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together with scaling and peeling of the skin, TI, and 
constant and severe allergic manifestations represent 
the distinctive features of NS (Figure 1). Hyper-
natremic dehydration, hypothermia, recurrent bacte-
rial infections and weight loss are frequent during 
the neonatal period and, in the absence of specific 
treatment, can lead to a fatal course.3, 4 NS is a mo-
nogenic disorder inherited as autosomal recessive 
trait with an incidence estimated at 1/200,000 births 
and no difference among sex or ethnic and racial 
groups.5 The NS defective gene, SPINK5 (serine 
protease inhibitor Kazal-type 5), encodes LEKTI 
(lympho-epithelial Kazal-type related inhibitor), a 
protease inhibitor strongly expressed in the skin and 
all stratified epithelia.6-8 Based on different lines of 
evidence, including careful examination of Spink5 
knockout mice (KO) and other animal models, NS 
manifestations can be mainly referred to a severe al-
teration of the skin barrier function.9-12 In spite of 
the significant progress in molecular genetics of NS 
over the past decade, no specific treatment for NS is 
currently available. Quite recently, however, new in-
novative approaches have been developed, some of 
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Netherton syndrome and its multifaceted 
defective protein LEKTI

Netherton syndrome (NS, OMIM 256500) is a rare autoso-
mal recessive disorder manifesting with congenital ichthyo-
sis, a specific hair shaft abnormality named trichorrhexis 
invaginata, and atopic manifestations. Because of severe 
complications frequently occurring in the neonatal period, 
NS prognosis can be poor in infancy. NS is due to loss-of-
function mutations in the SPINK5 gene and to the consequent 
lack of expression of its encoded protein LEKTI in the skin 
and all stratified epithelial tissues. Following the identifica-
tion of the NS causative gene and protein, specific diagnostic 
tools have been developed, thus breaking up the challenge 
of distinguishing NS from other congenital ichthyoses with 
overlapping features, and from severe, early-onset forms of 
atopic dermatitis or psoriasis. Intensive efforts to extend the 
knowledge into the pathomechanisms of NS have also been 
made. However, NS management is still problematic due to 
the lack of specific treatment and unmet needs. This overview 
summarizes the current state of the art in NS research with 
an emphasis on the progress made toward disease-specific in-
novative therapy development.
Key words: ��Netherton syndrome - SPINK5 - Serine proteases - 
Inflammation.

Netherton syndrome (NS, OMIM 256500) is a 
rare and severe genodermatosis firstly described 

in the mid 1950s by the Italian dermatologist, Mar-
cello Comèl and, a few years later, by the Ameri-
can colleague Earl Weldon Netherton, as a peculiar 
disease, because of the concurrence of a congenital 
ichthyosiform dermatosis and a specific hair shaft 
abnormality named “bamboo hair” or trichorrhexis 
invaginata (TI).1, 2 Congenital generalized erythema, 
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which may potentially lead to treatment of NS at the 
molecular level. By inferring the translational impli-
cations of the data collected over the last sixty years 
or so of research in NS, we here summarize the most 
relevant up-to-date information on NS etiopathogen-
esis, diagnosis and management.

NS clinical presentation

In infants and children

The classical presentation of NS at birth or within 
the first days of life is of an infant with generalized 
erythroderma and scaling (Figure 1A).13 However, 
there is a wide variation in the intensity and extent of 
redness and peeling of the skin.3, 4 In particular, some 
patients will show continuous sheets of peeling skin 
and erythroderma, while others will display only 
minor scaling and/or redness of the skin. Collodion 
baby is very unusual in NS. Lesions will often evolve 
into the typical pattern of ichthyosis linearis circum-
flexa (ILC) made of serpiginous migrating plaques 
with a double scaling edge (Figure 1B).1 Persistent 
involvement of the face with demarcated erythema-
tous patches affecting preferentially the checks is 
typical (Figure 1C). Generalized erythroderma often 
subsides with age and more localized lesions appear. 
Severe pruritus is common and causes irritability and 
sleeplessness. Hair is often sparse or absent at birth, 
but may be initially normal. Eyebrows and eyelashes 
are also frequently affected. The hair classically re-
mains sparse, thin, fragile and slow growing (Figure 
1C-E,G). Hair light microscopy examination shows 
trichorrhexis invaginata (TI), with a ball-and-socket 
appearance corresponding to the invagination of the 
distal hair shaft into its proximal part (Figure 1F).2, 14 
Dermoscopic examination of hairs, eyebrows or eye-
lashes can also be useful for visualizing TI.15, 16 TI is 
specific for NS and almost always present after the 
age of one year. “Golf tee hairs” result from broken 
hairs with TI.17, 18 Trichorrhexis nodosa and pili torti 
can also be seen, but are not specific for NS.

Atopic disease is a major feature of NS. Eczema-
tous-like patches (Figure 1C,E), which are distinct 
from those of atopic dermatitis (AD), are associated 
with allergic asthma, urticaria, angiodema and al-
lergic rhinitis.19, 20 Several patients also develop li-
chenified and hypertrophic lesions (Figure 1G,H). 
Food allergies are very frequent, in particular to nuts, 

egg and milk, with elevated specific immunoglobu-
lin E (IgE) levels. Hypereosinophilia is common and 
high serum IgE levels are almost constant.3, 4

