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Abstract Hereditary ichthyoses are due to mutations on

one or both alleles of more than 30 different genes, mainly

expressed in the upper epidermis. Syndromic as well as

nonsyndromic forms of ichthyosis exist. Irrespective of

etiology, virtually all types of ichthyosis exhibit a defective

epidermal barrier that constitutes the driving force for

hyperkeratosis, skin scaling, and inflammation. In non-

syndromic forms, these features are most evident in severe

autosomal recessive congenital ichthyosis (ARCI) and

epidermolytic ichthyosis, but to some extent also occur in

the common type of non-congenital ichthyosis. A correct

diagnosis of ichthyosis—essential not only for genetic

counseling but also for adequate patient information about

prognosis and therapeutic options—is becoming increas-

ingly feasible thanks to recent progress in genetic knowl-

edge and DNA sequencing methods. This paper reviews

the most important aspects of nonsyndromic ichthyoses,

focusing on new knowledge about the pathophysiology of

the disorders, which will hopefully lead to novel ideas

about therapy.

Key Points

Ichthyoses are the phenotypic results of gene

mutations which—one way or another—lead to an

imbalance of stratum corneum homeostasis and skin

barrier failure.

Depending on the type of ichthyosis, different

severities of localized or generalized hyperkeratosis

and scaling are seen, often accompanied by

erythema, fissures, and erosions.

Usual histopathologic findings are variable degrees

of epidermal hyperkeratosis, hyperproliferation,

and—more rarely—skin inflammation and

superficial epidermolysis.

Genetic testing to confirm the diagnosis and enable

correct genetic counseling is becoming increasingly

rapid, but also more complicated because of the

multiple testing (multi-gene panels) and the

interpretation of large datasets.

On the basis of new knowledge about the

pathophysiology of different types of ichthyoses,

novel and more individualized treatment options will

hopefully soon become available.

1 Introduction

Ichthyosis is a descriptive term embracing all forms of

chronic, extensive scaling and superficial roughness of the

skin, often combined with xerosis, fissures, erythema,

occasional pruritus, and—in certain rare forms—
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hans.torma@medsci.uu.se

1 Department of Medical Sciences, Dermatology, Uppsala

University, Uppsala, Sweden

2 Institute of Human Genetics, University Medical Centre,

Freiburg, Germany

Am J Clin Dermatol (2018) 19:51–66

https://doi.org/10.1007/s40257-017-0313-x

http://orcid.org/0000-0002-1236-7921
http://orcid.org/0000-0002-3617-8551
http://crossmark.crossref.org/dialog/?doi=10.1007/s40257-017-0313-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40257-017-0313-x&amp;domain=pdf
https://doi.org/10.1007/s40257-017-0313-x


suprabasal epidermolysis. The phenotypic expression of

these monogenetic disorders can be seen only in the skin

(nonsyndromic ichthyosis) or in combination with other

organ involvements (syndromic ichthyosis) [1].

This review will focus on three types of nonsyndromic

ichthyosis where new knowledge has led to a change in

paradigms concerning pathophysiology, diagnosis, and

treatment: ichthyosis vulgaris, autosomal recessive con-

genital ichthyosis (ARCI), and epidermolytic ichthyosis.

Only when appropriate for the discussion will X-linked

recessive ichthyosis and a few other syndromic disorders

be mentioned, particularly in the context of differential

diagnosis in infants.

Ichthyosis vulgaris, which shows semi-dominant inher-

itance, is almost never congenital, affects predominantly

the extremities (Fig. 1a), and the skin symptoms typically

fluctuate in response to climate changes (worse in cold and

dry weather). It is the most common form of ichthyosis

with an incidence of up to 1/100 [2], more than 10-fold

higher than for X-linked ichthyosis (1/2000 males), and

100–300 times higher than for ARCI (1/100,000) and

epidermolytic ichthyosis (1/300,000).

Fig. 1 Examples of ichthyosis

subtypes discussed in the text.

a Ichthyosis vulgaris on the

lower extremity associated with

FLG mutations. b Generalized

autosomal recessive congenital

ichthyosis (ARCI); lamellar

ichthyosis due to truncating

mutations in TGM1.

c Pleomorphic ARCI; focal

ichthyosis on the trunk due to

point mutations in TGM1

rendering the enzyme inactive

only in areas with higher skin

surface temperature (so-called

bathing suit ichthyosis).

d Epidermolytic ichthyosis due

to a dominant negative KRT10

mutation (pictures from the files

of AV)
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ARCI is a heterogeneous group of recessively inherited

disorders with congenitally appearing ichthyosis but no

extra-cutaneous involvement [3]. The most common mature

phenotypes are generalized lamellar ichthyosis (LI)

(Fig. 1b) and congenital ichthyosiform erythroderma (CIE),

often combined with palmoplantar keratoderma, ectropion,

and anhidrosis. However more severe as well as milder

phenotypes also occur (Fig. 1c). Irrespective of the patients’

mature phenotype, they are frequently born as collodion

babies, and in the rare case of harlequin ichthyosis (HI) this is

associated with an increased perinatal mortality.

Epidermolytic ichthyosis is the major variant of keratino-

pathic ichthyosis, an umbrella term for ichthyosis caused

mostly by dominant-negative mutations in the keratin genes

KRT1, KRT2, or KRT10 [3]. Epidermolytic ichthyosis is

characterized by hyperkeratosis, erythroderma, and superfi-

cial skin fragility (Fig. 1d) with or without palmoplantar

keratoderma. Newborns may show widespread blistering

resembling epidermolysis bullosa. A rare non-blistering form,

ichthyosiswith confetti resembles CIE in infancy, but patients

later develop progressive spots with healed skin.

Common for all types of ichthyosis is the life-long

persistence of various skin problems and—in the severe

types—high patient morbidity and distress also affecting

the relatives and families [4].

2 Pathophysiology

Virtually all types of ichthyosis show abnormal properties

of the two outermost skin layers, the stratum granulosum

and the stratum corneum, causing impairments of the skin

barrier function. However, there are important differences

in the molecular defects of barrier impairment in different

types of ichthyosis, as well as differences in the compen-

satory responses elicited by the skin, which to a large

extent determines the patient’s signs and symptoms [5, 6].

