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Abstract 

Atopic dermatitis (AD) is a chronic inflammatory skin disease; the three major factors responsible for 

AD, i.e., epidermal barrier dysfunction, allergic inflammation, and itching, interact with each other to 

form a pathological condition. Excessive protease activities are characteristic abnormalities that affect 

the epidermal barrier in patients with AD. In normal skin, epidermal serine protease activities are 

controlled by kallikrein-related peptidases (KLKs) and their inhibitors, including lympho-epithelial 

Kazal-type-related inhibitor (LEKTI). In AD lesions, KLKs are excessively expressed, which results 

in the enhancement of epidermal serine protease activities and facilitates the invasion by allergens and 

microorganisms. In addition, some KLKs can activate protease-activated receptor 2 (PAR2) in 

epidermal keratinocytes and peripheral nerves, resulting in the induction of inflammation and itching. 

Furthermore, in AD patients with single nucleotide polymorphism (SNP) such as E420K and D386N 

of SPINK5 which encodes LEKTI, LEKTI function is attenuated, resulting in the activation of KLKs 

and easy invasion by allergens and microorganisms. Further analysis is needed to elucidate the detailed 

mechanism underlying the control of serine protease activities, which may lead to the development of 

new therapeutic and prophylactic agents for AD. 
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Introduction 

Atopic dermatitis (AD) is a chronic inflammatory skin disease; the three major factors responsible for 

AD, i.e., epidermal barrier dysfunction, allergic inflammation, and itching, interact with each other to 

form a pathological condition [1]. 

The most well-known factor causing epidermal barrier dysfunction is a mutation in the 

filaggrin gene. For the first time in 2006, it became clear that filaggrin gene mutations are an important 

onset-related factor, but the positive rate of filaggrin gene mutations in AD patients is not always high, 

and not all individuals with filaggrin gene mutations have AD [2, 3]. Therefore, it is thought that there 

are other causes of barrier dysfunction other than filaggrin. 

Excessive serine protease activity is another characteristic abnormality that affects the 

epidermal barrier in AD patients. Its importance in the skin has long been noted. For example, in 1969, 

Song et al. reported that a trypsin-like protease is generated by skin cells [4]. In 1970, Rajka suggested 

that trypsin might be an important mediator of pruritus in the skin. [5] 

Voegeli et al. reported increased stratum corneum serine protease activities in acute AD 

lesions [6]. Contrastingly, in our previous study, the serine protease activities in the strata cornea of 

the forearms of patients with AD were significantly enhanced not only in the lesions but also in the 

non-lesions [7]. In addition, these activities were significantly correlated with several biomarkers of 

AD [7]. Furthermore, when the epidermal serine protease activities were measured over time in two 
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patients treated with dupilumab, results showed that the activities decreased and normalized, almost 

in agreement with the Eczema Area and Severity Index score [8]. Epidermal serine protease activities 

are mainly controlled by kallikrein-related peptidases (KLKs) and their inhibitors such as lympho-

epithelial Kazal-type-related inhibitor (LEKTI).    

 

Epidermal keratinocyte-producing kallikrein-related peptidases 

In 1930, a protease capable of releasing bradykinin from kininogen was reported, which was named 

"kallikrein" (derived from the Greek word "kallikreas," which means "pancreas") [9]. This protease is 

known as tissue kallikrein 1 (KLK1). Later, plasma kallikrein (KLKB1), which is primarily produced 

in the liver, was discovered as another kallikrein circulating in the blood [10]. Currently, 15 types of 

tissue kallikreins are known, and the 14 kallikreins, except KLK1, are called kallikrein-related 

peptidases (KLK2-KLK15) [11]. KLK1-KLK15 form a gene cluster on the long arm of chromosome 

19 (KLKB1 is located on chromosome 4), and KLK1 to KLK15 are transcribed to mRNA with five 

coding exons [11]. KLKs are produced as pre-proproteins with signal peptides at the N-termini [11]. 

The signal peptide is removed during extracellular secretion, and the propeptide is removed 

extracellularly via autocatalysis or other KLKs or endopeptidases [11]. 

KLK5 (trypsin-like serine protease) and KLK7 (chymotrypsin-like serine protease) are 

serine proteases produced by cutaneous epidermal keratinocytes. These KLKs target cell adhesion 
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molecules, such as desmoglein-1, DSG1 (desmoglein-1, DSG1), desmocollin-1 (DSC1), and 

corneodesmosin (CDSN), as substrates in the stratum corneum of normal skin [12]. This process is 

thought to promote the desquamation of the stratum corneum. (Fig. 1a). KLKs have also been reported 

to activate IL-1 in the skin [13]. In addition, an increase in pH enhances the serine protease activities 

[14]. 

