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A B S T R A C T

Background: Netherton syndrome (NS) is a rare but severe type of ichthyosis characterized by atopy,
allergies, and potentially lethal skin overdesquamation associated with highly elevated proteolytic
activities in LEKTI-deficient epidermis. NS symptoms are recapitulated in Spink5�/� mouse where the
gene encoding Lekti has been invalidated. Spink5�/� mice die within 5 h from birth due to their severe
skin barrier defect leading to dehydration. Spink5�/�mice also serve as a model for atopic dermatitis. The
KLK6 protease is expressed by epidermal keratinocytes and shown in vitro to cleave desmosomal
components.
Objective: To investigate in vivo whether KLK6 is implicated in epidermal overdesquamation and/or
inflammation associated with NS.
Methods: The role of KLK6 was evaluated by generating Spink5�/�Klk6�/� double knockout mice. The
phenotype was assessed by macroscopic observation, immunohistochemistry for differentiation
markers, in situ zymography for proteolysis, and quantification of proinflammatory cytokines.
Results: Elimination of Klk6 in Spink5�/� remarkably suppresses the expression of Tslp, a major itching-
inducing factor and driver of allergic reactions. Tnfα and the Th17 promoting cytokine Il-23 were also
suppressed. Spink5�/�Klk6�/� mice display normalized keratinocyte differentiation, nevertheless,
epidermal proteolytic activities and the associated overdesquamation were not ameliorated, and
Spink5�/�Klk6�/� still died from a severe epidermal barrier defect as the Spink5�/�.
Conclusions: Ablation of Klk6 largely suppresses epidermal inflammation but cannot rescue over-
desquamation leading to the lethal NS phenotype. Nonetheless, our findings demonstrate for the first
time that KLK6 is implicated in skin inflammation and may represent a novel druggable target for NS and
other inflammatory conditions e.g. atopic dermatitis.
© 2019 Japanese Society for Investigative Dermatology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Netherton Syndrome (NS) is a severe type of ichthyosis
characterized by extensive desquamation, hair shaft defect
(bamboo hair) and constant atopic manifestations. NS is caused
by inactivating mutations in the SPINK5 gene encoding the serine
protease inhibitor LEKTI [1] and is recapitulated in Spink5�/� mice
[2]. Due to the atopic manifestations and the associated constitu-
tive inflammation, Spink5�/� mice have served as an atopic
dermatitis model [3] and as a model for rosacea [4]. In addition,
variants in the SPINK5 gene have been found in cases of atopic
dermatitis [5–7]. Previously, it was reported that KLK5 drives the
atopic manifestasions in NS by activating PAR2 signaling to induce
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NF-kB that in turn produces TSLP and other proinflammatory
cytokines [3]. TSLP is a key molecule that is expressed by epidermal
keratinocytes and binds to receptors in sensory neurons to
promote itching [8]. TSLP is highly expressed in atopic dermatitis
lesional skin [9] and its overexpression in mouse epidermis
induces atopic dermatitis-like symptoms [10] and aggravates
asthma [11].

From the kallikrein-related peptidase family (KLKs), KLK5, 7
and 14 have been implicated in skin desquamation [12]. Recently,
we showed that elimination of Klk5 in Spink5-null background
rescues neonatal lethality and prevents inflammation [13]. KLK6
protease was originally cloned from a breast tumor and is also
highly expressed by keratinocytes and neurons [14]. Human KLK6
(Klk6 for mouse) is strongly upregulated in lesional psoriatic skin
[15]. Recently, it was shown that Klk6�/-exponent skin is resistant
to induction of psoriasiform inflammation with imiquimod and
induction of resistance was independent on Par2 activation [16].
KLK6 has been shown to increase the motility of keratinocytes in
ier B.V. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdermsci.2019.06.004&domain=pdf
mailto:gdsotiro@upatras.gr
https://doi.org/10.1016/j.jdermsci.2019.06.004
https://doi.org/10.1016/j.jdermsci.2019.06.004
http://www.sciencedirect.com/science/journal/09231811/
www.jdsjournal.com


E. Zingkou et al. / Journal of Dermatological Science 95 (2019) 28–35 29
vivo [17] and to cleave desmoglein 1 in vitro but the physiological
significance of these findings have not been studied [18].