For a full discussion of these matters, a short description of

the normal keratinization process is not out of place.

2.1 Basic Features of Normal Keratinization

Among the many functions of the skin, probably the most

important is to act as a barrier against unlimited transepi-

dermal water loss (TEWL) and exposure to various noxious

environmental factors. The stratum corneum is the most

essential component of the barrier, principally consisting of

a cellular compartment (corneocytes) and an intercellular

compartment (keratinocyte-derived lipids) bridged by

numerous corneodesmosomes that undergo proteolytic

degradation upon shedding of corneocytes (Fig. 2). This

proteolytic process is a complex function involving several

enzymes and anti-proteases [7].

During terminal differentiation of keratinocytes, abun-

dant synthesis and modification of specific lipids and pro-

teins occurs in the upper stratum spinosum, essential for

proper barrier function and hydration of the stratum cor-

neum. The various lipids are transported to the horny layer

in several different ways. Whereas cholesterol sulphate

may freely diffuse from the cytosol to the extracellular

spaces [8], free fatty acids, cholesterol, and glycosylce-

ramides (precursors of stratum corneum ceramides) are first

packed into the lamellar bodies, together with a number of

enzymes and antimicrobial peptides [9]. In the upper

Epidermal layers

Stratum corneum

Stratum granulosum

Stratum spinosum

Stratum basale

Lipid bilayers 
(FFA, cholesterol, ceramides) 

Lamellar bodies and ECM

LB

Corneo-
desmosomes

Intercellular
lipids

Lipid composi�on in ECM

CeramideCLE
CE

ELOVL4* CYP4F22 FATP4?* CERS3 eLOX-312R-LOX

ABCA12 (lipid transporter)

ARCI genes with unknown func�on: NIPAL4 (ichthyin), LIPN and SDR9C7 (SDR-O)

Acylceramide
forma�on

Covalent binding of
acylceramides to CE

Forma�on of ULC-FA
and sphingolipids

PNPLA1

Acylceramide associated pathways

TGm-1

Fig. 2 Diagram of ARCI pathophysiology. For protein/enzyme

abbreviations see Table 1. ARCI autosomal recessive congenital

ichthyosis, CE cornified envelope, CLE corneocyte lipid envelope,

ECM extracellular matrix, FFA free fatty acids, LB lamellar bodies,

ULC-FA ultra-long-chain fatty acids. Asterisk indicates proteins

defective in syndromic ichthyosis
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stratum granulosum, the lamellar bodies start to fuse with

the plasma membrane and release their content to the

intercellular space, forming a continuum of lipids orga-

nized as lamellar structures. Concurrently, keratohyaline

granules, containing 400 kDa profilaggrin, start to release

37 kDa filaggrin monomers after cleavage by specific

proteases. The filaggrin monomers bind to keratin, result-

ing in a compression of the cytoskeleton, and are further

degraded to, for instance, urocanic acid and histidine,

which provide UV protection and hydration (the natural

moisturizing factor).

A crosslinking of keratinocyte-derived involucrin and

loricrin also occurs during the transition of granular cells to

corneocytes, resulting in a rigid cornified cell envelope

(CE). The principal enzyme involved in this process is

transglutaminase 1 (TGm-1). Suprabasal keratinocytes also

synthesize new types of keratins (KRT1, KRT2, and

KRT10) that form heterodimers that readily polymerize

into intermediate filaments, essential for cellular stability

and integrity.

Crucial to this whole discussion is the dramatic stress

that the epidermis is exposed to at birth, reflecting a shift

from a hydrated fetal environment to a postnatal dry

environment. This stress will markedly impact the corni-

fication process, especially in the case of a pathologic

epidermis, such as in congenital ichthyosis.

2.2 Common Versus Idiopathic Abnormalities

in Ichthyosis

In principle, hyperkeratosis is a combined or isolated result

of three mechanisms: (1) epidermal hyperproliferation, (2)

increased cohesion of corneocytes, and (3) decreased

desquamation from the skin surface. Especially in the

severe types of ichthyosis, all three of these mechanisms

may be operative. Hyperproliferation can be considered as

a homeostatic response that will continue as long as the

underlying barrier defect persists [5]. An increased syn-

thesis of epidermal lipids is also a very common response

[5]. A noteworthy exception to this scheme of events is

X-linked ichthyosis due to deficiency of steroid sulphatase

[10] leading to an accumulation of cholesterol sulphate that

will inhibit the proteolysis of corneodesmosomes and

hence impede desquamation [11]. This retention of cor-

neocytes apparently compensates for many of the intrinsic

defects in the lipid barrier, also explaining why the epi-

dermal repair machinery appears quiescent in patients’

affected skin as compared with patients with ichthyosis

vulgaris of comparable severity, showing major alterations

in gene activation associated with barrier repair [12–14].

In the severe forms of ichthyosis, such as ARCI and

epidermolytic ichthyosis, erythema is another common

feature. To some extent, this sign of dermal inflammation

can be explained by the cytokines released from the epi-

dermis in response to a major defect in the skin barrier, but

exactly how it occurs is still unclear. In a recent report, the

immune profiles in a group of ichthyosis patients were

analyzed and correlated with clinical features and TEWL

values [15]. Interestingly, patients with severe ARCI and

epidermolytic ichthyosis showed immune profiles akin to

psoriasis (induction of interleukin [IL]-17-related genes,

etc.), except that tumor necrosis factor-a (TNF-a) was

normal [15].

2.3 Other Pathological Consequences

Importantly, the barrier defects in nonsyndromic ichthyosis

may per se have systemic consequences. For example,

enhanced penetration of allergens can help to explain

atopic sensitization in ichthyosis vulgaris and, most likely,

also in ichthyosis prematurity syndrome (IPS). Inciden-

tally, ‘syndrome’ is probably a misnomer for the latter

disease, because all its extra-cutaneous features, including

prematurity and neonatal asphyxia, can be explained by

intrinsic defects in epidermis causing massive accumula-

tion of skin debris in the amniotic fluid from mid-gesta-

tional stages and onwards [16, 17]. IPS is therefore

included among ARCIs in this and earlier publications

[16, 17].