During infancy, NS patients are at high risk of se-
vere life-threatening complications, in particular hy-
pernatremic dehydration and recurrent cutaneous and 
systemic bacterial (e.g., Staphylococcus aureus), my-
cotic and viral infections.21-25 Hypernatremic dehy-
dration is caused by the huge increase in transepider-
mal water loss (TEWL) consequent to the skin barrier 
defect which is particularly severe in infancy. Failure 
to thrive is also a very frequent problem early in life, 
to which chronic diarrhoea, recurrent infections, food 
allergy and malnutrition can contribute. As a result, 
growth retardation and short stature are common fea-
tures of NS.3, 4 Several rare complications have been 
described, often in individual cases, including neuro-
logical complications secondary to dehydration, sta-
phylococcal scalded skin syndrome, acute pancreati-
tis, acute bilateral renal vein thrombosis, rickets, and 
persistent pulmonary hypertension.23, 26-31

In adults

The clinical presentation varies with age and often 
partially improves in adults. The disease most often 
has a fluctuating course, with flares of “eczematous-
like” skin inflammation (Figure 1I) and/or ILC (Fig-
ure 1B). Hairs are classically rare, fragile, spiky, but 
there is a considerable variation between patients. 
Hair can have a normal appearance, although TI is 
usually present. Allergic manifestations can also be 
very different from patient to patient. Lichenification 
of the popliteal and antecubital fossae is frequent. 
Papillomatous skin lesions are sometimes seen. Of 
note, occurrence of squamous cell carcinomas, HPV-
positive papillomatous skin tumours and giant con-
dyloma of Buschke-Löwenstein has been reported in 
individual cases, which questions whether NS could 
predispose to the development of these tumours.32-36

NS diagnostics

As already mentioned, a precocious diagnosis rep-
resents a very important issue for NS patient man-
agement. However, in some instances, it may be very 
challenging. In fact, even if the concomitant presence 
of ichthyosiform erythroderma since infancy, TI and 
atopic diathesis, is highly suggestive of NS (Figure 
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Figure 1.—Netherton syndrome clinical and diagnostic features. A) �����������������������������������������������������������������Congenital scaly erythroderma in a NS newborn; B)���������������� ���������������detail of typi-
cal lesions of ichthyosis linearis circumflexa (ILC); C) eczematous-like red and inflammatory plaques on the face of a child affected 
with NS; note the almost absent eyebrows; D, E) sparse, fragile scalp hair and almost absent eyebrows and eyelashes in a child affected 
with NS; note the eczematous lesions of AD of the face and the scaling of the scalp; ������������������������������������������������F) bamboo-like hair shaft (TI); G, H) ����������highly in-
flammatory and lichenified plaques on the scalp and trunk of a child affected with NS; note the almost complete absence of scalp hair; 
I) inflammatory skin lesions in an adult patient with NS; L) NS skin histopathology showing non-specific or “psoriasiform” changes, 
with acanthosis, hyperkeratosis and parakeratosis. The presence of a mild inflammatory perivascular infiltrate in the papillary dermis is 
also visible; M; N) immunohistochemical analysis of LEKTI expression in normal (M) and NS patient skin (N) showing the complete 
absence of LEKTI expression in the epidermal granular layer of NS patient skin (N), as compared to the control (M).



D’ALESSIO	 Netherton syndrome

40	 GIORNALE ITALIANO DI DERMATOLOGIA E VENEREOLOGIA	 February 2013

an affected child. This is now performed at 10-12 
weeks of gestation by foetal DNA analysis isolated 
from chorionic villus sampling.40, 41 Reference cen-
tres for NS molecular diagnosis and genetic counsel-
ling are scattered all over the world and can be eas-
ily retrieved from Orphanet (http://www.orpha.net), 
NCBI GeneTest (http://www.ncbi.nlm.nih.gov/sites/
GeneTests) or other web portals.

Molecular genetics

NS is caused by loss-of-function mutations in 
SPINK5, a single copy gene comprising 33 exons 
spanning 61 kb on chromosome 5q32 (Figure 2A).7 
Since its first discovery,7 more than 70 different 
SPINK5 mutation types have at present been reported 
(Figure 2B) (http://www.hgmd.cf.ac.uk/ac).12, 23, 31, 

38-58 Nonsense, frame-shift, and splice-site mutations 
are equally represented and spread all over the gene. 
Among SPINK5 mutations, several hot-spot muta-
tions, possibly favoured by the presence of stretches 
of repeated nucleotides, have been observed in dif-
ferent haplotypes (e.g., 2468_2469insA 7, 12, 39, 42, 48). 
In addition, founder mutations have been identified 
in patients originating from Greece (c.891C>T) 47 
and Turkey (c.153del1).39 In particular, c.891 C>T 
is a synonymous mutation compatible with residual 
LEKTI expression and has recently been shown to 
represent the most frequent cause of NS in Southern 
Europe.47 Thus, knowledge on the family geographic 
origin is most useful to facilitate mutation identifi-
cation. In most NS patients, the SPINK5 causative 
mutations lead to premature termination codons and, 
because of nonsense-mediated mRNA decay, result 
in complete absence of detectable LEKTI protein. 
However, residual LEKTI protein, capable to miti-
gate the disease phenotype, has occasionally been 
reported.12, 52, 53 Of interest, among the NS patients 
with no detectable LEKTI, a quite considerable vari-
ability in the disease phenotype has been observed.12, 

47, 52, 53 These data, together with the observation of 
intrafamilial differences,47 suggest that other genetic, 
epigenetic and/or environmental factors contribute 
to the NS phenotype. As it will be elucidated in the 
next paragraphs, the NS pathogenic mechanisms are 
quite complex in that LEKTI is directly or indirectly 
involved in several biological cascades relevant to 
skin homeostasis (i.e., SC desquamation, cornified 
envelope formation, lipid permeability barrier matu-

1A-I), lack or delayed appearance of any of these 
features may occur. In addition, also ILC, which is 
very evocative of NS, may be delayed, atypical or 
totally absent. Finally, in adults, the variable expres-
sion of the skin lesions and their resemblance with 
those present in patients affected by severe forms of 
AD or psoriasis may further jeopardize NS diagno-
sis. Routine histopathological examination of skin 
biopsies does not increase the likelihood of a prompt 
and accurate NS diagnosis. In fact, NS skin displays 
non-specific or “psoriasiform” changes, with hyper-
plasia of the subcorneal epithelium (acanthosis) and 
elongation of the rete ridges, reduction and focal ab-
sence of the granular layer, hyperkeratosis, persist-
ence of nuclei in the corneocytes of the stratum cor-
neum (SC) (parakeratosis) (Figure 1L). Intracellular 
or extracellular oedema and spongiosis of the lower 
epidermal layers can also be oberved. Finally, a mild 
to moderate inflammatory infiltrate with eosinophils 
and mast cells can be present in the papillary dermis 
(Figure 1L).

