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Abstract: Cathepsin S (CATS) is a cysteine protease, well known

for its role in MHC class II-mediated antigen presentation and

extracellular matrix degradation. Disturbance of the expression or

metabolism of this protease is a concomitant feature of several

diseases. Given this importance we studied the localization and

regulation of CATS expression in normal and pathological

human ⁄ mouse skin. In normal human skin CATS-

immunostaining is mainly present in the dermis and is localized

in macrophages, Langerhans, T- and endothelial cells, but absent

in keratinocytes. In all analyzed pathological skin biopsies, i.e.

atopic dermatitis, actinic keratosis and psoriasis, CATS staining is

strongly increased in the dermis. But only in psoriasis, CATS-

immunostaining is also detectable in keratinocytes. We show that

cocultivation with T-cells as well as treatment with cytokines can

trigger expression and secretion of CATS, which is involved in

MHC II processing in keratinocytes. Our data provide first

evidence that CATS expression (i) is selectively induced in

psoriatic keratinocytes, (ii) is triggered by T-cells and (iii) might

be involved in keratinocytic MHC class II expression, the

processing of the MHC class II-associated invariant chain and

remodeling of the extracellular matrix. This paper expands our

knowledge on the important role of keratinocytes in

dermatological disease.
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Introduction

Controlled proteolysis is vital (fundamental) to the devel-

opment, differentiation, regeneration and homeostasis of

the skin. Investigations over the last decade have shown

that one group of lysosomal proteases, the cathepsins

(CAT), plays a major role in these proteolytic processes

both intra- and extracellular (1).

Cathepsins comprise one of the largest and best charac-

terized family of lysosomal enzymes composed of cysteine,

aspartic and serine peptidases. The cysteine proteases repre-

sent the major group of cathepsins. At the gene level there

are 11 human members (CATB, C, F, H. K, L, O, S, V, W

and X) known (2,3). As a number of other proteases, CAT

are synthesized as inactive preproenzymes, which require

proteolytic removal of the N-terminal propeptide for their

activity. This activation can be autocatalytic or facilitated

by other proteases (4). Aside from their housekeeping

lysosomal function in the metabolic turnover of proteins

cathepsins possess highly specific and directed proteolytic

activities. In the skin they are involved in extracellular

matrix remodelling, keratinocyte differentiation, hair follicle

cycle, apoptosis and MHCII-mediated antigen presentation

(5,6). In the latter process CATS has been implicated in the

last step of Ii degradation in B-cells and dendritic cells

thereby generating the class II-associated invariant chain

peptides (CLIP) (7). Therefore, CATS is most important

for CD4-positive T-cell function in lymphatic tissues. In

other cell types, e.g. macrophages, or tissues, e.g. thymus,

other cathepsins like CATB, CATL, CATF and CATV

assume the role of CATS (4,8–10).

In line with these physiological functions CATS is prefer-

entially localized in phagocytic and antigen-presenting cells
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in various tissues including the skin. Nevertheless, CATS

also appears to be expressed in a number of non-immune

cells, like neurons, endothelial cells and vascular smooth-

muscle cells (11–15). With respect to the skin CATS was

only detected in cell cultures, the human keratinocyte cell

line HaCaT and freshly isolated human keratinocytes (16).

Moreover, these authors also showed that the expression of

CATS in cultured keratinocytes is regulated by cytokines

implying a major importance in the pathogenesis of derma-

toses which are accompanied by inflammation. Surprisingly

nothing is known regarding CATS expression and function

in normal and pathological skin.

With these strong implications for a role of CATS skin

physiology we decided to study the expression of CATS in

normal skin and three skin diseases; psoriasis, atopic

dermatitis and actinic keratosis. In addition we analyzed

the regulation and role of this protease in epi- ⁄ dermal

processes using a cell culture approach.

Materials and methods

Clinical material
Formalin-fixed, paraffin-embedded and fresh psoriasis (PS)

and actinic keratosis (AK) biopsy material (abdomen, arm,

leg, scalp, face) were obtained from the Clinic for Derma-

tology and Allergology, Ruhr-University Bochum (Ger-

many). Eight psoriasis (psoriasis vulgaris; ICD-10: L40.0,

duration of disease 2 months–4 years) and seven actinic

keratoses (ICD-10: L57.0) were selected. All biopsies were

taken with the informed patient’s consent and approval of

the local medical ethical committee. The diagnoses were

made by experienced dermatopathologists (MS, CT).