Other systemic consequences of severe, nonsyndromic

ichthyosis, particularly in harlequin infants, are increased

caloric and nutrient requirements. This owes to a combi-

nation of overheating due to anhidrosis, increased epider-

mal turnover, and dermal inflammation, altogether

resulting in a risk of growth failure [18]. A further com-

plication is increased susceptibility to bacterial infections,

mainly due to skin fissures and erosions. However, in HI

and epidermolytic ichthyosis, the increased susceptibility

can also be explained by a deficient release of anti-mi-

crobial peptides (AMPs) by abnormal lamellar bodies

[19, 20]. On the other hand, epidermal AMPs were recently

shown to be upregulated in ichthyosis due to TGm-1

deficiency [20], possibly explaining why cutaneous infec-

tion is not a major problem in all patients with ARCI.

For a more complete update on the pathophysiology of

the various types of ichthyosis, the reader is referred to

excellent reviews by Schmuth et al. [21, 22], Marukian and

Choate [22], and McLean [23].

For an overview of the mutated genes implicated in the

etiology of non-syndromic ichthyosis, see Table 1.
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2.4 Ichthyosis Vulgaris

Patients with this type of ichthyosis (OMIM 146700)

exhibit a moderately defective skin barrier reflected in

slightly increased TEWL [24] and frequent occurrence of

atopic manifestations [23]. It has long been recognized that

the patients’ differentiated keratinocytes either lack or have

markedly reduced levels of keratohyaline granules. In 2006

this was shown to be due to loss-of-function mutations in

the filaggrin (FLG) gene, located on chromosome 1q21,

known to contain the epidermal differentiation complex

[25–27]. The mutations result in truncated profilaggrin

proteins that cannot be processed to filaggrin and its further

breakdown products, thus leading to a dry, disorganized

horny layer with poor barrier properties. The most common

mutations in European populations are R501X and

2282del4, whereas Asian populations show a more diver-

sified mutation panorama. Interestingly, mutations in FLG

are quite common in the general population, especially in

populations of White Caucasian ancestry with prevalence

figures of 2.7–9% [28]. Both TEWL and the number of

differentially expressed genes in the epidermis (reflecting

the compensatory barrier repair) increase in relation to the

impact of FLG mutations, being higher in patients with

homozygous mutations than in those with heterozygous

mutations [13].

Recently, Kirchmeier et al. described three patients with

a very mild ichthyosis due to biallelic mutations in the gene

CASP14 [29]. The gene product, caspase 14, is involved in

the proteolytic degradation of filaggrin [30]. The patients

were born without a collodion membrane and developed a

skin phenotype with fine whitish scales over the whole

body without erythema or other skin symptoms. The skin

phenotype of patients with CASP14 mutations thus seems

to correspond to a clinical grey zone between ichthyosis

vulgaris and mild type ARCI.

Table 1 Summary of the etiopathogenetic mechanisms in three distinct subtypes of nonsyndromic ichthyosis

Defective function Culprit protein/enzyme Gene Locus Inheritance Relative

frequency

(%)a

Ichthyosis vulgaris (IV) and pathogenetically related ichthyosis

IF consolidation and SC hydration mediated

by filaggrin (FLG)

Pro-filaggrin (Pro-FLG) FLG (1q21.3) ASD 100

Caspase-14 (FLG release) CASP14 (19p13.12) AR ND

Autosomal recessive congenital ichthyosis (ARCI)

CE cross-linking and lipid attachment Transglutaminase-1 (TGm-1) TGM1 (14q11.2) AR 32–42

Ceramide bio-synthesis and generation of

intercellular lipid bilayers

12R-lipoxygenase (12R-LOX) ALOX12B (17p13.1) AR 7–12

Epidermal lipoxygenase-3 (eLOX-3) ALOXE3 (17p13.1) AR 5–7

ATP-binding cassette sub-family A member

12 (ABCA12)

ABCA12 (2q34) AR 5–6

Cytochrome P450 4F22 (CYP4F22) CYP4F22 (19p13.12) AR 2–8

Magnesium transporter NIPA4 (NIPAL4,

ichthyin)

NIPAL4 (5q33.3) AR 11–16

Short-chain dehydrogenase/reductase family

9C member 7 (SDR-O)

SDR9C7 (12q13.3) AR 2–4

Ceramide synthase-3 (CERS-3) CERS3 (15q26.3) AR \1

Patatin-like phospholipase domain-

containing protein 1 (PNPLA1)

PNPLA1 (6p21.31) AR 1–3

Long-chain fatty acid transport protein 4

(FATP4)

SLC27A4 (9q34.11) AR \4b

Keratinopathic ichthyosis (KPI)

Suprabasal IF assembly Keratin 1 (K1) KRT1 (12q12-

q13)

AD 22–45

Keratin 10 (K10) KRT10 (17q21) AD (AR) 54–60

Keratin 2 (K2) KRT2 (12q11-

q13)

AD 1–14

AD autosomal dominant, AR autosomal recessive, ASD autosomal semi-dominant, CE cornified envelope, IF intermediate filaments, ND not

determined, SC stratum corneum
a European figures compiled from comparatively large study cohorts of patients with IV [23], ARCI (and[7 of the candidate genes analyzed)

[17, 97, 98] and unpublished data, or KPI [77, 79, 120]
b An even higher figure is noted in Norway due to a genetic founder effect for ichthyosis prematurity ‘syndrome’ [16]
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2.5 Autosomal Recessive Congenital Ichthyosis

(ARCI)

ARCI is a genetically and phenotypically heterogeneous

group of disorders that includes HI, LI, and CIE [3]. A

fourth group of patients with milder phenotypes has pre-

viously been described as ‘non-LI/non-CIE’. Recently, a

new name, pleomorphic ichthyosis (PI), was proposed for

this subgroup [31], based on one of the definitions of

pleomorphism: ‘‘a condition in which an individual

assumes a number of different forms during its life cycle’’