That said, until the discovery of the NS defec-
tive gene and protein,7 erytrodermic infants with NS 
were often misdiagnosed as having severe general-
ized seborrheic dermatitis (previous Leiner’s dis-
ease), acrodermatitis enteropathica, a severe form 
of psoriasis, or a recessive disorder of cornification 
such as congenital ichtyosiform erythroderma (CIE), 
or inflammatory peeling skin syndrome (type B). By 
year 2003, instead, the availability of antibodies spe-
cifically directed against the NS defective protein 
LEKTI, has made feasible to specifically diagnose 
NS.8 Indeed, the demonstration of defective LEKTI 
expression in the granular layer of the epidermis and 
in the inner root sheath of the hair follicle is highly 
specific for NS (Figure 1M,N). Some rare NS pa-
tients, often less severely affected, show markedly 
reduced, but still positive, LEKTI staining. However, 
in all other infantile erythrodermas LEKTI immu-
nostaining of skin sections is either positive or, like 
in psoriasis, can be distinguished from that of NS 
patients because of the positive staining of the inner 
root sheath of the hair follicle.8, 37

To date, the diagnosis of NS can also be support-
ed by the identification of the genetic mutations in 
the LEKTI encoding gene, SPINK5.7, 12, 23, 31, 38-58 
Whenever appropriate, the search for the disease-
causing mutations should be proposed in the con-
text of genetic counselling in that it makes feasible 
the DNA-based prenatal diagnosis for couples with 
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and allergy. Unraveling these modifiers would rep-
resent an important step towards the understanding 
of biological networks regulating protease activation 
and their effects on the epidermal barrier formation 
and turnover, as well as on the immune system.

ration, antimicrobial defence, inflammation and al-
lergy) (Figure 3). Thus, reasonably any other gene 
acting in the same pathways could act, at any time, 
as modifier and modulate the severity of the skin bar-
rier defect and/or its consequences on inflammation 

Figure 2.—Molecular basis of NS. A) Schematic representation of the SPINK5 gene and its encoded protein LEKTI. SPINK5 com-
prises 33 exons spanning 61 kb on chromosome 5q32. It encodes for LEKTI, a serine protease inhibitor composed of 15 domains 
(D1-D15) interspaced by linker regions (L1-2-L14-15). Within the LEKTI sequence, only two of the potential inhibitory domains (2 
and 15, in green) contain 6 evenly spaced cysteins responsible for the 3 intramolecular disulphide bonds characteristic of Kazal-type 
related inhibitors. The remaining domains (in yellow) contain 4 cysteines. (B) NS associated SPINK5 genetic mutations, as listed in the 
literature. For each mutation the DNA mutation type, its consequences at protein level, its location on LEKTI protein, and the reference 
relative to the first publishing are indicated. Nucleotide numbering refers to the cDNA sequence with nucleotide position 1 assigned to 
the first nucleotide of the ATG initiation codon in exon 1.

A

B
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sociated with a dramatically enhanced TEWL that 
leads to death of the pups by dehydration within 
10 hours. Biochemical and ultrastructural analyses 
of skin extracts from the Spink5 KO mice revealed 
that LEKTI deficiency causes loss of adherence of 
the SC with abnormal desmosome cleavage in the 
upper granular layer. This anomaly associates with 
excessive degradation of desmoglein 1 (Dsg1) and 
other desmosomal components,10 likely consequent 
to lack of inhibition of serine proteases involved 
in the physiological SC desquamation process. Ac-
cordingly, epidermal samples from newborn Spink5 
KO mice showed enhanced proteolytic activities of 
KLK5 (stratum corneum tryptic enzyme, SCTE) 
and KLK7 (stratum corneum chymotryptic enzyme, 
SCCE), two major epidermal serine proteases able 
to degrade desmosomal proteins.10, 59, 60 In addition, 
overactivity of a new serine protease, subsequently 
recognized as elastase 2 (ELA2), was observed.10, 61 
Thus, the Spink5 KO murine model provided in vivo 
evidence that LEKTI is a key regulator of protease 
activities in the epidermis. These results disclosed a 
major disease mechanism involving the degradation 
of desmosomal components by unrestrained KLK5 
and KLK7 activity and leading to premature SC de-
tachment and a severe skin barrier defect.9-11

The keratinization process was also altered and 
profilaggrin (Pro-FLG) processing was enhanced.10, 

11 Finally, lipid droplets were present in corneocytes 
of the newborn pups and intercorneocyte lipid la-
mellae were abnormal.10 These data indicate that the 
protease unregulation consequent to LEKTI defec-
tive expression distress several aspects of skin bar-
rier homeostasis.