Here, we aimed to investigate the role of KLK6 in skin
desquamation and inflammation in vivo. For this, we generated
Spink5�/�Klk6�/� double knockout mice to test whether elimina-
tion of Klk6 will rescue the NS-like phenotype of these mice.
Spink5�/�Klk6�/� mice exhibited increased desquamation and a
lethal barrier defect as the Spink5�/� mice. Interestingly, however,
differentiation is normalized, and the constitutive inflammation
observed in Spink5�/� is notably ameliorated in Spink5�/�Klk6�/�

mice manifested by the significantly normalized levels of pro-
inflammatory cytokines, including Tslp, and immune infiltrates in
their epidermis. This novel finding may open new ways for the
development of new skin anti-inflammatory therapeutics based on
KLK6 inhibitors for inflammatory skin conditions.

2. Materials and methods

2.1. Materials

All chemicals were obtained from Sigma-Aldrich or Merck. The
following antibodies were used: involucrin (Santa Cruz, sc-15230),
desmoglein 1 (Santa Cruz, sc-20114), keratin 5 (Abcam, ab24647),
corneodesmosin (CusAb, CSBPA0051241A01HU), desmocolin 1
Fig. 1. Deletion of Klk6 in Lekti-deficient epidermis does not rescue the lethal NS p
Spink5�/�Klk6�/� mice. Spink5�/�Klk6�/� appear macroscopically indistinguishable from
granulosum and extensive desquamation. (B) H/E staining of skin cryosections from wt, K
corneum in Spink5�/�Klk6�/� as in Spink5�/�. (C) Whisker structure by scanning electr
defects. (D) Whole body toluidine blue staining of newborns shows that epidermal barrie
shows comparable dehydration rates between the Spink5�/�Klk6�/� and Spink5�/� mice
mice per group.
(Santa Cruz, sc-18115), loricrin (Abcam, ab24722), p65 (Cell
signaling, 8242 P), Par2 (Santa Cruz, sc-13504), Erk1/2
(Cell Signaling, #4695) (for mouse), phosphorylated Erk1/2 (Cell
Signaling, #4370) (for mouse), Erk1/2 (Sigma-Aldrich, M5670) (for
human), phosphorylated Erk1/2 (Sigma-Aldrich, M8159) (for
human), GAPDH (Santa Cruz, sc-47724), TSLP (Abcam, ab47943),
β-actin (Santa Cruz, sc-47778), α-tubulin (Sigma-Aldrich, T5168).
The chicken anti-KLK6 IgY antibody was developed in our
laboratory [19].

2.2. Clinical specimens

Skin samples were obtained from three healthy donors and one
Netherton Syndrome patient with written approval consents.

2.3. Animals

Spink5�/� mice were kindly provided by Prof Andrew McKenzie
(MRC Laboratory of Molecular Biology, Cambridge, UK). Klk6�/�

have been developed in collaboration with Prof Andras Nagy
(University of Toronto, Toronto, Ontario, Canada). The design of
Klk6�/� inactivation cassette has been published previously [20].
All experiments with animals were conducted in accordance with
EU and national legislation.
henotype. (A) Macroscopic appearance of newborn wt, Klk6�/�, Spink5�/�, and
 the Spink5�/� displaying, detachment of the stratum corneum from the stratum
lk6�/�, Spink5�/�, Spink5�/�Klk6�/� newborn mice shows detachment of the stratum
on microscopy (SEM) shows that Spink5�/� and Spink5�/�Klk6�/� display vibrissae
r in not restored by deletion of Klk6 in Spink5-null background. (E) Water loss assay
. Data are shown as mean � SEM; ns not significant; ** p � 0.01; *** p � 0.001; n = 4
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2.4. PCR genotyping

DNA was extracted from mouse tail with the mammalian
genomic DNA extraction kit (Sigma) and PCR genotyping was
conducted as described [21].

