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1  | BACKGROUND

Epidermal desquamation is a physiological process regulated 
by proteolytic pathways involving serine proteases, especially 
kallikrein- related peptidases (KLKs), and other enzymes, for exam-
ple, cathepsins. Various skin disorders display altered epidermal 
desquamation.[1–4] Recently, we developed a new histochemical 
method termed activography that allows the fine mapping of enzy-
matic activities on tissue sections. It is based on the reaction of an 
activity- based probe (ABP) with the active form of the correspond-
ing enzyme in clinical/biological samples and detection of the ABP 
adduct with typical histochemical reagents.[5] Here, activography 
was validated side- by- side with in situ zymography to investigate 
the levels and spatial localization of proteolytic activities in skin 
biopsies obtained from patients with distinct diseases manifested 
by abnormal epidermal desquamation. Aberrant proteolysis due to 

KLK5 hyperactivity has been causally implicated in epidermal in-
flammation and overdesquamation in Netherton syndrome (NS).[6,7] 
Recently, we reported that in acral peeling skin syndrome (APSS), 
epidermal proteolytic activities are aberrantly elevated likely due 
to the lack or diminished expression of endogenous protease inhib-
itors.[8] Interestingly, KLK5 has been implicated in the development 
of atopic dermatitis (AD) skin architecture[9] and altered expression 
of KLKs has been observed in AD patients.[10] In X- linked ichthyosis 
(XLI), there is accumulation of cholesterol sulphate, a putative inhib-
itor of serine proteases,[11] but whether proteolytic activities in the 
epidermis are altered has not been investigated as also in seborrheic 
dermatitis (SD), ichthyosis vulgaris (ΙV) and autosomal recessive 
congenital ichthyosis due to TGM1 mutations (ARCI- TGM1). Overall, 
the findings presented here suggest that abnormal epidermal pro-
teolytic activities underlie the aberrant desquamating phenotype in 
many more inflammatory, desquamating skin disorders.
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Abstract
The role of epidermal proteolysis in overdesquamation was revealed in Netherton 
syndrome, a rare ichthyosis due to genetic deficiency of the LEKTI inhibitor of serine 
proteases. Recently, we developed activography, a new histochemical method, to 
spatially localize and semiquantitatively assess proteolytic activities using activity- 
based probes. Activography provides specificity and versatility compared to in situ 
zymography, the only available method to determine enzymatic activities in tissue 
biopsies. Here, activography was validated in skin biopsies obtained from an array of 
distinct disorders and compared with in situ zymography. Activography provides a 
methodological advancement due to its simplicity and specificity and can be readily 
adapted as a routine diagnostic assay. Interestingly, the levels of epidermal proteoly-
sis correlated with the degree of desquamation independent of skin pathology. Thus, 
deregulated epidermal proteolysis likely represents a universal mechanism underly-
ing aberrant desquamation.
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2  | QUESTIONS ADDRESSED

We validated activography as a new assay to map the epider-
mal proteolytic activities in skin biopsies obtained from pa-
tients suffering from various skin diseases that affect epidermal 
desquamation.

3  | E XPERIMENTAL DESIGN

Biopsies were obtained from patients with NS, APSS, AD, XLI, ARCI 
with TGM1 mutations, SD and IV. All patients have provided written 
consents, and the studies were approved by the Ethics Committees of 
the respective institutions. A detailed description of tissues is provided 

TABLE  1 Results of activography and in situ zymography analysis of clinical specimens

Sample

Activity

Spatial localization of protease 
activities by activography

Disease severity/severity of 
desquamationa

In situ 
zymography Activography

Normal (healthy)

N1 +/− +/− SC Normal

N2 +/− +/− SC Normal

N3 + + SC Normal

N4 + + SC Normal

N5 + + SC Normal

Netherton syndrome (rare 1:200 000, loss of function of SPINK5 encoding LEKTI)- Severe overdesquamation and atopic diathesis[15]

NS1 +++ +++ All epidermal layers Severeb

NS2 + +++ Low epidermal activity- absence of SC Severe

Seborrheic dermatitis (common, relation with Malassezia yeasts and undetermined genetic factors)- flaking and scaling skin, pruritus at the scalp 
and face[16]

SD1 ++ +++ All epidermal layers Absence of desquamation

Acral Peeling Skin syndrome (very rare >1:1000 000, loss of function of TGM5 encoding transglutaminase 5)- overdesquamation in hands and 
feet[17] APSS2 and 3 are shown in Supporting data