As to the development of allergy in NS patients, it 
could have been inferred that increased penetration 
of allergens and microbes through impaired barrier 
is the underlying mechanism. However, other ich-
thyoses with a skin barrier defect do not develop al-
lergies, and it was thus hypothesized that a specific 
defect was underlying the propensity of NS patients 
to present atopic manifestations. Because newborn 
Spink5 KO mice die a few hours after birth, the skin 
from Spink5 KO embryos at day 19.5 was transplant-
ed onto nude mice to follow the phenotypic changes 
of the mutant mice skin after prolonged exposure to 
the environment.10 Five weeks after transplantation, 
the skin grafts developed large scales and marked 
erythema without any erupted hair shafts. Histo-
logical examination of the engrafted skin showed 

Animal models

The identification of SPINK5 as the NS causative 
gene came out as a surprise.7 In fact, at that time the 
role of the SPINK5 encoded protein LEKTI in skin 
biology had not yet been recognized. To decipher the 
LEKTI function(s) and to examine the consequenc-
es of its defective expression, Spink5 KO murine 
models were developed. The Spink5 deficient mice 
reproduced the NS phenotype and displayed ab-
normal desquamation, impaired keratinisation, hair 
malformation and a severe skin barrier defect.9-11 
Newborn mice showed severe peeling of the skin as-

Figure 3.—Model for NS pathogenesis and LEKTI functioning in 
the skin. In the skin the absence of LEKTI has the following ma-
jor consequences: 1) the unopposed KLK activities degrade the 
corneodesmosomal components and lead to SC detachment from 
the granular layer; 2) the overactive KLK5 activates ELA2 whose 
enhanced activity accelerates Pro-FLG proteolytic processing and 
results in abnormal organization and composition of intercorneo-
cyte lipid lamellae. Both these processes cause a severe skin bar-
rier defect that leads to the release of endogenous danger signals. 
In parallel, 3) the KLK5 hyperactivity also causes PAR2 activa-
tion, which triggers a proallergic and proinflammatory cascade 
via the NF-kB pathway. Overexpression of TSLP and secretion 
of IL-8, TNF-a and other proinflammatory cytokines represent 
the ultimate outcome of this pathological mechanism. Finally, 4) 
LEKTI defective expression is thought to alter the activity of anti-
microbial peptides processing enzymes, thus affecting the innate 
immune defence of the skin.
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els have also been crucial to dissect the pathogenesis 
of NS. In particular, transgenic mice overexpressing 
KLK7 in suprabasal epidermis developed epidermal 
thickening, hyperkeratosis, dermal inflammation 
and severe itching.68, 69 These results supported the 
role of KLK7 in several features of the NS disease 
phenotype. Transgenic KLK5 mice confirmed the 
pivotal role of KLK5 in NS pathogenesis.70 Finally, 
ELA2 transgenic mice (Tg-Ela2) 61 displayed a con-
siderable reduction of the keratohyalin granules, ab-
normal Pro-FLG processing, and impaired lipid la-
mellae structure, which are both observed in Spink5 
KO mice. These observations suggest that ELA2 
participates in both pro-FLG cleavage and SC lipid 
metabolism. Interestingly, in vitro studies showed 
that LEKTI does not ihibit ELA2 and that the in-
creased elastase 2 activity observed in NS murine 
models results from unrestrained KLK5 proteolytic 
activity, instead. Indeed, KLK5 activates ELA2 by 
cleaving its inactive precursor pro-ELA2.61 In con-
clusion, these different mice models have implicated 
KLK5, KLK7 and ELA2 in the pathogenesis of NS. 
Interestingly, ablation of matriptase from LEKTI-de-
ficient mice dampened inflammation, eliminated ab-
errant protease activity, prevented detachment of the 
SC, and improved the barrier function of the epider-
mis.71 These results uncovered the role of matriptase 
in a pro-KLK pathway central in NS manifestations. 
However, matriptase is not directly involved in NS 
pathogenesis since it is not inhibited by LEKTI and 
is not overexpressed in Spink5 deficient mice.71

NS pathomechanisms

The results obtained in murine models have un-
revealed the biological cascades involved in NS 
thus orientating patient biological investigations.12 
Similarly to Spink5 KO mice, NS patients show 
SC detachment with (corneo)desmosomal cleavage 
between the granular layer and the first corneocyte 
layer, concomitant with reduced Dsg1 and desmo-
collin 1 (Dsc1) expression in the uppermost living 
layers of the epidermis and premature degradation 
of corneodesmosomes.12 As observed in Spink5 KO 
mice, increased activity of KLK5 and KLK7 into 
the cell layers displaying Dsg1 and Dsc1 immu-
nostaining reduction, is also present. These results 
strongly indicate that premature degradation of cor-
neodesmosomal structural components, secondary 

NS-like features with an acanthotic epidermis with 
papillomatosis, prominent hyperkeratosis, focal par-
akeratosis and hypogranulosis.10 These epidermal 
alterations were also associated with a moderate to 
severe perivascular inflammatory infiltrate in the 
papillary dermis, a feature reminiscent of NS skin. 
In this experimental set up with a protected environ-
ment devoid of allergens and microbes, the activation 
of a proinflammatory cytokine cascade by the LEK-
TI deficient cells represented a solid rationalization. 
To explore the molecular mechanisms leading to the 
recruitment of inflammatory cells in NS skin, Spink5 
KO embryos and the graft model of transplanted 
Spink5 KO skin were therefore evaluated for the 
expression levels of proinflammatory cytokines.62 
Both the Spink5 KO embryos and the transplanted 
skin displayed increased expression of proinflam-
matory mediators, which induces inflammatory cell 
infiltrates containing mast cells and eosinophils, and 
abnormal levels of pro-Th2 chemokines.62 These re-
sults indicate that LEKTI defective epidermis acti-
vates a proinflammatory cascade independently of 
the primary epithelial failure and the environment. 
Remarkably, by using double KO mice for Spink5 
and the protease-activated receptor-2 (Par2), Briot et 
al. demonstrated that the activation of the inflamma-
tory process in NS skin can also be mainly traced 
back to KLK5 hyperactivity secondary to the LEKTI 
defective expression.62, 63 Indeed, KLK5 hyperac-
tivity activates a proallergic signalling cascade that 
results in overexpression of the allergic and inflam-
matory mediators ICAM1, IL-8, TNF-a and TSLP. 
In particular TSLP is a major pro-Th2 cytokine over-
expressed in AD skin.64-66 This pathway involves the 
activation of specific receptors (i.e., PAR2) present at 
the cell surface of keratinocytes, upon their cleavage 
by KLK5. Notably, this pathway is detectable during 
embryonic life of Spink5 KO mice as soon as 19.5 
days, thus it is initiated in the absence of any chal-
lenge by allergens or microbes.62, 63 Finally, a further 
study conducted in Spink5-deficient mice showed 
that LEKTI, together with KLK5 and 7, and possi-
bly other serine proteases, participates in the control 
of the innate immune defence through the regulation 
of the in vivo processing of the antimicrobial peptide 
cathelicidin.67 In NS, all these mechanisms add up to 
the skin inflammation process, involving the release 
of IL-1b driven by the tissue injury and keratinocyte 
stress consequent to SC detachment.

