.40) 0.70
IP-10 347.67 (267.51–370.90) 351.48 (219.90–373.58) 0.71
IL-5 0 (0–12.62) 0.19 (0–5.92) 0.79
IL-2α 54.03 (52.61–58.62) 92.22 (47.19–95.52) 0.81
G-CSF 48.72 (14.40–67.33) 21.72 (19.79–27.19) 0.85
IL-13 1.60 (1.09–6.54) 1.92 (1.29–6.68) 0.90
MIP-1α 3.39 (1.69–3.70) 2.72 (2.19–3.64) 1.00

CTACK, cutaneous T cell-attracting chemokine; EI, epidermolytic ichthyosis; FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating fac-
tor; GM-CSF, granulocyte–macrophage colony-stimulating factor; GRO, growth regulated oncogene; HC, healthy control; IL, interleukin; IFN, interfer-
on; IP, IFN gamma-induced protein; LIF, leukaemia inhibitor factor; MCP, monocyte chemoattractant protein; M-CSF, macrophage colony-stimulating 
factor; MIF, macrophage migration inhibitory factor; MIG, monokine induced by interferon-gamma; MIP, macrophage inflammatory protein; NGF, nerve 
growth factor; PDGF-BB, platelet-derived growth factor BB; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; 
SCF, stem cell factor; SCGF, stem cell growth factor; SDF, stromal cell-derived factor; sIL-2R, soluble interleukin-2 receptor; TNF, tumour necrosis 
factor; TRAIL, TNF related apoptosis-inducing ligand; VEGF, vascular endothelial growth factor. aCytokines that were significantly elevated compared 
with healthy controls are indicated by ↑; bsignificant differences between two groups are detected by Mann–Whitney U test; P < 0.05 was considered 
statistically significant. *P < 0.05, **P  < 0.01.
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IL-18 secretion by mutant K1-expressing HaCaT cells. IL-18 is 
cleaved from pro-IL-18 (approximately 22 kDa) by caspase-1 
to form mature IL-18 (18 kDa) during activation;26 caspase-1 is 

also found as a precursor form (45 kDa) and an active cleaved 
form (cleaved caspase-1; 20 kDa). Immunoblotting analysis 
showed that EGFP-tagged K1 was expressed in the lysates 
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Figure 1  (a–j) Multiplex cytokine/chemokine analysis in patients with epidermolytic ichthyosis  (EI) and healthy control (HC) individuals. Serum levels 
of (a) interleukin (IL)-1β; (b) macrophage colony-stimulating factor (M-CSF); (c) IL-17A; (d) interferon-α2; (e) IL-18; (f) IL-16; (g) basic fibroblast growth 
factor (FGF-basic); (h) IL-4; (i) monocyte chemotactic protein (MCP)-3; and (j) IL-1RA in the HC and EI groups. *P < 0.05, **P < 0.01.
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control (HC) individuals, patients with atopic dermatitis, patients with non-EI and patients with EI were analysed by ELISA. Mutations are coloured: 
patients with EI associated with KRT1 (orange) and KRT10 (blue) mutations; patients with non-EI: Netherton syndrome (NS, magenta) and autosomal 
recessive congenital ichthyosis (ARCI, green). Statistical analysis was performed using Kruskal–Wallis one-way analysis of variance on ranks, 
followed by Dunn–Bonferroni test **P < 0.01. (b–e) Immunohistochemical staining for IL-18 in (b) healthy controls; (c) EI (Patient 1); (d) NS (Patient 8); 
and (e) ARC (Patient 10). Original magnification (b–e) × 200.
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Figure 3  (a–e) Interleukin (IL)-18 correlates with the severity of epidermolytic ichthyosis (EI). (a) Comparison of serum IL-18 levels across subgroups 
classified by ichthyosis severity as measured by the Ichthyosis Scoring System: mild (blue) moderate (green) and severe (red) subgroups. Kruskal–
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patient with mild EI (Patient 6) (original magnification × 200). The locations of the biopsy are indicated by dashed circles in the clinical picture.
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of transfected cells (Figure 4b). The amount of mature IL-18 
in the supernatant was higher in mutant K1-expressing cells 
than in either the wild-type or mock-transfected cells (Figure 
4c). However, as in previous research on human primary 
keratinocytes,8 cleaved caspase-1 (p20; 20 kDa form) could 
not be detected in either lysate or supernatant and only the 
premature form (45 kDa) could be detected.