(Oxford Medical Dictionary). At birth, patients in the PI

subgroup usually show severe signs of ichthyosis, but

following a spontaneous improvement during childhood,

only minor skin symptoms remain thereafter, albeit

sometimes exaggerated by environmental factors, such as

heat and skin irritation [17, 31]. Examples of disorders

fitting into this group are IPS (see Sect. 2.3), self-healing

collodion baby/self-improving collodion ichthyosis, and

bathing suit ichthyosis (see Fig. 1c; for review see [31])

(also see footnote).1

ARCI is caused by mutations in more than a dozen

different genes, including TGM1 [33], ABCA12 [34],

CYP4F22 [35], ALOXE3/ALOX12B [36], NIPAL4 [37],

CERS3 [38–40], SDR9C7 [41], PNPLA1 [42–44],

SLC27A4 [45], and LIPN [46], a very rare cause of non-

congenital ichthyosis not discussed in this context. Also

relevant for a discussion of ARCI pathogenesis is ELOVL4

[47], a gene which is associated with syndromic ichthyosis,

but nonetheless operates with the ARCI genes in a meta-

bolic pathway essential for the production of a specific

acylceramide moiety, x-hydroxy-acylceramide (x-HAC),
eventually bound to the CE (see Fig. 2).

Support for this concept comes from results obtained in

knock-out mice and from studies of patients with mutations

in several of the genes causing ichthyosis (e.g., ABCA12

[32], CERS3 [38–40], ELOVL4 [48, 49], CYP4F22 [50],

PNPLA1 [51], ALOXE3 [52], ALOX12B [52]), all showing

either defective lamellar bodies or aberrant lipid synthesis

resulting in an altered content of long-chain acylceramides

in the epidermis. This strongly suggests that the formation

of the x-HAC and its covalent binding to the CE are crucial

for the inside-out barrier function of the skin. Another

example of the importance of ARCI-related proteins for the

acylceramide pathway comes from the observed reduction

of TGm-1 expression after a single UVB exposure in mice

and a concomitant downregulation of covalently bound

acylceramides in the skin [53].

The list of ARCI genes in Table 1 is complemented here

by a more detailed account of each gene in no specific

order.

ABCA12 In a mouse model lacking ABCA12 expression,

a profound reduction in the skin level of linoleic esters of

x-HACs has been reported [32], and by using this animal

model, a defect in the lipid transfer to the intercellular

space was found together with a lack of proteolytic

enzymes (kallikreins) required for desquamation of cor-

neocytes [54]. Thus, although lamellar bodies are usually

regarded as mainly important for intracellular storage and

transportation of lipids, they also contain a number of

proteins which are of importance for other functions related

to the skin barrier. Importantly, non-truncating mutations

in ABCA12 can cause a much milder phenotype than HI

(i.e., more similar to LI/CIE) [34].

CERS3 Mutations in CERS3 impair ceramide biosyn-

thesis and are causative for ARCI [38, 39]. In terminally

differentiating patient keratinocytes, a loss of ceramides

with very long acyl chains from C26 up to C34 was found

[38, 39]. Similar results were also observed in a CERS3-

deficient mouse model [39, 40].

CYP4F22 This cytochrome P450 enzyme is also crucial

for the formation of acylceramides, and its role together

with other enzymes (i.e., ELOVL4 and CERS3) was

recently elucidated [50]. CYP4F22 was convincingly

shown to be an epidermal x-hydroxylase, preferentially

hydroxylating ultra-long-chain fatty acids (ULCFA). The

data is corroborated by another recent paper describing

defects in epidermal maturation and barrier function in

ARCI patients with CYP4F22 mutations [55]. At the

ultrastructural level, the authors found fragmented and

disorganized lamellar lipid bilayers, as well as lamellar

bodies and lipid entombment in the corneocytes [55].

Although the former organelles appeared smaller, their

density was increased, suggesting a compensatory mecha-

nism. The abnormal lamellar bilayers were therefore

speculatively ascribed to inhomogeneous and premature

secretion of lamellar bodies.

SLC27A4 Interestingly, Ohno et al. [50] recently proposed

a role in the acylceramide pathway also for the IPS-causing

protein FATP4, suggested to act as an acyl-CoA synthase

rather than a fatty acid transporting protein in keratinocytes.

This proposal was concurrently established in SLC27A4

knock-out mice [56], additionally showing that the animals’

defective skin barrier could be rescued by inducing wild-type

expression of FATP1 in the suprabasal keratinocytes. In

normalmice, FATP1 expressionpredominates over FATP4 in

adult epidermis, whereas FATP4 predominates in fetal epi-

dermis [57]. If these findings can be extrapolated to the human

situation, it becomes possible to explain why the severe phe-

notype in neonates with IPS (lacking FATP4) gradually

changes into a mild phenotype (‘rescued’ by FATP1) [58].

1 While already used by several authors, the umbrella term

pleomorphic ichthyosis was not proposed until after the Terminology

Consensus Meeting in Sorèze 2009 [32], and hence no consensus

exists about its use.
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PNPLA1 The enzyme produced by this gene has also

been shown to play a role in the acylceramide pathway.

Recent studies show that PNPLA1-deficient mice and

patients’ keratinocytes lack unbound and CE-bound x-
HACs [51, 59]. This proves that PNPLA1 is involved in the

synthesis of x-HACs, acting as an acyltransferase involved

in the addition of linoleic acid to x-hydroxy-ULCFA [59].

Furthermore, PNPLA1 was shown to catalyze acylce-

ramide synthesis with triglyceride as a substrate in vitro

and this activity was reduced or abolished using mutant

forms of PNPLA1 found in patients with ichthyosis [60].

ALOXE3/ALOX12B The lipoxygenases, eLOX-3 and

12R-LOX, participate in the removal of linoleic acid from

x-HAC, thereby generating x-hydroxy-ceramide for sub-

sequent covalent binding to the lipid envelope [52, 61]. In

addition, an involvement in the processing of this lipid has

been demonstrated [62, 63]. Mutations in ALOXE3/

ALOX12B are frequently associated with mild types of

ARCI, such as self-improving collodion ichthyosis [64].