Aside from Spink5 KO mice, other murine mod-
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also for the skin inflammatory process and allergic 
manifestations observed in NS. In addition, the re-
cent observation by Bennet et al. that NS skin dis-
plays an unusual expression pattern of the antimicro-
bial peptide dermcidin,73 together with the abnormal 
expression of cathelicidin observed in Spink5 KO 
animals,67 suggests a direct LEKTI involvement also 
in the innate immune defence. To interpreter this 
data the authors postulated an appealing hypothesis 
which functionally links the abnormal processing of 
dermcidin peptides with the high susceptibility of 
NS patients to recurrent staphylococcal infections. 
Specifically, they proposed that dermcidin, which is 
constitutively expressed in human sweat glands and 
transported via sweat through the epidermis, is pro-
teolytically activated by the neutrophil serine pro-
tease cathepsin G, upon its secretion in response to 
infectious stimuli. On the epidermal surface LEKTI 
controls this proteolytic activity.73 Similarly, the high 
susceptibility to S. aureus infection and colonisation 
of AD patients has been linked to reduced amounts 
of dermcidin-derived peptides in their sweats.74

These studies aimed at decipher the NS patho-
mechanisms have taught us that KLK activity regu-
lation represents an essential aspect of skin biology. 
This regulation takes place at different levels. In fact, 
at first KLKs are expressed as inactive pro-forms 
which require proteolytic cleavage for protein acti-
vation. This is achieved through a complex mecha-
nism with auto- and cross-activation steps involving 
various KLKs as well as unrelated proteases. After 
that, KLK proteolytic activities are tightly control-
led by a finely tuned interaction with serine protease 
inhibitors.75 Crucial among the latter is certainly LE-
KTI, whose inhibitory activity is required in various 
instances. Based on NS patients and animal studies, 
the following model for NS pathogenesis and LE-
KTI functioning in the skin can be proposed (Figure 
3). In the epidermis, the absence of LEKTI results 
in unrestrained activity of KLK5, KLK7 and likely 
other KLKs (i.e., KLK14). As a consequence, pre-
mature degradation of corneodesmosomal compo-
nents, and thus detachment of the SC from the gran-
ular layer, occur. In parallel, the overactive KLK5 
activates ELA2 whose enhanced activity accelerates 
Pro-FLG proteolytic processing and results in abnor-
mal organization and composition of intercorneocyte 
lipid lamellae. Both these processes cause a severe 
skin barrier defect that not only causes dehydrata-
tion, but also facilitates allergen and pathogens pen-

to unopposed KLK5 and KLK7 activities, is a major 
pathomechanism of NS.12 Similarly to Spink5 KO 
and Ela2 transgenic mice, NS patients also show 
significant alteration of the epidermal differentia-
tion process.10, 12, 61 Persistent presence of nuclei in 
corneocytes, premature secretion of lamellar bodies, 
altered expression of early and late differentiation 
markers are seen at all times. In addition, NS epider-
mis displays a considerable reduction of the kerato-
hyalin granules which correlates with decreased pro-
FLG immunostaining.12 As indicated by Tg-Ela2 in 
vitro and in vivo studies, these abnormalities result 
from the increased proteolytic activity of ELA2 
which participates to pro-FLG cleavage.61