Samples of normal human skin (n = 4) were obtained

from operative tissue (breast, abdomen, forehead, scalp)

with informed consent and approval of the local medical

ethical committee. No cases had a history of inflammatory

skin disease or any kind of skin cancer. Skin probes were

either fresh frozen and prepared for Western blot analysis

or fixed in 4% paraformaldehyde, embedded in paraffin

and cut into 5 lm thick sections.

Animal treatment
NC ⁄ Nga mice (weighing 25 g) were purchased from

Charles River Lab. (Sulzbach, Germany). They were housed

in a 12:12 h light:dark cycle with free access to food and

water. Ambient temperature was maintained at 24�C.

Atopic dermatitis (AD) was induced according to a

previously described method (17). Mice (n = 5) were first

sensitized by application of 20 ll of 5% oxazolone (4-eth-

oxymethylene-2-phenyl-2-oxazolin-5-one, Sigma-Aldrich,

Munich, Germany) dissolved in ethanol on both flanks.

Starting from day-7 after sensitization mice were treated

topically with 60 ll of 0.1% oxazolone once every other

day for an additional 2 weeks. Control animals (n = 5)

were treated with ethanol only.

Two days after treatment animals were perfused transcar-

dially with 4% paraformaldehyde (PFA) in 0.1 m phosphate

buffer (PB). Skins were immediately removed and postfixed

overnight at 4�C. Tissue blocks were embedded in paraffin

and serially cut into 3 lm thick sections.

Cell cultures
In this study we used a keratinocyte (HaCaT, passages

79–86) and a T-lymphoma cell line. The HaCaT line of spon-

taneously immortalized human keratinocytes (18), kindly

provided by Prof. Fusenig (German Cancer Research Center,

Heidelberg, Germany), was cultured in Dulbecco’s modified

Eagle medium (DMEM) with 10% fetal calf serum (FCS).

The human T-cell leukaemia line HuT-78 (LGC Promo-

chem, Wesel, Germany) was grown in RPMI-1640 (Invitro-

gen, Karlsruhe, Germany) supplemented with 10% FCS

(PAA Laboratories GmbH, Cölbe, Germany). Both cell lines

were subcultivated two to three times per week.

Stimulation/coculture of cells
HaCaT cells, cultivated up to 90% confluency, were stimu-

lated with 5 ng ⁄ ml recombinant, human interferon-c
(INFg; Invitrogen, Karlsruhe, Germany) or 5 ng ⁄ ml recom-

binant, human tumor necrosis factor-a (TNFa; Invitrogen)

in serum-free DMEM for 24 h at 37�C. For the inhibitor

studies, cells were pretreated with 40 lm of the CATS

inhibitor Z-Val-Val-Nle-diazomethylketone (Bachem, Weil

am Rhein, Germany) in serum-free DMEM for 30 min.

Subsequently, IFNg was added as described above.

For the cocultivation studies, HaCaT cells grown in

six-well plates were washed twice with PBS. Subsequently,

3 · 106 HuT cells were suspended in 3 ml RPMI containing

10% FCS and placed within an insert well (Becton Dickinson

Labware, Franklin Lakes, NJ, USA; 0.4 lm pore size). The

cell culture insert was then placed on top of the HaCaT cells

to avoid physical contact of the different cell lines (indirect

coculture). Additional 3 ml RPMI containing 10% FCS were

added to the HaCaT monolayer. HuT and HaCaT cells were

harvested separately for Western Blot analysis 48 h later.

Reverse transcription (RT)-PCR
Total RNA from HaCaT cells was prepared. Cells were

homogenized with 1 ml TRIzol (Invitrogen) per 100 mg of

tissue and incubated for 5 min at RT. After adding 0.2 ml

chloroform per ml TRIzol the phases were separated by cen-

trifugation. The colourless supernatant was removed and

total RNA was precipitated by adding iso-propanol 1:1 fol-

lowed by a second centrifugation step. The RNA pellet was

washed in 70% ethanol, air dried and dissolved in water.

Total RNA (2 lg) from HaCaT cells was used for the

reverse transcription reaction. The reverse transcription
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reaction was done by using the RevertAid First Strand

cDNA Synthesis Kit (Fermentas, St Leon-Rot, Germany)

according to the manufacturer’s recommendations.

The RT-PCR reaction was performed using a Robocycler

96 (Stratagene, La Lolla, USA). Each sample contained

0.5 ll of cDNA, 2 mm MgCl2, 2 mm dNTP’s, 1 U Taq-

polymerase (all Fermentas) and 10 pmol of CATS primers

(nucleotides 574-593 and 775-794; Acc. No.: AJ002386).