TGM1 Mutations in this gene are the predominant cause

of ARCI, especially of the LI subtype. The enzyme, TGm-

1, was initially reported to cross-link soluble cytoplasmic

proteins onto the plasma membrane to form the CE [65, 66]

to which x-hydroxy-ceramide is then covalently bound, a

process that was later reported to also involve TGm-1 [67].

However, a more recent report shows that ARCI patients

with absent or low TGm-1 activity may still exhibit normal

levels of protein-bound ceramides [68]. This exemplifies

the complexity of the pathway generating protein-bound

ceramides and is a stimulus for further studies of how

exactly x-hydroxy-ceramides are covalently bound to the

CE.

NIPAL4 Although mutations in this gene (initially

named Ichthyin) are undoubted causes of ichthyosis in

humans [37, 69] and in dogs [70], the function(s) of the

protein remains enigmatic [58, 71, 72]. It has been sug-

gested to be a Mg2? transporter and this cation might act as

a co-factor for the synthesis of very long chain fatty acids

by FATP4 (note that the latter also might function as a fatty

acid transporter) [73]. An interaction between NIPAL4 and

FATP4 has been observed in normal human skin [58].

Ultrastructural analysis of epidermis from patients with

NIPAL4 mutations shows abnormal lamellar bodies and

perinuclear elongated membranes in the granular layer

[69], possibly indicating a role of NIPAL4 in lipid pro-

cessing (or representing cytotoxic effects from accumu-

lating metabolites).

SDR9C7 This is the most recently identified ARCI gene,

encoding a protein belonging to the family of short-chain

dehydrogenase/reductases [41, 74]. These enzymes are

known to catalyze the metabolism of various ligands for

nuclear receptors, such as prostaglandins, retinoids, and

several classes of steroid hormones. However, SDR9C7

shows only low activity for converting all-trans retinal into

all-trans retinol and no activity for various steroid sub-

strates [75], making other lipids more likely as substrates

for this enzyme. A recent study showed deficient inter-

cellular lipid and malformation of intercellular lipid layers

in a patient with a novel mutation in SDR9C7 [74].

2.6 Keratinopathic Ichthyoses

This group of skin disorders is caused by mutations in

keratins expressed by suprabasal keratinocytes [76–79].

Epidermolytic ichthyosis is caused by heterozygous

mutations in the KRT1 and KRT10 genes, superficial epi-

dermolytic ichthyosis by mutations in KRT2 causing a mild

phenotype, and Ichthyosis variegate (ichthyosis with con-

fetti/congenital reticular ichthyosiform erythroderma) by a

particular type of mutation in KRT10 and KRT1 which

initially causes ichthyosiform erythroderma that later in life

shows signs of spontaneous revertant mosaicism [76, 78].

Curth–Macklin is yet another type of rare keratinopathic

ichthyosis, ultrastructurally characterized by binucleated

keratinocytes [76]. In addition, there are mosaic (nevoid)

forms of epidermolytic ichthyosis that will not be discussed

here, but may be of significance in the context of genetic

counseling.

The disease-causing keratin mutations often occur in

certain hotspot regions, changing the protein structure so

that its hetero-dimerization is altered, thus resulting in

cytoskeletal fragility. This can be nicely visualized by

electron microscopy (EM) analysis of patients’ epidermis

[80], or experimentally by exposing patient cultured cells

to osmotic or heat stress, which causes aggregation of the

keratin filaments [81].

In addition to causing epidermolysis, the keratin muta-

tions may perturb the skin barrier function by interfering

with the secretion of lamellar bodies and affecting the

extracellular lipid membrane formation [82], thus seemingly

converging with some aspects of the ARCI pathogenesis.

3 Diagnosis

3.1 Clinical Signs and Symptoms

Given the conspicuous signs of widespread hyperkeratosis,

scaling, xerosis, erythema, and occasional skin erosions,

one may think that it is always easy to make a clinical

diagnosis of ichthyosis and that patients seeking a doctor

are likely to receive correct information about the disease

and its treatment. In reality, however, the severe forms of

ARCI and keratinopathic ichthyosis may easily be misdi-

agnosed as syndromic ichthyosis or epidermolysis bullosa

(in neonates), and the milder forms as ichthyosis vulgaris
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(in older children and adults) or X-linked ichthyosis (in

males), and vice versa. These and other diagnostic chal-

lenges encountered when trying to distinguish one type of

ichthyosis from another and excluding syndromic disorders

have recently been reviewed [83].

Traditionally, the type of scaling (fine, coarse, lamellar,

etc.) and severity/extension of ichthyosis and erythema,

together with the patient’s own and family history, form

the basis of a first subgrouping of ichthyoses. If ARCI is

suspected, further clinical subtyping may be facilitated by

looking at the relationship between ichthyosis and ery-

thema severity in the four main types of ARCI, also pro-

viding a hint about the most likely candidate genes (Fig. 3).

The severity of ichthyosis and erythema is usually graded

from mild to very severe (0–4). Although more elaborate

scoring systems for the evaluation of skin xerosis, palmo-

plantar keratoderma, and disease extension have been

proposed [84–87], none of these protocols has been prop-

erly validated and no consensus exists about which one is

the best to use in clinical practice and clinical trials.

Nonetheless, careful skin examination is essential,

because even a singular finding may actually help to predict

the patient’s genotype (see the following four examples).

1. Although palmoplantar keratoderma is common in

most types of ARCI, when seen in a patient with

epidermolytic ichthyosis it almost invariably reflects

an underlying KRT1 mutation [88].

2. When a child previously diagnosed with erythrodermic

ARCI (‘cause unknown’) starts to develop character-

istic spots of healed skin, a diagnosis of ichthyosis

variegate becomes obvious [89].

3. Infants with HI almost invariably have ABCA12

mutations, and the most severely affected patients

born with a collodion membrane frequently have

TGM1 mutations (see Sect. 2.5).