In light of these results, uncontrolled KLK ac-
tivity in NS secondary to LEKTI defective expres-
sion affects three major aspects of skin biology, i.e. 
epidermal differentiation, barrier formation and SC 
shedding, all converging in a severe skin barrier dys-
function.72 Still, as we have learned from the Spink5 
KO mouse models, an additional mechanism involv-
ing PAR2, and leading to the production of the major 
pro-Th2 cytokine TSLP and other proinflammatory 
mediators, accounts for the severe inflammatory and 
allergic manifestations that are constant in NS, but 
are not seen to a similar extent in other inherited ich-
thyoses. Indeed, Briot et al. showed that NS patients 
display overexpression of TSLP in epidermis, likely 
because of unopposed KLK activity, whereas TSLP 
is not detected in healthy controls.62 In the same 
study, by showing that NS keratinocytes in culture 
display a significant increase in TSLP expression, 
compared to control keratinocytes, Briot et al. also 
proved that TSLP production represents an intrinsic 
property of SPINK5-/- keratinocytes.62 In cultured 
NS keratinocytes, ICAM1, IL-8 and TNF-a were 
also significantly enhanced but, while downregula-
tion of KLK5 by siRNA drastically reduced TSLP 
expression, a less significant decrease of IL-8 and 
TNF-a, and no effect on ICAM1 expression were 
seen.62 These results correlate, for the first time, 
LEKTI deficiency with KLK5 hyperactivity, TSLP 
upregulation and NS allergic manifestations. Still, 
they demonstrate that KLK5 induces the produc-
tion of other inflammatory molecules that favour a 
pro-Th2 microenvironment. Finally, these events oc-
cur as a cell-autonomous process elicited by LEKTI 
deficiency.62 Thus, we can conclude that a protease 
signalling, mainly mediated by KLK5, is responsible 
not only for the severe epidermal barrier defect, but 
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etration and leads to the release by the mechanically 
stressed keratinocytes of pro-IL-1b and other endog-
enous danger signals. In NS patients, KLK5 hyper-
activity secondary to LEKTI deficiency, also causes 
PAR2 activation, which triggers a proallergic and 
proinflammatory cascade via the NF-kB pathway 
(Figure 3). The ultimate outcome of this additional 
pathological mechanism primed by LEKTI defective 
expression is represented by the overexpression of 
the major pro-Th2 cytokine TSLP (Figure 3). This 
cytokine activates Langerhans cells, promotes Th2 
differentiation of naive T cells and stimulates secre-
tion of IL-8, TNF-a and other proinflammatory cy-
tokines, which contribute to the recruitment of in-
flammatory cells (eosinophils and mast cells) in the 
skin. Finally, several data indicate that LEKTI defec-
tive expression also affects the activity of antimicro-
bial peptides and thus the innate immune defence of 
the skin.67, 73

The NS defective protein LEKTI, 
a multifaceted protein

LEKTI is a serine protease inhibitor strongly ex-
pressed in all stratified human epithelia, including 
the skin, the oral and genital mucosa where it is ex-
pressed in the most superficial layers.8 LEKTI is thus 
expressed at the front side of the body defence. Inter-
estingly, LEKTI is expressed in the thymus, a lym-
phoid organ which is essential for T cell education 
and immune tolerance.6, 8 LEKTI is not detectable 
either in haematopoietic cells, or in the lung and the 
gastrointestinal tract,8 but proteolytic fragments are 
detected in the blood circulation, suggesting a pos-
sible role at distance.6

From what we have learned thus far, LEKTI is a 
pleiotropic serine protease inhibitor participating as 
regulator to a number of biological pathways relevant 
to skin permeability barrier, hair morphogenesis, in-
flammation and allergy.75 This competence relies on 
several aspects of its biology. At first, as member of 
the serine protease inhibitor Kazal-type family, LE-
KTI has a very peculiar primary structure in that is 
composed by as many as 15 potential inhibitory do-
mains (D1-D15) (Figure 4).6 These proteins, charac-
terized by the presence of three conserved disulfide 
bonds within the reactive site loop, are, in fact, usu-
ally composed of only one inhibitory domain. In 
the second place, LEKTI undergoes through both 