This solution was buffered by 10-fold PCR buffer with

(NH4)2SO4 (Fermentas). PCR amplification was initiated

by incubation at 95�C and followed by 37 cycles: 45 s at

95�C, 45 s at 65�C, 45 s at 72�C. PCR products were analy-

sed by agarose gel electrophoresis.

Western blot analysis

Sample preparation
Cell culture supernatants of HaCaT cells, grown in serum-

free medium, were diluted 1:1 with 2 · Laemmli sample

buffer. The adherent cells were detached from the culture

dish in Dulbecco’s phosphate buffer saline without

Ca2+ ⁄ Mg2+(D-PBSl Invitrogen) with a plastic cell scraper

(TPP, Trasadingen, Switzerland). The obtained HaCaT cell

suspensions and HuT cells grown in suspension were

centrifuged for 5 min in a precooled centrifuge at 900 g.

Cell pellets were resuspended in D-PBS diluted 1:1 with

2 · Laemmli sample buffer and boiled for 10 min. Protein

determination was performed by the method of Neuhoff

et al. (19).

Skin samples were homogenized 20 times in cold hypo-

tonic buffer containing 10 mm HEPES ⁄ KOH pH 7.9, 10 mm

KCL, 2 mm MgCl2, 0.1 mm DTT, 0.1% (v ⁄ v) Nonidet P40

and 1 fold complete protease inhibitor cocktail (Roche,

Grenzach-Wyhlen, Germany). After homogenization suspen-

sions were incubated on ice for 15 min, subsequently vor-

texed for 2–3 s and centrifuged for 2 min at 12.000 g in a

precooled centrifuge. The supernatant of these samples con-

tained all the soluble parts of the cells. Supernatants were

collected and mixed 1:1 with Laemmli buffer.

Immunoblotting
Proteins were electrophoretically separated on a 10 or 12%

polyacrylamide gel containing SDS and transferred onto a

PVDF-membrane (Carl Roth, Karlsruhe, Germany). After

blocking in 1.5% milk powder and 1% bovine serum albu-

mine (BSA) in TBS–Tween (0.1% Tween, 20 mm TBS),

incubation with the primary antibodies (see Table 1) was

conducted in blocking buffer overnight at 4�C. Proteins

were detected using HRP-coupled secondary antibodies and

the ECL-Plus system (Amersham Bioscience, München,

Germany). Protein load was controlled by detection with

mouse anti-chicken a-tubulin. To control protein loading,

the tubulin amounts in each sample were determined using

a mouse anti-chicken a-tubulin antibody.

To confirm the specificity of the anti-CATS antibody

Western Blot analyses with different recombinant cathep-

sins (R&D Systems, Wiesbaden, Germany) were performed

(Fig. S2i).

Histology, immunohisto- and -cytochemistry
The histopathological characterization of the skin samples

(see Supporting Information), the regional and cellular

Table 1. Antibodies used in this study for Western blot analyses and immunohisto- ⁄ cytochemistry

Antigen

Antibody

Abbreviation Source Type Dilution Application

Alpha-tubulin aTub Sigma Mouse, monoclonal 1:400.000 WB
Cathepsin S CATS R&D systems Goat, polyclonal 1:200 WB
CD74 (PIN.1) Ii Santa Cruz Mouse, monoclonal 1:200 WB
HLA-DRa (DA6.147) MHCII Santa Cruz Mouse, monoclonal 1:200 WB
Glyceraldehyde-3-phosphate
dehydrogenase

GAPDH Santa Cruz Goat, polyclonal 1:200 WB

Cathepsin S CATS Santa Cruz Goat, polyclonal 1:200 IHC, ICC
Cytokeratin 1 CK1 Vector Mouse, monoclonal 1:300 IHC
Cytokeratin 6 CK6 Abcam Mouse, monoclonal 1:100 IHC
Cytokeratin 14 CK14 Vector Mouse, monoclonal 1:300 IHC
Filaggrin Fila Vector Mouse, monoclonal 1:1.000 IHC
HLA-DRa (DA6.147) MHCII Santa Cruz Mouse, monoclonal 1:500 IHC
Interleukin 4 IL4 Santa Cruz Goat, polyclonal 1:400 IHC
Leucocyte surface antigen
p150,95

CD11c Pierce Hamster, monoclonal 1:200 IHC

Macrophage antigen CD68 CD68 Serotec Mouse, monoclonal 1:100 IHC
T-cell receptor complex CD3 Serotec Rat, monoclonal 1:100 IHC
Thymocyte antigen CD1a CD1a Abcam Mouse, monoclonal 1:100 IHC
Tryptase Tryp Abcam Mouse, monoclonal 1:5.000 IHC
von Willebrand factor vWF Sigma Rabbit, polyclonal 1:4.000 IHC
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expression analyses of CATS and the phenotypic character-

ization of CATS expressing cells were performed by

histochemical (0.01% toluidine blue for mast cells) or

immunohisto- ⁄ -cytochemical methods using a panel of

antibodies as described in Table 1.