APSS1 +++ +++ All epidermal layers Severeb,c

APSS2 ++ ++ All epidermal layers Moderate

APSS3 +++ +++ All epidermal layers Severe

Atopic dermatitis (common, multifactorial)- pruritus and recurrent eczematous lesions[18]

AD1 +++ ++ All epidermal layers 60% eczema, atopyd, high IgE levels 
(25 111 kU/L, normal <100 kU/L)

AD2 ++ ++ All epidermal layers 50% eczema, atopyd, high IgE levels 
(2071 kU/L)

AD3 +/− + Very slight epidermal staining 50% eczema, no signs of atopy, 
normal IgE levels

X- linked ichthyosis (relatively common 1:1800, loss of function of STS encoding steroid sulphatase)- no desquamation, no inflammation[19]

XLI1 - +/− Almost no epidermal staining No sheddinge,f

XLI2 - +/− Almost no epidermal staining No sheddingf

ARCI (rare 1:90 000- 1:300 000, loss of function of TGM1 encoding transglutaminase 1)- epidermal scaling may have collodion membrane at 
birth[20]

ARCI1 +/− + SC/SG interface

ARCI2 +/− ++ Low staining in all epidermal layers Dermis with activography

Ichthyosis vulgaris (relatively common 1:250, mutations in filaggrin)- no desquamation similar to XLI[21]

IV1 +/− +/− No epidermal staining No sheddingf

IV2 +/− +/− No epidermal staining No sheddingf

SC, stratum corneum; SG, stratum granulosum.
aDisease severity was based on clinical/macroscopic assessment. 
bSevere indicates extensive macroscopic desquamation and easy of peeling. 
cIn situ zymography and clinical assessment have been published previously.[7] 
d60% or 50% body surface coverage. 
eActivity was found in the dermis. 
fAbsence of shedding was assessed based on the clinical image of the patient. 
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in Table 1. Activography was conducted with the B24P ABP that reacts 
with active serine proteases and esterases.[2] In situ zymography[2,8] 
and immunohistochemistry (IHC) were conducted as described.[6] 
Detailed experimental conditions are found in Supporting Information.

4  | RESULTS AND DISCUSSION

All healthy controls (n = 5) exhibited “low” staining that was local-
ized at the stratum granulosum (SG) and stratum corneum (SC), 
compatible with the known protein expression pattern of KLKs. In 
accordance, they displayed low caseinolytic activities using in situ 
zymography at the SG and SC. Representative images of activogra-
phy and in situ zymography are shown in Figure 1, and findings are 
summarized in Table 1.

NS1 skin tissue showed high activography intensity throughout 
the epidermis, especially at regions of SC/SG dissociation (Figure 1). 
Caseinolytic activities showed similar pattern. The NS2 did not show 
increased caseinolytic activities, most likely because SC was com-
pletely shed from the stained area. Activography found increased 
proteolytic activities in SG and inner layers. Thus, activography does 
not provide identical results with in situ zymography, as anticipated, 
since B24P is specific for mapping serine protease activities, while 
casein is recognized by other proteases as well. Strong activography 
signal was detected in the sample from APSS patient that exhibited 
severe desquamation, especially at the SC/SG interface (Figure 1, 
Table 1). In two other APSS patients, activography staining cor-
related with the severity of desquamation, (Figure S1A, Table 1).

Using activography, proteolytic activities were spatially mapped 
and quantified in AD, XLI, ARCI (TGM1) and IV skin (Figure 1, Table 1). 

Elevated activities were also observed in SD, a severe form of dan-
druff characterized by altered corneocyte cohesion and abnormal 
corneodesmosome degradation. The enhanced proteolytic activities 
could be related to both mechanisms. The previously reported in-
creased expression of the serine protease inhibitors LEKTI (lympho- 
epithelial Kazal- type- related inhibitor) and SCCA1 (squamous cell 
carcinoma antigen) in dandruff could reflect compensatory mech-
anisms.[12] Biopsies from three AD patients exhibiting different de-
grees of skin inflammation and serum IgE levels were analysed, and 
the levels of proteolysis correlated with phenotype severity (Figure 
S1A, Table 1). In XLI and IV, almost no proteolysis is observed, consis-
tent with hyperkeratosis and diminished desquamation. A slight stain-
ing in SC/SG junction in XLI may be attributed to low serine protease 
activities reminiscent of healthy specimens. Both ARCI- TGM1 samples 
showed loss of epidermal proteolytic activities consistent with dimin-
ished desquamation. However, similarly to XLI, slight staining was 
found at the SC/SG junction of ARCI1 specimen. Increased dermal 
staining with activography in ARCI2 could suggest the presence of 
active serine proteases with low caseinolytic activities in the dermis.