post-transcriptional and post-translational modifica-
tions which contribute to the generation of an ample 
number of fragments with related but distinct struc-
ture and role.76, 77 In human, following alternative 
pre-mRNA processing, SPINK5 encodes 3 LEKTI 
isoforms differing in their C-terminal portion: the 
most abundant LEKTI Full-Length with 15 domains 
(LEKTIFL, 145-kDa), a Long isoform (LEKTIL, 148-
kDa) carrying a 30 amino acid residue insertion be-
tween D13 and D14, and a Short isoform (LEKTISh, 
125-kDa) composed of the first 13 domains.76 All 
LEKTI isoforms contain a signal peptide and the 
inhibitory domains are separated by linker regions 
(Figure 4). In the skin, LEKTI is at first synthesized 
as precursor proteins by differentiated keratinocytes 
of the upper spinous/granular layers.8 Then, LEKTI 
precursors are subjected to sequential cleavages by 
furin in the postendoplasmic reticulum compart-
ment to generate several single or multi-domain 
polypeptides (Figure 4).8, 77 Immunoelectron micro-
scopy studies have shown that LEKTI is transported 
in lamellar granules, in compartments distinct from 
KLK5 and KLK7, and that LEKTI fragments are se-
creted in the extracellular space at the granular layer/
SC interface.78 There they exert their inhibitory func-
tion interacting with serine proteases, among which 
the most relevant are the KLKs. Finally, progressive 
SC acidification mediates the release of the active 
enzyme from LEKTI fragments,78, 79 allowing the 
serine protease functioning. By combining antibody 
mapping, N-terminal sequencing, and site-specific 
mutagenesis, Fortugno et al. defined the aminoacid 
sequence of most of the LEKTI polypeptides physi-
ologically generated in human epidermis and drew 
the activation cascade model depicted in Figure 4 
for LEKTIFL.77 By studying the inhibitory specifici-
ties/activities of the identified LEKTI fragments to-
ward the epidermal serine proteases KLK5, KLK7, 
and KLK14, they also proved that all KLKs tested 
were inhibited by LEKTI polypeptides with Ki in 
the nanomolar range. In agreement with the major 
increase of trypsin versus chymotrypsin-like activity 
observed in SC of NS patient,53 the strongest inhibi-
tion was achieved toward KLK5 and KLK14, in par-
ticular by fragments derived from the LEKTI region 
D6-D9.77 The same polypeptides were also very ef-
fective inhibitors of KLK-mediated DSG1 degrada-
tion, a key step in corneocyte shedding. These results 
were consistent with several previous in vitro studies 
60, 79 and formally proved that each one of the LEKTI 
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Figure 4.—From SPINK5 to LEKTI inhibitory fragments: a complex path. The SPINK5 gene and corresponding mRNAs (upper 
panel). Schematic representation of the encoded LEKTIFL, LEKTIL and LEKTISh isoforms (middle panel) with location of the furin 
cleavage sites used for LEKTI post-translational processing. On all LEKTI isoforms, a furin driven proteolytic cascade generates a dis-
crete number of single and multidomain, at time overlapping, fragments, as shown in the lower panels. Detection of LEKTI fragments 
in normal human epidermal samples, conditioned media from differentiated normal human keratinocytes, and conditioned media from 
HEK293 transfected with pLEKTIFL or the empty vector, by immunoblotting with the anti LEKTI D7-D12 polyclonal antibody (on the 
right). The identities of LEKTI fragments, as determined by antibody mapping, N-terminal sequencing, and site-specific mutagenesis, 
and the corresponding molecular weight (in kDa) are indicated on the left. The LEKTI portions not detected by the anti D7-D12 are 
grey shadowed.
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agents are used in patients with NS. Indeed, in spite 
of a considerable improvement of the clinical condi-
tion, significant percutaneous absorption of the drug, 
with serum levels well above the therapeutic range, 
have been reported in three patients treated with 0.1% 
tacrolimus ointment twice daily.80 Other studies de-
scribed effective treatment with careful monitoring 
of blood levels.81, 82 The treated area should remain 
below 20% of the body surface. As to pimecrolimus 
few reports refer of both clinical efficacy and good 
clinical tolerability with a reduced percutaneous pen-
etration and lower blood levels.83-85 Topical steroids 
are usually more effective than calcineurin inhibitors. 
However, they expose NS patients to a significant risk 
of systemic penetration due to altered permeability 
barrier,86 and it is recommended to restrict their use. 
Recently, intravenous immunoglobulin (IVIg) treat-
ment repeated every 4 weeks showed remarkable ef-
ficacy in five children.87 Skin inflammation, itching 
and infections significantly improved, as well as the 
overall quality of life, height and weight curves. The 
precise mechanism by which IVIg improves NS is 
not known, but it could involve compensation of a 
functional immune defect. Phototherapy, in particular 
narrow band UVB and UVA1, has been reported to 
be beneficial in a few patients,88, 89 but its usefulness 
awaits confirmation and prolonged treatment should 
be avoided due to possibility of development of sq-
uamous cell carcinomas in NS patients.34 Finally, 
anti-TNF-a antibody (infliximab) therapy led to dra-
matic improvement in a 25-year-old patient affected 
with severe inflammatory NS resistant to other treat-
ments.90 Infliximab infusions were given at a dose of 
5 mg/kg at weeks 0, 2 and 6, and continued every 
other month for two years. Clinical improvement cor-
related with a reduction of TSLP levels in the skin 
and the serum, which could be used as a marker of 
disease activity. Although this first trial is promising, 
long-term efficacy and safety should be tested in a 
controlled study in a larger group of NS patients. In 
this setting, a specific treatment for NS is still miss-
ing. Certainly, knowledge of the NS pathomechanism 
has set up the basis for the development of novel ther-
apeutic interventions which are constantly develop-
ing. As an example, since the investigations carried 
out in mouse models and NS patients have pointed 
to a KLK5 driven biological cascade as major patho-
genetic event in NS, small molecules able to inhibit 
KLK5, or other serine proteases acting in the same 
pathway such as KLK7 or matriptase, could be ben-

polypeptides physiologically generated in the epi-
dermis displays a specific inhibitory profile towards 
epidermal proteases. Interestingly, Fortugno and 
colleagues showed that, at the site of their potential 
interaction, these LEKTI fragments and KLK5 are 
present in a nearly 1:1 molar ratio, which is essential 
for a fine-tuned inhibition.77

NS clinical management and therapy

Being a multisystemic disorder with life threaten-
ing complications, NS early management requires 
a multidisciplinary approach by a specialized team. 
The treatment of patients with NS is usually conserv-
ative and symptomatic. In the neonatal period, it is 
important to control temperature instability and ex-
cessive transcutaneous fluid loss, the hypernatremic 
dehydration that may ensue, and to treat infections 
and other complications. Hospitalization in inten-
sive care units is usually required for monitoring of 
body temperature, water-electrolyte balance, infec-
tions and other organ involvement. The skin mani-
festations are treated by regular application of emol-
lients; therapeutic intervention for infections with 
topical and systemic antibiotics is the mainstay. Skin 
inflammation is difficult to treat at this age, as topi-
cal steroids expose to systemic side effects due to the 
severe skin barrier defect. Pruritus and irritability are 
common and treatment with antihistamines can be 
attempted. Appropriate nutritional support is crucial 
and will preferably use hypoallergic diet and milk 
substitutes. Gastrointestinal feeding can be required. 
Careful monitoring of growth by a dietician and nu-
tritionist is essential to prevent malnutrition and, as 
far as possible, failure to thrive during early ages.

Overtaken these critical urgencies, clinicians ought 
to consider that the disease symptoms can vary be-
tween patients and even within the same patient over 
time. Therefore, it is important to tailor therapy to 
the individual NS patient. Oral retinoids have been 
reported to lead to disease worsening. Topical cal-
cineurin inhibitors (tacrolimus and pimecrolimus), 
which have been demonstrated to improve the skin 
findings and quality of life of patients with severe 
chronic dermatoses including AD, have recently been 
used in NS, but their effects are controversial. Owing 
to the underlying skin barrier dysfunction, the possi-
bility of significant systemic absorption and resultant 
adverse events represents a real concern when these 
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ties in the epidermis as well as a slight reduction of 
DSG1, and accelerated pro-FLG proteolysis. In line 
with the emerging view that skin barrier abnormali-
ties could represent primary events in AD pathogen-
esis,99 it is conceivable to assume that the changes 
determined by the presence of residue 420K within 
the LEKTI sequence contribute to a subtle skin bar-
rier permeability alteration. However, is also possible 
that the LEKTI altered proteolysis affects its inhibi-
tion capacities towards external proteases derived 
from allergens and S. aureus, as well as lipid matu-
ration process and PAR2 mediated inflammation, all 
features which are relevant to AD pathogenesis.