Single immunohistochemical stainings of skin tissues

were performed on deparaffinized sections (3–5 lm thick)

after rapid melanin bleach according to the method

described by (20). After antigen retrieval (5 min cooking in

0.01 m citrate buffer, pH 6.0) and incubation with 3% nor-

mal serum, sections were treated with the first antibody

(see Table 1), followed by incubation with corresponding

CY3-labeled (1:500; Dianova, Hamburg, Germany) or bio-

tinylated secondary antibodies (Vector Laboratories Inc.,

Burlingame, CA, USA), and the ABC reagent (Axxora,

Grünberg, Germany) or fluorescein isothiocyanate-labeled

Avidin (1:400; Axxora). Peroxidase reaction was carried out

with 3,3¢-diaminobenzidine as the chromogene and was

intensified with silver–gold (21). Specificity of the stainings

was confirmed by omission of the primary antibodies and

by preabsorption with a fivefold (by weight) excess of

specific blocking peptides for 2 h at RT (Fig. S2g,h).

Data analysis
Peroxidase-labelled immunhistochemistry sections were

visualized at the microscopic level (Axioskop2; Zeiss,

Oberkochen, Germany) under brightfield illumination and

Normarski optics, while fluorescent structures were ana-

lyzed by epifluorescence (Axioskop2). Images were cap-

tured with an imaging system (JVC, KY-F75U camera)

connected to a computer equipped with an imaging pro-

gram (Diskus 4.50; Hilgers, Königswinter, Germany).

Western Blot experiments were quantified with regard to

CATS protein expression after normalization of each sample

against the corresponding tubulin or GAPDH band using the

image analysis software tina 2.09 (Raytest, Straubenhardt,

Germany). Data were analysed by means of one-way analysis

of variance (ANOVA) or Kruskal–Wallis one-way analysis of

variance on ranks (H-test) to determine statistical signifi-

cance. All pairwise multiple comparison procedures (Tukey

test or Student–Newman–Keuls method) were used for

post hoc comparisons when significance (at the P < 0.05

level) was indicated. Comparisons between two groups were

made using Student’s t-test or Mann–Whitney U-test if tests

on normality and ⁄ or equal variances failed. All statistical

analyses were conducted with SigmaStat 3.1 software (Systat

Software GmbH, Erkrath, Germany).

Results

CATS expression in normal skin
The expression of CATS in normal skin was examined

using immunohistochemistry and Western Blot analyses.

The latter revealed signals of the proform and the mature

form in all skin samples analyzed (Fig. 1a), whereas the

preproform could not be detected. Light immunohisto-

chemistry indicated that CATS protein is present within

cells distributed in the epidermis and dermis (Fig. 1b).

While most of the dermal cells localized around blood ves-

sels, the number of immunopositive cells in the epidermis
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Figure 1. CATS expression in normal skin. CATS expression in

nonpathological human skin. (a) Representative CATS Western blot

analyses of skin samples from two different sites of human head (scalp

and forehead). Signals of the proform (PF) and mature form (MF) could

be detected in both samples. (b) Overview of the distribution of CATS-

expressing structures in the skin. Immunohistochemistry reveals a large

number of CATS-positive cells in the dermis and single cells in the

epidermis. (c) Control sections were free of immunostaining. (d, e) High-

power micrographs of CATS-immunopositive cells in the epidermis (d)

and dermis (e). Note the granular immunodeposits in the cytoplasm of

the cells. (f–q) Pairs of serial thin (3 lm) sections stained for CATS (f, h,

j, l, n, p) and the cell type-specific markers CK1 (g), CD1a (i), CD68 (k),

CD3 (m), von Willebrand factor (o) and tryptase (q) show expression of

CATS in Langerhans cells (h, i), macrophages (j, k), T-cells (l, m) and

endothelial cells (n, o), but not in keratinocytes (f, g) and mast cells

(p, q). Arrows mark the same cell in neighboring sections. Dashed lines

indicate the course of the basal membrane between epidermis and

dermis. Scale bars: b, c (100 lm); d, e, n–q (10 lm); f–m (20 lm).