Immunohistochemical staining for KLK5 in healthy, NS, AD, APSS 
and SD samples resembled activography staining (Figure S1B), con-
sistent with the fact that KLK5 plays important roles in NS,[6] AD[9,10] 
and APSS[8] pathology. KLK6 colocalizes with KLK5, and its staining 
is like activography (Figure S1C).

Using activography, we associated abnormalities in the levels of 
epidermal proteolysis with corresponding alterations (up or down) 
in the extent of desquamation in a variety of skin disorders. Except 
for NS, where the causative gene encodes a protease inhibitor, in the 
other skin diseases studied here, abnormal proteolysis was not known 
to be a pathological feature. We propose the concept that deregu-
lated proteolysis could be a unifying feature in diseases characterized 
by abnormal desquamation. A subset of clinical specimens was also 
analysed with gelatin in situ zymography to determine the specificity 
of activography. Since matrix metalloproteinases are the main ge-
latinolytic enzymes, the B24P should not provide identical results to 
gelatin in situ zymography. Indeed, the pattern of gelatinolytic activ-
ities was completely different from that of caseinolytic activities and 
activography (Figure 1B). Specifically, no gelatinolytic activities were 
detected in most samples, except for APSS that showed high activity 
only in SC. To provide evidence for the specificity of B24P, skin biop-
sies were pretreated with aprotinin and AEBSF that effectively inhibit 
activity of serine proteases (Figure S2). It should be mentioned that 
these controls should always run in parallel with the experiments as 
also suggested and performed previously,[13,14] especially in this case 
that the B24P does not have a proteolytic enzyme- selective “bait” 
and its specificity merits further characterization.

5  | CONCLUSIONS

Activity- based probes have a well- recognized ability to visualize pro-
teases in vivo.[13,14] Here, we showed that activography provides simi-
lar spatial and semiquantitative information as the in situ zymography 

F IGURE  1 Analysis of clinical specimens with activography and 
in situ zymography. A, Comparison of activography and casein in 
situ zymography. For clarity, only one control sample of healthy skin 
is shown. B, Gelatin in situ zymography of clinical specimens. The 
dashed lines (green or red) indicate the dermo- epidermal junction 
zone. Scale bar: 20 μm
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method but is advantageous in that activography allows the map-
ping of enzyme specificities thus opening possibilities for new appli-
cations in clinical diagnostic laboratories. In the present study, the 
B24P- ABP used does not have proteolytic enzyme- selective “bait,” 
and therefore, it is expected to react with both proteases and ester-
ases. However in skin, using the appropriate control inhibitors, it was 
demonstrated that B24P mainly reacts with proteases. The develop-
ment of highly specific ABPs that could react with only one enzyme 
will enable spatial localization of the active forms of unique enzymes. 
Finally, we highlight for the first time that deregulated skin proteoly-
sis is a common feature in a wide range of distinct skin diseases, all 
characterized though, by aberrant desquamation and barrier defect. 
This could open a new window targeting proteolytic pathways.

CONFLIC T OF INTERE S TS

The authors state no conflict of interest.

AUTHOR CONTRIBUTIONS

EZ performed experiments and analysed data; GP participated in 
experiment design and data analysis; DK, MV and NJ collected and 
characterized the clinical samples; GS designed and supervised re-
search; EZ, GP and GS wrote the manuscript.

ORCID

Georgia Sotiropoulou  https://orcid.org/0000-0003-0747-4914 

R E FE R E N C E S

 [1] C. L. Simpson, D. M. Patel, K. J. Green, Nat. Rev. Mol. Cell Biol. 2011, 
12, 565.

 [2] S. J. de Veer, L. Furio, J. M. Harris, A. Hovnanian, Trends Mol. Med. 
2014, 20, 166.

 [3] G. Sotiropoulou, G. Pampalakis, Trends Pharmacol. Sci. 2012, 33, 
623.

 [4] C. A. Borgoño, I. P. Michael, J. L. Shaw, L. Y. Luo, M. C. Ghosh, A. 
Soosaipillai, L. Grass, D. Katsaros, E. P. Diamandis, J. Biol. Chem. 
2007, 282, 2405.

 [5] G. Pampalakis, E. Zingkou, K. Vekrellis, G. Sotiropoulou, Chem. 
Commun. 2017, 53, 3246.

 [6] L. Furio, G. Pampalakis, I. P. Michael, A. Nagy, G. Sotiropoulou, A. 
Hovnanian, PLoS Genet. 2015, 11, e1005389.