The NLRP3 inflammasome is activated in mutant 
keratin 1-expressing keratinocytes

As the activation and release of IL-18 are mediated by the 
activation of the NLRP3 inflammasome and its downstream 
caspase-1,8,25–27 we examined the NLRP3 inflammasome 
in EGFP-K1-transfected HaCaT cells. NLRP3 aggregated 
in the cytoplasm of mutant K1-expressing HaCaT cells 
(Figure  5a). In addition, after inflammasome activation, 
ASC, an adapter protein associated with the NLRP3 inflam-
masome, assembles into a large protein complex, which is 
termed ‘speck’.28,29 Interestingly, immunofluorescent stain-
ing of ASC showed ‘speck’-like assemblies around mutant 
K1 aggregations (Figure 5b).

Discussion

In this study, we performed multiplex cytokine/chemokine 
analysis and found that several proinflammatory cytokines, 

including IL-1β, IL-4, IL-17, IL-18, MCP-3 and M-CSF, were 
elevated in patients with EI. Recent studies have clarified 
the immune profiles of patients with inherited ichthyosis. In 
particular, gene expression profiles of skin samples analysed 
using quantitative reverse transcription-PCR, and the immu-
nophenotyping profiles of peripheral blood cells showed that 
a Th17 dominant profile is shared across various types of ich-
thyosis.15,16,30 Although increased levels of several proinflam-
matory cytokines (tumour necrosis factor-α, IL-1β, IL-2 and 
IL-18) have been reported in patients with NS, which often 
present with immunodeficiency symptoms,31,32 similar proin-
flammatory cytokine profiles are poorly understood in EI.

We found that IL-18 is specifically elevated in both the 
serum and skin of patients with EI, and that serum IL-18 lev-
els correlate with the severity of EI. IL-18 is a proinflamma-
tory cytokine that facilitates IFN-γ production by Th1 cells, 
and was initially described as ‘IFN-γ inducing factor’.33,34 
Human keratinocytes constitutively express IL-18, and dys-
regulation of the IL-18 pathway has been reported in several 
dermatological diseases.35,36 Serum IL-18 levels are elevated 
in patients with adult-onset Still disease (AOSD), and IL-18 is 
considered to be an established biomarker for the diagnosis 
of AOSD.37–43 In addition, IL-18 has been proposed as a dis-
ease activity marker in various cutaneous diseases, such as 
cutaneous lupus erythematosus,44 dermatomyositis,45 pso-
riasis,46 AD22 and autoinflammatory diseases.47,48 However, 
there is no significant evidence regarding serum or skin lev-
els of IL-18 in EI or keratin-related genodermatoses, and our 
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Figure 4  (a–e) Mutant keratin (K)1 expression promotes interleukin (IL)-18 release from keratinocytes. (a) Confocal microscopy of enhanced green 
fluorescent protein (EGFP)-tagged wild-type and mutant K1-transfected HaCaT cells (scale bars = 10 μm). (b,c) Immunoblotting analysis of IL-18 and 
caspase (casp)-1 in (b) cell lysate and (c) supernatant of wild-type and mutant K1-transfected HaCaT cells. DAPI, 4’,6-diamidino-2-phenylindole.
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research provides new insights into the important role of 
IL-18 in these diseases.

Recently, as the detailed molecular pathology of ichthyo-
sis has been clarified, clinical trials of novel therapies, such 
as biologics, small molecules and gene therapies, have 