As previously discussed, unrestrained KLK5 activ-
ity plays a major role in allergic manifestations in NS 
through an intrinsic KLK5-PAR2-TSLP pro-allergic 
pathway.62, 63 Consistent with KLK5 overactivity as-
sociated with the expression of LEKTI 420K variant, 
a weak but still detectable increase in TSLP expres-
sion was also observed in normal epidermis of indi-
viduals with a 420KK genotype.98 While TSLP over-
expression is a major characteristic of lesional atopic 
skin,64-66 the extent to which the 420K associated 
LEKTI abnormal processing favors the development 
of AD remains to be determined. In fact, considering 
the high frequency of the E420K variation and the 
weak genetic association with AD reported,95-97 it is 
possible that other determinants compensate for the 
effects of LEKTI abnormal proteolytic processing. In 
line with the multifactorial inheritance of the disease, 
this scenario is further corroborated by the fact that, 
in spite of the unquestioned recognition of FLG loss 
of function alleles as strong predisposing factors for 
AD, only ~42% of FLG null mutation heterozygous 
carriers becomes affected.100 Additional studies 
aimed at investigating a potential synergic effect be-
tween LEKTI 420K and FLG mutations are certainly 
required. Anyhow, the new insights arising from the 
LEKTI functioning studies anticipate the restoration 
of the epidermal permeability barrier by re-establish-
ment of LEKTI inhibitory activity as a feasible and 
promising therapeutic approach also for AD.

Riassunto

La sindrome di Netherton e la sua proteina deficitaria, la 
poliedrica LEKTI

La sindrome di Netherton (SN, OMIM 256500) è una 
rara malattia ad ereditarietà autosomica recessiva caratte-

eficial. In fact, a first multicenter clinical trial using 
topical application of a small KLK7 inhibitor is cur-
rently being performed in NS patients. Of course, de-
termination of the benefit/risk ratio for this approach 
will still require some time. In the meantime the eval-
uation of the potential of a replacement peptide thera-
py using selected LEKTI fragments with physiologi-
cal relevance and an appropriate delivery system, is 
underway. In parallel, gene addition has also been 
proposed. Actually, following proof-of-principle ex-
periments 91-93 showing that production and release of 
LEKTI protein from even a small patch of skin exert 
a beneficial effect over a wide area, a phase I clinical 
trial has been proposed for treatment of patients with 
NS (clinical trials gov. NCT01545323). This study, 
which is not yet open for participant recruitment, 
aims at evaluating the safety and efficacy of graft-
ing of autologous epidermal sheets generated from 
genetically modified skin stem cells. In conclusion, 
in the light of the spectacular progress made in the 
understanding of the NS pathogenetic mechanisms 
and LEKTI function/s, there is no doubt that the next 
few years will see important breakthroughs for thera-
peutic intervention for NS patients.

LEKTI and AD

Besides the well proven direct cause-effect rela-
tionship between LEKTI deficiency and NS, several 
genetic association studies suggested a contribution 
of LEKTI to the pathogenesis of AD, a frequent and 
chronic-relapsing inflammatory skin disease caused 
by complex interactions between genetics and envi-
ronmental factors.94 Specifically, an early candidate 
gene approach found an association between the non-
synonymous and frequent c.1258G>A (p.E420K) 
polymorphism in the SPINK5 gene and AD in two 
British cohorts.95 Lengthily questioned, because of 
the contradictory results of several other studies,96, 97 
this genetic association has very recently been func-
tionally linked to the LEKTI biological activity.98 
Specifically, by in vitro and in vivo studies, Fortugno 
and co-workers have proved that the presence of a 
lysine at LEKTI 420 residue impacts on its proteo-
lytic activation process and causes a slight but still 
relevant imbalance of the LEKTI inhibitory frag-
ments.98 Recalling in a much milder form the skin of 
NS patients, the 420KK individuals exhibit a little to 
moderate increase of KLK5, KLK7 and ELA2 activi-
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rizzata da ittiosi congenita, una peculiare anomalia del fu-
sto del capello, denominata tricoressi invaginata, e sintomi 
di atopia. A causa delle gravi complicanze che frequen-
temente si presentano in età neonatale, la prognosi della 
SN può essere infausta, in particolare nel primo anno di 
vita. La SN è determinata da mutazioni che portano alla 
formazione di codoni di stop nel gene SPINK5 e alla con-
seguente mancanza di espressione nella cute e in tutti gli 
epiteli stratificati della proteina da esso codificata, LEKTI. 
In seguito all’identificazione del gene e della proteina che 
causano la SN sono stati sviluppati strumenti diagnostici 
specifici risolvendo in tal modo il difficile tema della dia-
gnosi differenziale della SN rispetto ad altre forme di ittio-
si congenite, le cui manifestazioni cliniche possono essere 
estremamente simili, nonché rispetto alle forme più severe 
a insorgenza precoce di dermatite atopica o psoriasi. Un 
notevole impegno è stato altresì dedicato alla comprensio-
ne dei meccanismi patogenetici della SN. Ciònonostante, 
la gestione degli individui affetti da SN ancora rappresenta 
un difficile compito per la mancanza di trattamenti speci-
fici ed i numerosi bisogni insoddisfatti. In questo articolo 
viene esaminato lo stato dell’arte delle conoscenze sulla 
SN con particolare enfasi sui progressi realizzati per lo svi-
luppo di terapie innovative specifiche per questa patologia.
Parole chiave: Sindrome di Netherton - SPINK5 - Serin 
proteasi - Infiammazione.
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