 [7] P. Descargues, C. Deraison, C. Bonnart, M. Kreft, M. Kishibe, 
A. Ishida-Yamamoto, P. Elias, Y. Barrandon, G. Zambruno, A. 
Sonnenberg, A. Hovnanian, Nat. Genet. 2005, 37, 56.

 [8] G. Pampalakis, D. Kiritsi, E. Zingkou, C. W. Franke, M. Valari, G. 
Sotiropoulou, J. Invest. Dermatol. 1808, 2017, 137.

 [9] Y. Zhu, J. Underwood, D. Macmillan, L. Schariff, R. O’Shaughnessy, 
J. I. Harper, C. Pickard, P. S. Friedmann, E. Healy, W. L. Di, J. Allergy 
Clin. Immunol. 2017, 140, 1310.

 [10] N. Komatsu, K. Saijoh, C. Kuk, A. C. Liu, S. Khan, F. Shirasaki, K. 
Takehara, E. P. Diamandis, Exp. Dermatol. 2007, 16, 513.

 [11] P. M. Elias, M. L. Williams, E. H. Choi, K. R. Feingold, Biochim. 
Biophys. Acta 2014, 1841, 353.

 [12] B. Singh, M. Haftek, C. R. Harding, Br. J. Dermatol. 2014, 171, 760.

 [13] N. P. Withana, M. Garland, M. Verdoes, L. O. Ofori, E. Segal, M. 
Bogyo, Nat. Protoc. 2016, 11, 184.

 [14] M. Bogyo, A. Baruch, D. A. Jeffery, D. Greenbaum, A. Borodovsky, 
H. Ovaa, B. Kessler, Curr. Protoc. Protein Sci. 2004, 36, 21.17.1.

 [15] S. Chavanas, C. Bodemer, A. Rochat, D. Hamel-Teillac, M. Ali, A. D. 
Irvine, J. L. Bonafé, J. Wilkinson, A. Taïeb, Y. Barrandon, J. I. Harper, 
Y. de Prost, A. Hovnanian, Nat. Genet. 2000, 25, 141.

 [16] L. J. Borda, T. C. Wikramanayake, J. Clin. Investig. Dermatol. 2015, 3. 
https://doi.org/10.13188/2373-1044. PMID: 27148560.

 [17] D. Kiritsi, I. Cosgarea, C. W. Franzke, H. Schumann, V. Oji, J. 
Kohlhase, L. Bruckner-Tuderman, C. Has, J. Invest. Dermatol. 2010, 
130, 1741.

 [18] T. Nomura, K. Kabashima, J. Allergy Clin. Immunol. 2016, 138, 1548.
 [19] P. M. Elias, M. L. Williams, C. H. Choi, K. R. Feingold, Biochim. 

Biophys. Acta 2014, 1841, 353.
 [20] M. L. Herman, S. Farasat, P. J. Steinbach, M. H. Wei, O. Toure, P. 

Fleckman, P. Blake, S. J. Bale, J. R. Toro, Hum. Mutat. 2009, 30, 537.
 [21] M. Akiyama, FLG mutations in ichthyosis vulgaris and atopic ec-

zema: spectrum of mutations and population genetics. Br. J. 
Dermatol. 2010, 162, 472.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article.

Figure S1. Comparison of activography (A) with KLK5 (B) and KLK6 
(C) IHC staining. In activography, two more APSS biopsies were in-
cluded (marked with asterisk). APSS1 (Figure 1) and APSS3 show 
severe desquamation compared to APSS2 that exhibits moderate 
desquamation. In situ casein zymography has been published pre-
viously[7]. Negative controls include absence of B24P in (A) and ab-
sence of incubation with primary anti- KLK5 (B) and anti- KLK6 (C) 
antibodies. Scale bar: 20 μm.

Figure S2. Representative activography controls. To demonstrate 
that the B24P-ABP reacts preferentially with serine proteases than 
other serine hydrolases present in skin we have pre- incubated 
samples (2 h at room temperature) for NS, and SD, with either 
4- (2- aminoethyl)benzensulfonyl fluoride (AEBSF), or aprotinin ser-
ine protease inhibitors. Since the ABP used here does not have pro-
teolytic selective “bait” it is necessary to include the above men-
tioned controls to confirm the specificity of the assay. Indeed as 
shown, both inhibitor pretreatments resulted in absence of B24P- 
staining confirming the specificity of the assay. Negative controls 
that do not include reaction with B24P to test the specificity of 
streptavidin- peroxidase polymer are also shown. Scale bar: 20 μm.
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