been conducted.49 Biologics, represented by specific mon-
oclonal antibodies targeting cytokines and their receptors, 
have recently become available in a wide range of areas to 
regulate various pathways. In inherited ichthyosis, several 
case reports or series have shown that biologics, including 
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Figure 5  (a–e) Mutant keratin aggregations activate the NLRP3 inflammasome in keratinocytes. (a,b) Immunofluorescence staining for (a) NLRP3 
and (b) ASC in wild-type and mutant K1-transfected HaCaT cells. Arrowheads indicate cytoplasmic NLRP3 aggregation Scale bars = 10 μm.
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Figure 6  Graphical summary of this study. IL, interleukin.
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infliximab,50 dupilumab,51–53 ustekinumab,54 secukinumab55 
and ixekizumab56 are effective for NS. Clinical trials of 
secukinumab in patients with inherited ichthyosis, such as 
EI, ARCI and NS, were recently reported to have failed to 
show significant effects.17 However, other clinical trials of 
biologics for ichthyosis are still ongoing. Moreover, IL-18 
is elevated in krt1 knockout mice, which form aggrega-
tions of K10 and exhibit morphological features similar to 
those of patients with EI. The phenotype of krt1 knockout 
mice was rescued by pharmacological and genetic abla-
tion of IL-18.8 These findings indicate that the phenotypes 
of EI caused by mutant keratin aggregation can also be 
rescued by IL-18 blockade. In fact, a human recombinant 
IL-18-binding protein (tadekinig alfa) has been developed 
as an IL-18 antagonist, and has been used in clinical trials 
on patients with AOSD.57 Tadekinig alfa had demonstrated 
favourable safety and efficacy in AOSD, and might be one 
of the therapeutic options expected to be expanded for 
patients with EI.

Our data also suggest that mutant keratins associated 
with EI might promote IL-18 release from keratinocytes via 
activation of the NLRP3 inflammasome (Figure 6). Keratin-
related diseases, such as epidermolysis bullosa simplex 
(EBS) and EI, are believed to be caused by the disruption of 
keratin filaments, one of the crucial cytoskeletal proteins in 
keratinocytes.58 Meanwhile, keratins reportedly regulate the 
immune system, particularly innate immunity.8,5,7 Aberrant 
distribution of NLRP3 has been reported in K1 knockout 
keratinocytes,8 and K8 in colonic epithelia and vimentin 
in alveolar macrophages have been reported to regulate 
the NLRP3 inflammasome.59,60 Our study suggests that 
mutant keratin aggregations also affect NLRP3 distribution 
and function. Furthermore, we found that ASC clustered 
around keratin aggregates, suggesting that mutant keratin 
may directly activate the inflammasome and its downstream 
proinflammatory cytokines.

Interestingly, Patient 6, who had mild EI, showed localized 
hyperkeratosis had markedly increased IL-18 in the skin sam-
ple from hyperkeratotic areas, whereas samples from non-
hyperkeratotic areas had a similar pattern to HCs and mildly 
elevated serum IL-18 levels. Genotype–phenotype correla-
tion has been observed in patients with EBS,58,61 which is 
caused by KRT5/14 mutations, but it is less clear in diseases 
associated with KRT1/KRT10 mutations, including EI. The 
same KRT1 mutation could result in clinical phenotypic vari-
ations, indicating that some modifying factors might exist in 
KRT1/10-associated keratinizing diseases.62 The correlation 
between systemic or cutaneous IL-18 expression and clini-
cal phenotypes of EI led us to hypothesize that the profiles 
of proinflammatory cytokines, including IL-18, might be a 
crucial factor in determining the phenotypes of EI and other 
KRT1/KRT10-associated keratinizing diseases.

Conclusion

In this study, we showed that increased IL-18 levels are a 
severity marker of EI and that mutant keratin aggregations 
could promote IL-18 release from keratinocytes via NLRP3 
inflammasome activation. We therefore propose that IL-18 
blockade may become a crucial therapeutic option for EI in 
the near future.

What is already known about this topic?

•	 EI is a major form of nonsyndromic inherited ichthyosis 
and associated with KRT1 or KRT10 mutations.

•	 As immunophenotypes in the skin of patients with inher-
ited ichthyosis have been gradually revealed through 
research, clinical trials with biologics have been con-
ducted.

•	 Specific treatment options for EI have not been estab-
lished.

What does this study add?

•	 Serum IL-18 may be a severity marker released from the 
skin of patients with EI.

•	 Mutant K1 associated with EI might promote activa-
tion of the NLRP3 inflammasome and downstream 
caspase-1-mediated IL-18 release.

•	 This study provides the detailed cytokine profiles of 
patients with EI, and indicates that IL-18 blockade may 
be a crucial future therapeutic option for EI.
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