Cathepsin S in psoriatic keratinocytes

ª 2009 John Wiley & Sons A/S, Experimental Dermatology, 19, e80–e88 e83



was small and were found in the stratum spinosum. The

regional and cellular staining pattern of CATS was

independent of body location.

Immunopositive cells were of small size and the reaction

product appeared as granules within the cytoplasm of these

cells (Fig. 1d,e). To determine the phenotype of the

CATS(+)-cells we performed single stainings of adjacent

serial 3–5 lm thick sections with skin cell type-specific

markers. Immunostainings with the keratinocyte marker

cytokeratin 1 (CK1) and the Langerhans cell marker

(CD1a) revealed that all CATS(+)-cells in the epidermis of

normal skin are Langerhans cells and hence that keratino-

cytes are free of CATS (Fig. 1f–i). In the dermis CATS(+)-

cells expressed the macrophage marker CD68 (Fig. 1j,k),

the T-cell marker CD3 (Fig. 1l,m) or the endothelial cell

marker vWF (Fig. 1n,m), but did not colocalize with the

mast cell marker tryptase (Tryp) (Fig. 1p,q).

CATS upregulation in psoriatic keratinocytes
To assess whether CATS is regulated in dermatologic

diseases we examined several types of pathological skin.

We analyzed skin samples from patients with psoriasis and

actinic keratosis and from a mouse model for atopic

dermatitis. Besides clinical histological diagnosis the skin

biopsy specimens were immunohistochemically phenotyped

using antibodies against cytokeratins and inflammatory

cells (see Figs S1 and S2a–f). All biopsies showed the

typical histopathological appearance of the respective

disease (22–25).

In all analyzed pathological skin samples we observed a

quantitative upregulation of CATS(+)-cells in the dermis

(Fig. 2a–c). This dermal upregulation was small in AK

(Fig. 2b), but substantial in PS and AD (Fig. 2a,c). To our

surprise the dermal changes of CATS in PS were accompa-

nied by a strong upregulation in the epidermis. Psoriatic

keratinocytes in the epidermis exhibited CATS(+)-granules

in the cytoplasm (Fig. 2d,e), while CATS was undetectable

in keratinocytes of normal or of actinic keratosis and

atopic dermatitis skin biopsies (Fig. 2). The upregulation of

CATS in the epidermis was accompanied by an upregula-

tion of MHCII in keratinocytes (Fig. 2i,j) and an infiltra-

tion of CD3(+) T-cells (Fig. 2k–m and Fig. S1b)

CATS expression in HaCaT cells
In order to set up an in vitro culture system for studies of

CATS regulation and function in keratinocytes we used the

HaCaT cell line and evaluated the basal expression level of

CATS in the unstimulated cells first. RT-PCR and Western

Blot analyses showed CATS transcript (Fig. 3a) and rather

weak protein (Fig. 3b) expression in HaCaT cells. In accor-

dance to normal skin, signals of the pro- and mature form

were detected (Fig. 3b), but no signal in the supernatant

was found.
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Figure 2. CATS expression in skin diseases. (a–c) Survey micrographs

illustrate the CATS expression in skin samples of psoriasis (a), actinic

keratosis (b) and mouse atopic dermatitis (c). In psoriatic skin the

number of CATS-immunopositive cells is markedly increased. (d–g)

Neighboring 3 lm thick sections immunostained for CATS (d, f) and the

keratinocyte marker CK1 (e, g) show the expression of CATS in

psoriatic keratinocytes but not in those of actinic keratosis. Arrows and

numbers mark the same cell in neighboring sections. (h) High power

micrograph illustrates single, non-keratinocytic CATS-immunopositive

cells in the epidermis of atopic dermatitis. Dashed lines indicate the

course of the basal membrane between epidermis and dermis. (i, j)

Neighboring sections of psoriasis sample immunostained for the

keratinocyte marker CK14 (i) and MHCII (j) show the expression of

MHCII in psoriatic keratinocytes. Numbers mark the same cell in

neighboring sections. (k–m) Double immunfluorescence staining for

CATS and CD3 shows infiltration of T-cells in psoriatic epidermis. Scale

bars: a, b (50 lm); c (20 lm); d–m (10 lm).