4. More than 6 weeks of prematurity, combined with

massive hyperkeratosis on scalp and face as in IPS,

prompts a search for SLC27A4 mutations [45].

3.2 Microscopy and Ultrastructural Analysis

Routine skin histology is seldom of foremost value in the

diagnosis of ichthyosis, except in ichthyosis vulgaris where

an absence of the granular layer is suggestive, and in some

forms of keratinopathic ichthyosis where epidermolysis

occurs in the upper epidermis. Immunohistochemistry

(IHC) can be of help in the diagnosis of ichthyosis vulgaris

and ARCI, provided antibodies are available against the

suspected candidate protein and the patient’s muta-

tion(s) causes a deletion or distinctly abnormal protein

expression in the epidermis. IHC is less useful in the ker-

atinopathic disorders, but has been described as a diag-

nostic test for ichthyosis variegate [90]. It can also be used

to exclude certain differential diagnoses, such as Netherton

syndrome (negative for LEKTI staining in the upper

epidermis).

EM was in the past instrumental for deciphering various

types of ichthyosis, and several pathognomonic EM pat-

terns in the upper epidermis were described in association

with ARCI and keratinopathic ichthyosis [80]. The prob-

lem with EM, however, is that it is costly, time consuming,

and requires special pathological expertise not widely

available. EM analysis is, however, very useful in char-

acterizing the CE, cell organelles in granular cells, and

aberrant lipid structures in the epidermis using ruthenium

tetroxide post-fixation, which nicely visualizes the lipid

envelopes and lipid bilayers in the stratum corneum

[91–95]. New and rare causes of ichthyosis, and various

differential diagnoses such as acantholytic disorders caused

by DSG1 mutations, may also benefit from EM analysis,

especially when no causative mutations have been found

(for examples see [69, 85, 96]).

3.3 Genetic Testing

For more than 30 years the gold standard for genetic

analysis was the dideoxy sequencing (Sanger sequencing
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Fig. 3 The relationship between ichthyosis and erythema severity

post-infancy in the four subtypes of autosomal recessive congenital

ichthyosis (ARCI): Lamellar ichthyosis (LI), congenital ichthyosi-

form erythroderma (CIE), pleomorphic ichthyosis (PI), and harlequin

ichthyosis (HI). The ARCI genes most commonly mutated are

indicated for each subgroup in order of the frequency observed in a

Scandinavian cohort [17]. The position, shape, and size of the circles

(or ellipses) reflect the mean score ranges and relative number of

patients (from [17]). Except in the case of HI with truncating ABCA12

mutations, some overlapping does occur, both clinically and genet-

ically, between the other groups. (Modified from [17] by permission

from the publisher)
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method; first generation) by which the coding part of the

suspected disease-causing gene was analyzed, exon by

exon. This was an expensive and time-consuming approach

compared with the now available next generation (NGS)

techniques. Since the early 2000s, technologies of massive

parallel sequencing have been developed and applied for

large-scale genetic diagnostics, especially in genetically

heterogeneous diseases. Using NGS it has become possible

to analyze the complete coding portion of a genome or

even the whole genome in a few days. Several companies

have developed ‘second-generation sequencing’ which is

still based on a PCR amplification step also called ‘en-

richment’. Other less error-prone techniques, based on

single molecule amplifications, will be available in the near

future.

There are ichthyosis phenotypes with obvious clinical

diagnosis in which the clinician can clearly assign a par-

ticular gene (see Sect. 3.1). But the remaining patients,

especially those with mutations in ARCI genes, cannot be

clearly distinguished from each other, even by very expe-

rienced clinicians. Therefore, the NGS methods such as

multi-gene-panel sequencing that include all suspected

candidate genes within one analysis are a perfect diagnostic

approach.

However, this method cannot replace the detailed

anamnestic and clinical investigations. There are different

rules and approaches in different countries. In practice, the

common step is the analysis of a multi-gene panel covering

a well-defined group of clinically compatible diseases with

a limited number of genes. If no mutations can be identi-

fied, an extended number of genes will be analyzed or a

clinical exome with analysis of 3000–5000 genes or a

whole exome sequencing will be performed.

Exome sequencing produces a large amount of data

including sequence variants that cannot be clearly inter-

preted as disease-causing or nonpathogenic. Furthermore,

large-scale sequencing may lead to additional and coinci-

dental findings. Nevertheless, by an extensive screening of

ichthyosis-related mutations, virtually all investigated

patients with nonsyndromic ichthyosis can be molecularly

diagnosed [97, 98]. For example, in a more recent study of

132 patients with ARCI we found causative mutations in

85% of cases [16, 17], and five of the remaining 19 patients

have since been diagnosed with mutations in the newly

discovered gene, SDR9C7, increasing the number of suc-

cessful screenings to almost 90% (JF et al., to be pub-

lished). To reach 100%, several new ARCI genes probably

have to be identified.

When novel mutations are found, it is sometimes hard to

predict their disease-causing potential. For instance, a

trivial point mutation in TGM1 may change the 3D struc-

ture of TGm-1 but only at elevated skin temperature, thus

explaining a variably reduced enzyme activity in bathing

suit ichthyosis [99] (see also Fig. 1c). A further complexity

of the genotype/phenotype correlation arises in ARCI

patients who have compound heterozygous mutations, or

carry additional genetic traits for more common skin dis-

orders, such as ichthyosis vulgaris and poly-genetically

inherited psoriasis vulgaris [100].

4 Treatment—What’s New?

A systematic review of clinical trials of various treatments

for congenital ichthyosis has recently been published [101].

Adding to previous reviews [102, 103], an updated over-

view of common and more unorthodox and innovative

therapies is given below.

4.1 Emollients and Other Topical Treatments

Symptomatic treatment with emollients and topical kera-

tolytics remains the mainstay therapy for ichthyosis, and

should be maintained also when adjuvant systemic agents

are prescribed. Intuitively, one may think that a therapeutic

removal of hyperkeratosis—the intrinsic response to

increased TEWL in ichthyosis [104]—might further

exaggerate the barrier defect and thus enhance the patho-

physiology of the disease. However, in real life this appears

to be a minor problem as long as the TEWL values remain

within reasonable limits and the risk of increased transcu-

taneous penetration of topically applied agents is taken into

consideration [101].