2.5. Histology-Immunohistochemistry

Skin biopsies were stored in OCT at �70 �C or formaldehyde
fixed and embedded in paraffin. 5 mm skin sections were cut with a
cryotome or a microtome respectively. Sections were stained with
hematoxylin-eosin or used for immunohistochemistry (IHC). IHC
on cryosections was carried out as described [13]. For IHC on
paraffin sections epitope retrieval was carried out by boiling the
sections in 0.01 M sodium citrate-0.05% Tween-20, pH 6.0 for
20 min. Then the samples were processed as the cryosections. Mast
cells were quantified after staining of cryosections with toluidine
blue as described [13].

2.6. Scanning electron microscopy

Skin biopsies were fixed in 4% formaldehyde in PBS for 24 h,
washed and dehydrated in a series of ethanol baths. Ethanol was
replaced with acetone, samples were dried, gold sputtered and
observed in field emission SEM.
Fig. 2. Elimination of Klk6 does not reduce epidermal proteolysis in Spink5�/�. (A) Spi
stratum corneum comparable to Spink5�/� mice with in situ zymography. (B) RT-qPCR 

significant differences in their gene expression. However, an increased expression of e
significant; * p < 0.05; ** p < 0.01.
2.7. Assessment of epidermal barrier

Epidermal barrier integrity was evaluated with whole-body
toluidine blue staining and with monitoring the reduction of body
weight versus time at 37 �C due to water loss.

2.8. RNA extraction

Total RNA extraction was carried out with Nucleospin RNA
(Macherey-Nagel). The quality of RNA was checked with agarose
electrophoresis and its concentration was measured by reading the
absorbance at 260 nm.

2.9. RT-qPCR

Reverse transcription was carried out with the Superscript kit
(Invitrogen). cDNAs were subjected to real-time PCR with the SYBR
Select Master Mix (Invitrogen). For Il-6, the Kapa SYBR FAST
Universal One Step qRT-PCR kit (Kappa Biosystems) was used. The
primers have been described in our previous publication [13].

2.10. Western blot analysis

Total protein extracts from total skin or keratinocyte cell lines
were electrophoresed on SDS-PAGE and then transferred onto
nk5�/�Klk6�/� skin shows increased caseinolytic and elastinolytic activities in the
for Klk5, Klk7, Klk8, and Klk14 (major serine proteases of the epidermis) reveals no
lastase in Spink5�/�Klk6�/� was observed. Data are shown as mean � SEM; ns not
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PVDF membrane. Membrane was blocked for 1 h in 5% non-fat dry
milk in PSB, and then incubated with the appropriate primary
antibody in 1% non-fat dry milk in PBS-0.05% Tween-20 overnight
at 4 �C. Membrane was washed and incubated with the appropriate
secondary HRP-conjugated antibody in PBS-0.05% Tween-20 for
1 h. Finally, the membrane was washed and the bands were
visualized with enhanced chemiluminescence (Thermo).

2.11. Transfection of keratinocytes

Primary keratinocytes were isolated from the skin of healthy
donors and cultivated in serum-free keratinocyte growth medium
(Gibco) in the presence of 5% CO2at 37 �C. After immortalizationwith
standard protocol stable cell line overexpressing KLK6 were
generated by BIOSS Center for Biological Signalling Studies (Uni-
versität Freiburg, Germany). Briefly, lentiviral infection was used to
overexpress KLK6 and infected were selected with puromycin. KLK6
overexpressionwas confirmed by qPCR and western blot analyses on
cell lysates and conditioned media (data not shown).
Fig. 3. Epidermal differentiation is normalized in Spink5�/�Klk6�/�. Expression of dif
corneodesmosin) is normalized in Spink5�/�Klk6�/� compared with Spink5�/�.
2.12. 3D culture

3D-skin model was prepared using normal human keratino-
cytes or human keratinocytes overexpressing KLK6 and normal
human fibroblasts cultivated in Keratinocyte Growth Medium
(Gibco) and DMEM with 10% FCS, respectively. Construction of the
3D-skin cultures was performed as previously [22].