-RT CATS

250 bp
300 bp

Marker PS

PF
37 kD

200 bp
MF25 kD
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Figure 3. HaCaT cells express CATS. (a) CATS transcript was detected

in HaCaT cells using RT-PCR. In order to control that no genomic

sequences were amplified, a control without reverse transcriptase (-RT)

was performed. (b) The presence of the CATS protein (PF, proform; MF,

mature form) was verified by Western Blot analysis. The same blot was

stripped and re-probed for GAPDH expression to normalize protein

loading and transfer. S, culture supernatant; P, cell pellet.
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Coculture with T-cells or treatment with cytokines
induces a strong upregulation of CATS expression
in HaCaT keratinocytes
Next we asked the questions if the T-cells which markedly

infiltrate the epidermis of psoriatic skin lesions (see Fig. 2

and Fig. S1b; for review see 22) might be able to induce

CATS expression in keratinocytes.

We therefore investigated the influence of the T-cell line

HuT on the CATS expression level in HaCaT keratinocytes

using a coculture model. We cultured the HuT cells in

insert wells above the HaCaT cells. Under these conditions

HuT cells induced an upregulation of CATS expression in

HaCaT cells (Fig. 4a). The expression of the CATS forms

was increased 1.2–2.5 fold (Fig. 4b). These results suggest

that T-cells induce CATS expression by soluble factors

secreted into the medium.

To further explore the T-cell derived factors that stimu-

late CATS expression we studied the effect of the two

major cytokines TNFa and IFNg, which are secreted by

T-cells in large quantities in psoriatic lesions (for reviews

see 22,26). Both cytokines markedly increased the expres-

sion of CATS in HaCaT-cells. Western Blot analyses

revealed an upregulation of the pro- and the mature form

after treatment (Fig. 4c,d). Interestingly, we also noted the

appearance of CATS in the supernatant of treated cells.

While Western Blot analyses failed to detect CATS in the

supernatant of untreated HaCaT cells, we noted the

proform and mature form of CATS in the supernatant of

both, TNFa- and IFNg-treated keratinocytes (Fig. 4c).

CATS activity regulates the level of MHCII
expression and Ii processing in keratinocytes
CATS plays a crucial central role in antigen representation

by MHCII, controlling both the expression and the differ-

entiation of this complex (8,27). For a long time it has

been assumed that the MHCII complex is predominantly

expressed in professional antigen-presenting cells (APCs)

like dendritic cells, macrophages and B cells and only

recently it has been shown to be constitutively expressed

in keratinocytes (28). Moreover the upregulation of the

MHCII complex by keratinocytes in several dermatoses

including psoriasis is well documented (29–31). Therefore

we studied the functional role of CATS in MHCII complex

processing in keratinocytes. We stimulated HaCaT cells

with IFNg in the presence or absence of a specific CATS-

inhibitor and analyzed the MHCII expression (represented

by the human leukocyte antigen DR alpha chain; HLA-

DRA) and the degradation of the invariant chain Ii.

In the absence of the inhibitor IFNg treatment resulted

in a strong induction of MHC class II and Ii protein

expression in HaCaT cells (Fig. 5a,b; control). To deter-

mine whether cathepsin inhibition results in modulation of

this IFNg-induced protein upregulation we preincubated

the cells with the specific CATS-inhibitor Z-Val-Val-Nle-

diazomethylketone. Inhibitor preincubation induced a

strong decrease of the IFNg-induced MHCII upregulation

(Fig. 5a). Next, we focused on the processing of the invari-

ant chain and analyzed whether similar to professional

antigen-presenting cells CATS participates in the cleavage

of the invariant chain (Ii) in keratinocytes. For this pur-

pose, accumulation of Ii degradation fragments was investi-

gated by Western Blot analysis using an antibody directed

against the cytoplasmic tail of Ii. Treatment with IFNg

induced an upregulation of the unprocessed p33 ⁄ 35 iso-

forms of Ii, but no Ii degradation intermediates (Fig. 5b).