Individualized therapy, taking into account the type and

severity of ichthyosis and the patient’s own preferences, is

essential for the successful outcome of all topical treat-

ments. Glycerol, urea, and propylene glycol are the most

commonly used hydrating ingredients, usually in cream

formulations [1, 87, 103]. By mixing hydrating and kera-

tolytic agents in the right combinations, surprisingly

effective creams can be obtained [87, 104, 105]. However,

the risk of systemic absorption of the ingredient, especially

in infants treated over the whole body, must always be

considered. This is not just the case for salicylic acid, but

also for a-hydroxy acids, such as lactic acid, which if used

too frequently and in high concentrations may produce

severe and even lethal intoxications [106].

In severe cases or when monotherapy with emollients

has proven insufficient, more specific topical ‘anti-kera-

tinizing’ agents should be added. One such compound is N-

acetylcysteine, which together with urea yielded good

results in a small study of children with LI [107]. The odor

from sulfur appears to be minimized by an improved for-

mula [108]. Tazarotene is an aromatic retinoid initially

approved for the treatment of psoriasis, but also shown to

be effective in ichthyosis, albeit sometimes irritating (see
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[103] and references therein). When applied carefully on

the eye lids of children with ectropion, some good results

have been reported [109]. However, when used on large

body areas the risk of systemic absorption must be weighed

against the benefits [110], and the costs of daily applica-

tions will be high.

Topical vitamin D derivatives, such as calcipotriol

originally developed for psoriasis, have been successfully

tested in a limited number of patients with ARCI and

epidermolytic ichthyosis [111–113]. To reduce the risk of

systemic vitamin D toxicity from transcutaneous penetra-

tion of the drug, the manufacturer recommends a dose

limitation of 5 mg per week in adults (corresponding to

100 g of cream), which probably obviates daily applica-

tions on large body areas.

4.2 Systemic Agents

4.2.1 Retinoids

Over the years, many types of systemic therapies have been

tested in ichthyosis. However, oral acitretin and to a lesser

extent isotretinoin remain the most popular drugs. Related

drugs, such as alitretinoin [114] and retinoid acid meta-

bolism-blocking agents (RAMBAs) [86], have been tested

only on a limited scale. They are presently not generally

approved therapies for ichthyosis and will therefore not be

discussed further here.

The mechanism of action of retinoids in ichthyosis is

mainly symptomatic, exerting rather unspecific ‘anti-kera-

tinizing’ effects on hyperkeratotic skin (for review see

[115] and [116]). Importantly, the drugs also cause adverse

effects, including teratogenesis. Retinoids bind to nuclear

transcription factors, which assist in regulating numerous

genes and hence modulate epidermal proliferation and

differentiation, as well as inflammation [117].

Because of their ability to modulate keratin expression,

retinoids may specifically influence the pathogenic process

in keratinopathic ichthyosis. Keeping in mind the complex

interactions and redundancies between type I and type II

keratins expressed in the upper epidermis, a marked down-

regulation of KRT2 and up-regulation of KRT4 and 10 by

retinoids [118, 119] can help to explain why the treatment

response in epidermolytic ichthyosis apparently depends on

the patient’s genotype: a KRT2 mutation predicts a good

response, a KRT10 mutation predicts an intermediate

response, and a KRT1 mutation predicts a poor response (or

even a worsening, presumably due to a lack of KRT2 as a

replacement for KRT1 in its dimerization with KRT10)

[120].

Although acitretin is usually more efficacious than iso-

tretinoin in the treatment of ichthyosis, there are situations

in which the latter drug is preferable, mainly because of its

more rapid elimination after stopping therapy and a slightly

different side-effect profile compared with acitretin. This is

a special concern in children (skeletal growth) and women

of child-bearing ages (teratogenicity). By selecting the

‘best’ retinoid, applying ‘retinoid holidays’ during long-

term treatment, tapering the dose as low as possible (while

retaining efficient topical remedy), and close monitoring of

the patient, the problems associated with retinoid therapy

can be minimized (for review see [116]).

4.2.2 Vitamin D and its Analogs

As early as 1988, oral vitamin D3 was tried in the treatment

of ichthyosis [121]. In a more recent study from India,

seven 1- to 8-year-old children with ARCI or EI and

diagnosed with rickets (25-OH-vitamin D\4 ng/mL) were

given 60,000 IU of cholecalciferol for 10 days, followed

by 400–600 IU daily as supplementation together with oral

calcium [122]. Besides curing the rickets, all children were

markedly improved in the skin within 1–3 months after

starting therapy. Whether the effects of high doses of

vitamin D on ichthyosis were due to a direct effect on

keratinocytes (expressing vitamin D receptors) or were part

of a general improvement in health is hard to tell. Anyway,

one should always keep in mind that both children and

adults with severe ichthyosis are prone to develop vitamin

D deficiency, especially if they are dark skinned and live in

geographic or cultural regions of the world with little sun

exposure [113, 123]. Anecdotally, in a recent case report,

oral retinoid therapy was blamed for precipitating vitamin

D deficiency in children with ichthyosis [124].

4.2.3 Anti-Inflammatory Drugs

Despite erythema being a frequent symptom in many forms

of ichthyosis, skin inflammation per se is hardly ever

addressed by existing therapies. For obvious reasons,

topical or systemic corticosteroids are usually contraindi-

cated; the risk of adverse effects during long-term therapy

is simply too great. The same goes for calcineurin inhibi-

tors. Anecdotally, a case report of methotrexate therapy in

erythrodermic ARCI was published in the late 1960s [125]

and oral liarozole has been shown recently to suppress the

dermal expression of IL-1 and TNF-a in LI patients [117],

but otherwise anti-inflammatory treatment has hardly ever

been addressed in the context of systemic ichthyosis

therapy.