3. Results

3.1. Spink5�/�Klk6�/� newborn mice display similar skin phenotype
to Spink5�/� mice

Spink5+/� mice were crossed with Klk6-/- mice to generate the
Spink5+/�Klk6+/� and then the Spink5+/�Klk6-/-. Subsequently,
Spink5+/�Klk6-/- were intercrossed to generate the Spink5-/-Klk6-/-

double knockout (DKO) mice. DKOs appeared indistinguishable
from the Spink5-/-, exhibiting severe desquamation and stratum
corneum (SC) detachment, and vibrissae defects (Fig. 1A–C). These
ferentiation markers (keratin 5, involucrin, loricrin, desmoglein1, desmocollin 1,
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evidences suggest that deletion of Klk6 does not prevent skin
desquamation.

3.2. Spink5�/�Klk6�/� mice die from severe epidermal barrier defect

DKO mice managed to survive for up to 5 h as the Spink5�/�

mice. Since DKOs showed signs of severe desquamation we
hypothesized that the cause of death was the epidermal barrier
defect. As shown in Fig. 1D, the bodies of DKO mice were
completely stained with toluidine blue in a manner identical to
Spink5�/�. Also, the DKO mice tend to lose water with the same rate
as the Spink5�/� (Fig. 1E). Wild-type and Klk6�/� epidermis display
almost identical levels of epidermal proteolysis (Fig. 2). Absence of
Klk6 expression did not reduce the increase epidermal over-
proteolysis observed in Spink5�/� mice as revealed by in situ
zymography (Fig. 2A) neither it changed the expression of major
epidermal proteases (Fig. 2B). In conclusion, it appears that Klk6
does not participate in the control of the overall epidermal
proteolysis.

3.3. Absence of Klk6 restores normal epidermal differentiation

Differentiation markers were analyzed with IHC and Western
blot. As shown in Fig. 3 and Fig. S1, Klk6�/� mice appear to have a
Fig. 4. Ablation of Klk6 suppresses cutaneous inflammation and infiltration of mast c
expression in mouse epidermis shows that Klk6 inactivation improves cutaneous inflamm
wt, while Spink5�/� skin shows approximately 3-times higher number. Quantification of 

shows staining in Spink5�/� and Spink5�/�Klk6�/� mice. (D) Western blot analysis of Par2
from wt, Klk6�/�, Spink5�/� and Spink5�/�Klk6�/�mice. (E) Quantification of data from (D)
in Spink5�/� epidermis. Red arrows indicate positive staining in nucleus. (G) Quantificati
p � 0.01; *** p � 0.001.
normal differentiation pattern. Deletion of Klk6 on Spink5�/�

background restores the normal epidermal differentiation al-
though this was not accompanied by rescue of neonatal lethality.

3.4. Elimination of Klk6 suppresses the expression of Tslp and other
inflammatory cytokines

We investigated whether in the absence of Klk6 the expression
of the major pro-Th2 cytokine Tslp, is affected. Tslp is not expressed
in wt or Klk6�/� skin but it was highly induced in the Spink5�/�

while in the absence of Klk6 its expression was highly reduced to
normal levels (Fig. 4A). It has been reported that increased
proteolytic activity in the epidermis is responsible for the
production of Tslp [23]. Since the absence of Klk6 does not reduce
the overall epidermal proteolysis, it appears that it controls a
specific pathway upstream of Tslp that is not related to
desquamation. To investigate whether Klk6 reduces the expression
of other inflammatory cytokines we analyzed the expression of
Tnfα, Il-1β, Il-18, Il-6, Il-13, Il-4 and the Th17 cytokines Il-17a and Il-
23. As shown in Fig. 4A we found reduced levels for most of the
molecules tested in DKO skin compared to Spink5�/�. In addition,
we found reduction of mast cell infiltration in Spink5�/�Klk6�/�

epidermis compared to Spink5�/� to levels comparable to wild-
type epidermis consistent with reduced inflammation (Fig. 4B).
ells in Spink5�/�Klk6�/�. (A) RT-qPCR quantification of proinflammatory cytokine
ation in Spink5�/� skin. (B) Spink5�/�Klk6�/� shows similar number of mast cells to

mast cells was based on toluidine blue staining. (C) IHC staining for Par2 expression
, Erk1/2, phosphorylated Erk1/2 (pErk1/2) and a-tubulin expression in skin extracts
. (F) IHC staining for p65 subunit of Nf-kb shows activation (nuclear staining) mainly
on of data from (F). Data are shown as mean � SEM; ns not significant; * p < 0.05; **
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Therefore, deletion of Klk6 reduces the epidermal inflammation
observed in NS.