However, additional preincubation with the specific CATS

inhibitor Z-Val-Val-Nle-diazomethylketone resulted in an

accumulation of the degradation product Ii-p10. This

increase was accompanied by a significant decrease in the

CATS

PF

MF

37 kD

25 kD
0.4

0.6

0.8

*
CATS PF CATS MF

HuTC

GAPDH
37 kD

0

0.2

TNFa CATS
PF

MF

S P S P

IFNg – – + +

– – + +

 

aTUB

CATS
PF

S PS P

CATS MF

**
CATS PF

0

2

4

6 **

1

1.5 **
CATS MF

CATS PF

– –+ +

– –+ +TNFa

IFNg
0

0.5

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

R
el

at
iv

e 
ex

pr
es

si
on

MF

aTUB

(a) (b)

(c) (d)

Figure 4. Effect of T-cell coculture or treatment with the cytokines

TNFa or IFNg on CATS expression in HaCaT cells. (a, b) Western blot

analysis of CATS expression (a) and the respective quantification of the

band intensities (b) for whole cell lysates HaCaT cells cultured in the

presence of the T-cells HuT. Indirect (no cell–cell contact) coculturing of

these cells induced an upregulation of the pro- and mature form of

CATS in HaCaT cells. Expression levels were normalized relative to the

corresponding GAPDH band. Bars represent the mean ± SEM of three

independent experiments. Statistics: student’s t-test. (c) Similarly,

treatment with TNFa or IFNg induced a substantial increase of both

forms of CATS. Moreover, after stimulation with either cytokine CATS

appeared in the supernatant of the cells. (d) Quantification of CATS

proform and mature form band intensities in whole cell lysates of

untreated versus treated HaCaT cells. Expression levels were normalized

relative to the corresponding a-tubulin (aTUB) band. Bars represent the

mean ± SEM of four independent experiments. Statistics: U-test:

*P < 0.05; **P < 0.01. (c) control (no HuT cells); S, culture supernatant;

P, cell pellet.
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Ii-p33 ⁄ 35 form (Fig. 5b). Thus, inhibition of CATS activity

in HaCaT cells attenuates IFNg-induced upregulation of

MHCII molecules and blocks conversion of Ii-p10 into

class II invariant chain-associated peptide (CLIP) resulting

in an accumulation of the Ii-p10 intermediate degradation

product of Ii.

Discussion

Human skin contains a number of proteases, which fulfill a

broad spectrum of biological processes (for reviews see 6,32).

Dysregulation of these proteases may result in the develop-

ment of severe skin pathologies or even tissue loss (for

reviews see 33–35). For example, human psoriatic tissues lack

normal expression of the cysteine protease caspase 14 and

induction of this protease has been shown to reduce psoriasi-

form lesions in the flaky skin mouse model (36). Cysteine

proteases, including the caspases and cathepsins, comprise

one of the largest and best characterized families of pepti-

dases, but little is known about their role in skin pathology.

In this manuscript we concentrate on CATS, a cathepsin

which plays a major role in immune system function (37).

We provide first evidence that (i) CATS expression is

induced in psoriatic keratinocytes, but not in actinic kerato-

sis and atopic dermatitis keratinocytes, (ii) T-cells and the

cytokines IFNg and TNFa trigger the keratinocytic CATS

expression and (iii) CATS is involved in MHC class II expres-

sion and invariant chain (Ii) degradation in keratinocytes.

Until present most analyses of cathepsin expression have

been performed in dermal cell culture and only two studies

show expression of cathepsins B, C, D, H, L in human and

rat epidermis (38,39). Our study revealed that unlike the

latter cathepsins, CATS is not expressed in normal kera-

tinocytes. However, we detected CATS in phagocytic ⁄
antigen-presenting cells distributing predominantly in the

dermis and only rarely in the epidermis. This cellular

expression pattern fits to the well-known pattern of CATS

expression in various other organs, like the brain, spleen

and lung (12,40,41).

This distribution pattern changed substantially in the

pathological skin. In all analyzed skin diseases the number

of CATS-positive antigen-presenting cells increased in the

dermis. In addition, CATS expression could be demon-

strated in psoriatic keratinocytes. Similar to our data of

CATS, previous reports showed an increased expression

level and a redistribution of the cathepsins L, B and D in

the psoriatic epidermis (38,42,43). Moreover, besides cath-

epsins, keratinocytes produce a number of other proteases,

which serve important roles during epidermal differentia-

tion and the generation of a permeability barrier (6).

Expression analyses of these enzymes revealed that some

matrix metalloproteases and serine proteases (44–47) add

to the list of upregulated proteases in psoriatic keratino-

cytes. Thus, we can summarize that similar to other tissues

(11–13,48,49), inflammatory changes in the skin are

accompanied by a strong induction of CATS.

The PS-specific expression of CATS in keratinocytes

raises the questions about the induction mechanism as well

as the role of this enzyme in the pathophysiology of PS.