Against this background it is of great interest that Paller

et al. [15], looking at the immune profiles of 21 genotyped

patients with severe ichthyosis, found an IL-17-dominant

profile suggesting that already available biological thera-

pies for psoriasis might also be effective in ichthyosis.

Furthermore, in an in vitro model of TGm1-deficient skin,
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O’Shaughnessy et al. [126] recently showed that treatment

with an IL-1 antagonist reversed the LI phenotype, and

Cottle et al. [127] have since found that fetal inhibition of

inflammation in an Abca12-/- mouse model could

improve the harlequin phenotype. It will indeed be inter-

esting to see if specific anti-inflammatory drugs and bio-

logics may in the future become a treatment option in

selected cases of severe ichthyosis.

4.2.4 Enzyme Replacement and Substitution Therapies

Recent experimental studies hold great promise in the field

of enzyme replacement therapy (ERT) for ichthyosis. To

this end, Aufenvenne et al. [128] prepared sterically sta-

bilized liposomes with encapsulated recombinant human

TGm-1 (rhTG1) and equipped with a cationic lipopeptide

vector to mediate cellular uptake. Using a skin-humanized

mouse model, it was shown that after 2 weeks of topical

applications with the rhTG1 liposomes, the ichthyosis

phenotype was normalized, including a restoration of the

skin barrier function. No adverse effects were noted in this

animal model. In another study [129], topical rhTG1 was

used successfully on SCID mice to restore the TGm-1

activity and architecture of skin grafts from patients with

truncating TGM1 mutations. Clinical trials are now plan-

ned, which—if proven successful—would mean a big leap

forward in the treatment of ichthyosis. Another example of

a possible future ERT originates from experiments in

ABCA12-deficient skin showing reduced desquamation

due to a lack of kallikreins (see Sect. 2.5). Topical appli-

cation of recombinant kallikrein apparently restored the

proteolytic degradation of corneodesmosomes and partially

normalized the skin phenotype [129]. However, ERT is

unlikely to become a common remedy for all forms of

ARCI, because the costs for developing ERT for each new

enzyme is huge and etiologies other than TGM1 mutations

are rare.

An interesting alternative to ERT, however, is to sup-

plement the patient’s skin with the missing ceramide

metabolite, common to many forms of ARCI. In a recent

paper, Grond et al. tested topical application of x-HAC on

experimental animals lacking PNPLA1 (see Sect. 2.5) and

observed a normalization of TEWL [51]. If substantiated

by future studies on ARCI of different etiologies and by

clinical trials, this approach could become a therapeutic

breakthrough in ARCI.

4.2.5 Cutaneous Gene Therapy

Conceptually, perhaps the most attractive way to treat

congenital ichthyosis would be to replenish the skin with a

wild-type copy of the missing or dysfunctional gene (in

ARCI), or to use antisense, RNAi, or gene editing

technologies to silence dominant negative mutations (in

keratinopathic ichthyosis). Accordingly, optimism was

great around the turn of the millennium about future pro-

spects for gene therapy of severe genodermatoses (for

review see [130]). Alas, because of serious backlashes in

other fields of human gene therapy, a moratorium was soon

imposed. New and more realistic plans for cutaneous gene

therapy have, however, been recently presented [131],

although ichthyosis is not a primary focus and most ideas

still remain to be realized and implemented.

4.3 Other Therapeutic Aspects

The management of severe ARCI and epidermolytic ich-

thyosis is a complex task often necessitating multidisci-

plinary teamwork, especially when it comes to treatment of

infants, as described in detail elsewhere [132].

Skin problems of great concern, but sometimes over-

looked by healthcare providers, are anhidrosis, ectropion,

palmoplantar keratoderma, and scalp and ear canal

involvement. Alas, current therapies for these symptoms

are often suboptimal and new ideas are desperately needed.

Anhidrosis, probably resulting from a plugging of the

sweat ducts by hyperkeratosis, is sometimes improved by

retinoid therapy [133]. But many patients remain hypo-

hidrotic despite vigorous treatment (AV, personal obser-

vation), suggesting the existence of additional functional

defects of the sweat glands. Importantly, anhidrosis is

common also among the mildest forms of ARCI (PI) [17].

Besides the importance of sweat for controlling body

temperature, a recent study indicates that sweat may also

influence the local milieu in ichthyotic epidermis, as

demonstrated by a further reduction of the TGm-1 activity

in a case of bathing suit ichthyosis [134].

Ectropion, when resistant to oral or topical retinoid

therapy, is often treated with skin transplantations, a pro-

cedure which typically has to be repeated at intervals of

several years. In this context, a new and much simpler

surgical approach using inverted suturing of the eyelids,

has recently been described [135], but needs of course to be

further evaluated in larger series of patients and with longer

follow-ups.

Palmoplantar keratoderma, often with fissures and

stiffness of the fingers, usually improves during oral reti-

noid therapy, although sometimes with a bothersome

peeling of the skin [51]. Topical treatment with keratolytics

is often rather ineffective and may be impractical, espe-

cially when greasy creams and ointments are applied to the

palms. Fungal infections should always be considered as an

aggravating factor.

Hyperkeratosis of the scalp and ear canals is notoriously

difficult to treat without vigorous mechanical removal of

the scales. This can be accomplished either by overnight
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application of a potent keratolytic agent on the scalp, fol-

lowed by vigorous cleansing, or by regular microscopic

rinsing of the ear canals with the help of an ear specialist.

However, better therapies are needed for this common

problem, particularly in patients with LI.

5 Conclusions

Today, a molecular diagnosis is increasingly feasible in

patients with ichthyosis and is a sine qua non for giving

correct genetic advice and information about prognosis and

treatment. This holds true also for young adult patients

with the mildest forms of epidermolytic ichthyosis and

ARCI, which in future offspring may cause serious peri-

natal morbidity.

Hopefully, a rapidly expanding knowledge about the

skin barrier pathophysiology in ichthyosis will soon lead to

new and more adaptable treatment options for patients who

have these life-long and often incapacitating diseases. To

further improve the quality of life of patients with ich-

thyosis, various psychosocial and practical aspects of daily

life should also be addressed by future research.
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