Par2 mediated activation of Nf-kb induces the expression of
pro-inflammatory cytokines in NS [3]. In Spink5�/�, Par2 is highly
expressed accompanied by increased nuclear staining for p65, a
major subunit of Nf-kb. Indeed we found that the levels of Par2
were reduced in Spink5�/�Klk6�/� relative to Spink5�/� epidermis
(Fig. 4C–E). Further we found reduction in the levels of
phosphorylated Erk1/2 in Spink5�/�Klk6�/� epidermis (Fig. 4D–
E). In Spink5�/�Klk6�/� p65 staining is reduced suggesting that Klk6
drives the nuclear localization and, thus, activation of Nf-kb
(Fig. 4F–G). However, recent in vivo findings suggested that Klk6
promoted skin inflammation and psoriasis-like symptoms induced
by imiquimod in a Par2-independent manner [16].

Then, we overexpressed KLK6 in normal human keratinocytes
by transfecting the cDNA encoding KLK6 in keratinocytes (NHK). As
shown in Fig. 5 the KLK6-overexpressing keratinocytes (NHK-
KLK6) exhibited increased ERK1/2 phosphorylation and increased
Fig. 5. Overexpression of KLK6 in normal human keratinocytes (NHK) activates pERK1,2-
from NHK and NHK overexpressing KLK6 (NHK-KLK6) shows that ectopic KLK6 expressi
ERK1/2 proteins. (B) Quantification of total ERK1/2 and pERK1/2 by ImageJ. Expression wa
Western blot analysis of cell lysates extracted from NHK and NHK-KLK6 shows that TSLP e
was normalized to β-actin and data are presented as fold increase relative to NHK. (E) Im
substitutes. Activation of NF-kB, represented by nuclear localization of p65, is increased u
yellow arrows. (F) Quantification of data from (E). Data are shown as mean � SD; ns n
TSLP expression. When cultured in three dimensional system, the
NHK-KLK6 differentiated and produced an in vitro epidermis model
that showed increased NF-kB nuclear staining compared to the
NHK controls (Fig. 5). Finally, KLK6 expression is increased in the
epidermis of human NS patient, especially in regions of stratum
corneum detachment. High KLK6 is accompanied by increased
nuclear localization of NF-kB in NS compared to normal epidermis
(Fig. 6), in agreement with the mice data. Conclusively, KLK6 seems
to be involved in NS inflammation.

4. Discussion

KLK6 was originally identified as being overexpressed in a
primary breast tumor and inactivasted in the lung metastases of
the same breast cancer patient [14]. It was later found to display
high levels of expression in the nervous system and it is expressed
also in the skin. In vitro experiments showed that KLK6 can cleave
protein components of desmosomes [18], thus, it could be
NFkB axis resulting in TSLP upregulation. (A) Western blots of cell lysates extracted
on induces ERK1/2 phosphorylation (pERK1/2) without changing the levels of total
s normalized to GAPDH and results are presented as fold increase relative to NHK. (C)
xpression is elevated in NHK-KLK6. (D) Quantification of TSLP by ImageJ. Expression
munohistochemical analysis of p65 subunit of NF-kB in NHK and NHK-KLK6 skin 3D
pon overexpression of KLK6. Nuclear localization of p65 subunit is highlighted with
ot significant; * p < 0.05; *** p � 0.001; n = 3 per group.