Taking into account that PS in contrast to AD and AK is

characterized by an infiltration of T-cells and Langerhans

cells into the epidermis (see also Figs S1 and S2) and that

these cell types are known to interact closely with keratino-

cytes during PS pathogenesis (22,50–54) we analysed

whether T-cells are able to induce CATS expression. Our

results clearly support this assumption. In this study we

showed that T-cells are able to stimulate CATS expression

in keratinocytes via the secretion of cytokines, like TNFa

and IFNg. These results are supported by the finding that

IFNg stimulates CATS activity in HaCaT cells (16). The

IFNg-induced upregulation of CATS has been demonstrated

to take place at the transcriptional level. Interestingly the

promoter structure suggests that the CATS gene can be
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Figure 5. CATS is involved in MHCII expression and Ii processing in

HaCaT keratinocytes. IFNg-stimulated or unstimulated HaCaT cells were

treated with the specific CATS-inhibitor Z-Val-Val-Nle-

diazomethylketone (CATS-inh.). (a) The inhibitor significantly diminished

the IFNg-induced upregulation of the MHC class II molecule HLA-DR

(*P < 0.05). (b) Moreover, inhibitor preincubation induced a

downregulation of the invariant chain Ii-p33 ⁄ 35 with concomitant

accumulation of the Ii processing intermediate Ii-p10 indicating that

inhibition of CATS blocks the conversion of Ii-p10 into CLIP. Expression

levels were normalized relative to the corresponding a-tubulin (aTUB)

band. Bars represent the mean ± SEM of three independent

experiments. Statistics: ANOVA.*P < 0.05.
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specifically regulated, e.g. via binding of transcriptional

regulators to an IFN-stimulated response element (55,56).

The T-cell line applied in this study, HuT-78, constitutively

expresses TNFa and IFNg (unpublished observations (57)).

However, the role of CATS in PS is still unclear. The best

documented function for CATS is its role in antigen process-

ing and presentation, which is also reflected by the promi-

nent CATS expression in phagocytic and antigen-presenting

cells. It has been shown that the proteolytic actions

performed by CATS within early endosomes of most of the

professional APCs comprise degradation of MHC class

II-associated invariant chain (1,8,27). Given this function,

the upregulation of MHC class II-immunoreactivity in the

psoriatic epidermis reported in this study and the ability of

keratinocytes to synthesize MHC class II (16,30,58,59) we

addressed the question whether CATS fulfills similar tasks in

keratinocytes. Using a specific CATS inhibitor we showed

that CATS has a distinct role in Ii processing as well as in

MHC class II expression in keratinocytes. A previous study

showed a simultaneous upregulation of CATS and MHC

class II molecules in IFNg-stimulated keratinocytes but did

not disclose a direct connection between the upregulation of

these molecules (16). Our study provides first evidence that

CATS accounts for regular peptide loading and MHC class II

expression in keratinocytes thereby controlling the MHC

class II antigen presentation machinery. A specific role for

CATS during antigen presentation in human keratinocytes is

also supported by other studies. Contrary to the situation in

mouse, processing of Ii chain in human epithelial cells is

mostly dependent on CATS as demonstrated for human

thymic epithelial cells (60). In contrast to other cathepsins,

only CATS is selectively upregulated in human keratinocytes

upon IFNg stimulation (16).

Furthermore, we found evidence for a substantial release

of CATS after stimulation with TNFa or IFNg. The unusual

activity of CATS at neutral pH raises the possibility that it

degrades proteins in the extracellular space. In fact, studies

have shown a crucial function of CATS in the degradation

of the extracellular matrix (61–63). By remodeling the

extracellular matrix CATS might be implicated in processes

like the transepidermal migration of keratinocytes (64,65),

the maintenance of the permeability barrier (66,67) and

even the regulation of T-cell functions (68,69).

During the past years keratinocytes emerged as active

players in several inflammatory skin diseases. Upon stimu-

lation they secrete proinflammatory mediators and express

various adhesion molecules (70,71). Our data expands these

well-known functions and give evidence that during PS

pathogenesis keratinocytes change phenotype. They gain

antigen-presenting capacities and secrete the protease

CATS. Regulating the expression of CATS by either anticy-

tokine therapy (72) or the recently developed CATS-inhibi-

tors (73–75) could represent important strategies for the

therapy of psoriasis. IFNg and TNFa work both upstream

to CATS, but TNAa inhibitors cause severe side effects in

some patients (76,77). As CATS inhibitors will act more

downstream in the pathological cascade, will not directly

target T-cells and will be specific for CD4-positive T-cells,

side effects commonly associated with immunosuppression

should be reduced.
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