Fig. 6. KLK6 and NF-kB expression in human NS skin. (A) IHC staining for KLK6 shows higher expression in the NS patient than in normal skin. Further, KLK6 expression is
diffused throughout the epidermis as opposed to normal samples where it is localized in the upper layers (mainly SG). (B) IHC staining for NF-kB shows increased nuclear
staining in NS compared to normal (red arrows). (C) Quantification of data from (B). E, epidermis.
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implicated in the process of pathological skin overdesquamation
observed in NS and its elimination could rescue or ameliorate the
NS phenotype. We tested this hypothesis in vivo by generating
Spink5�/�Klk6�/� mice. However, both Spink5�/� and
Spink5�/�Klk6�/� displayed the same desquamating severity and
died within 5 h from birth from severe dehydration. Further, if Klk6
participated in the process of physiological desquamation, we
would expect Klk6�/� mice to have hyperkeratosis that was not
observed. Taken together, our data suggest that KLK6 is not
involved in the desquamation process.

Deletion of Klk6 restored normal epidermal differentiation
patterns in Spink5�/� epidermis. Previously, it was shown that
deletion of Klk7 in Spink5�/� mice did not prevent epidermal
overdesquamation but it normalized epidermal differentiation and
inflammation [24], suggesting that Klk6 and Klk7 may have
common functions in skin. Since KLK7 is not able to activate PAR2
[25] this finding indicates that, probably, there are other yet
unknown PAR2-independent pathways that regulate the induction
of inflammation by KLKs in the epidermis.

Interestingly, deletion of Klk6 reduced the expression of
proinflammatory cytokines including Tslp that is also well-known
to play important roles in atopic dermatitis. Our study adds a new
proinflammatory axis in skin pathophysiology, the KLK6-ERK1/2-
NF-kB-TSLP axis. Similarly, in keratin-deficient keratinocytes, it
was found that the expression of TSLP is mediated through MEK1/
2-ERK1/2 activation [26]. Although it has been reported that KLK5
drives skin inflammation via activation of PAR2-NF-kB-TNFα-TSLP
pathway [3], a later study showed that deletion of Par2 in Spink5�/�

mice failed to rescue epidermal inflammation [27]. Further, a
recent study pointed into the KLK5-dependent activation of
alternative proinfammatory pathway(s) in vivo. Specifically, it
was shown that persistent inflammation and TSLP production in
atopic dermatitis (AD) is induced by KLK5 in a PAR2-independent
manner [28]. On the other side, the latter study [28] confirmed that
KLK5 plays an important role in DSG1 degradation as has been
shown previously [13,24] further substantiating the key role of
KLK5 in the desquamation process.

In the same line with the findings described here, we recently
found that KLK6 regulates chronic epidermal inflammation
induced by TPA. Specifically, epidermal application of TPA in
Klk6�/� mice led to substantially reduced inflammatory response
as evident by the strong suppression of the expression of
proinflammatory cytokines compared to wt mice [29]. This strong
attenuation of epidermal inflammation is associated with high
resistance of Klk6�/� mice to chemically induced skin carcinogen-
esis [29]. Collectively, our previous study [29] and this study
suggest that KLK6 is a major regulator of skin inflammation in two
clearly distinct pathological contexts (i.e. non-melanoma skin
cancer and Netherton syndrome). Revealing the underlying
molecular mechanisms will require in future studies.

Given that SPINK5 variations have been identified in atopic
dermatitis [5–7] and that Spink5�/� mice are a model for atopic
dermatitis [3], it is possible that KLK6 inhibition will be beneficial
for the treatment of atopic dermatitis. Indeed, anti-inflammatory
therapies with anti-TNFα agents have been used in severe cases of
atopic dermatitis [30,31] and for alleviating the inflammatory
phenotype in NS patients [32,33]. Our results presented here
pinpoint KLK6 as an alternative pharmacological target. Recent
findings suggest that KLK6 could be involved in psoriasis. Its
expression was found highly increased in the skin of the KC-Tie2
psoriasis mouse model and in lesional psoriatic skin [15]. Psoriatic
patients display increased serum KLK6 that correlates with
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psoriasis area and severity index score [34]. KLK6 is highly
expressed after induction of psoriasis-like symptoms in mice with
imiquimod [16]. Therefore, the development of anti-inflammatory
therapies based on targeting KLK6 could be beneficial for psoriasis
as well.
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