In AD lesions, KLKs are overexpressed, and the pH of the stratum corneum is increased [15, 

16]. Excessive expression and activities of KLKs disrupts the normal epidermal barrier function, and 

foreign substances such as AD antigens can easily invade the epidermis, thereby causing dermatitis 

(Fig.1b). 

 

KLK5 and AD 

KLK5 is the major tryptic serine protease in the epidermis and was first reported and cloned in 1999 

as a stratum corneum tryptic enzyme (SCTE) [17]. KLK5 causes exfoliation of the stratum corneum 

by cleaving DSG1, DSC1, and CDSN (Fig. 1a) [12]. KLK5 is indirectly involved in the processing of 

(pro) filaggrin through the activation of elastase-2, a serine protease expressed in the epidermis [18]. 

It has been pointed out that KLK5 is localized not only in lamella granules but also in keratohyalin 

granules and may be directly involved in the processing of profilaggrin processing [19]. In addition, 

KLK5 activates the antimicrobial peptide LL-37 [20]. KLK5 is self-activated or activated by KLK14 
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[21]. 

KLK5 expression is increased in AD lesions, and trypsin-like serine protease activity is also 

enhanced in lesions, which is thought to suppress the epidermal barrier function [6, 16]. Expression 

of the transcription factor specificity protein 1 (Sp1) is significantly reduced in AD lesions, and Sp1 

gene silencing increases KLK5 expression in epidermal keratinocytes; thus, decreased Sp1 expression 

may increases KLK5 in AD [22]. IL-4 has been reported to suppress the expression of Sp1 mRNA in 

cultured epidermal keratinocytes, but does not directly affect the expression of KLK5 in these cells 

[23, 24]. In addition, our previous study revealed that activated vitamin D3, retinoic acid, and high-

concentrations of calcium enhance the expression of KLK5 in the cells [25]. Further analysis is needed 

to elucidate the detailed mechanisms underlying the increased expression of KLK5 in AD lesions. 

In addition, KLK5 induces the expression of thymic stromal lymphopoietin (TSLP) in 

epidermal keratinocytes, which creates a Th2 environment via protease-activated receptor 2 (PAR2) 

(Fig.2) [26]. Furthermore, an increase in skin pH directly regulates KLK5 activity against PAR2 [27]. 

In a study by Buhl, model mice with epidermal overexpression of PAR2 showed spontaneously 

developing AD-like skin disease, which suggested the importance of serine proteases and PAR2 in the 

pathogenesis of AD [28]. PAR2 expression is enhanced on nerve fibers in AD lesions, and 

intracutaneous injection of endogenous PAR2 agonists provokes itching (Fig. 2) [29]. In addition, 

KLK5 has been reported to induce pruritus via PAR2 in a mouse model of AD (Fig. 2) [30]. Although 
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KLK5 can cleave PAR1 in vitro, there are no reports of studies on the association between KLK5 and 

PAR1 in AD [31]. However, Zhu et al. reported that KLK5 activation-induced AD-like skin structures 

are formed in a PAR2-independent manner [32]. In another study, a transgenic mouse model that 

overexpresses human KLK5 presented cutaneous and systemic hallmarks of severe inflammation and 

allergy with pruritus [33]. 

 

KLK7 and AD 

KLK7 is the only chymotrypsin-like serine protease of the KLK family that is expressed in the 

epidermis, first reported in 1991 as a stratum corneum chymotryptic enzyme (SCCE), and cloned in 

1994 [34, 35]. KLK7 causes desquamation of the stratum corneum by cleaving DSC1 and CDSN (Fig. 

1a) [12]. The increased pH in the stratum corneum observed in AD lesions enhances KLK7 activity 

[14, 15]. Also, KLK7 is also activated by KLK5 [21]. 

KLK7 expression of is increased in AD lesions, and chymotrypsin-like serine protease 

activity is also enhanced in lesions, which is thought to reduce the epidermal barrier function, as 

observed in KLK5 (Fig. 1b) [6, 16]. On the other hand, there is a report that the expression of KLK7 

is enhanced, but the enzymatic activity of epidermal keratinocytes taped from AD lesions is not 

increased [36]. Gene silencing of the transcription factor Sp1 also enhances KLK7 expression in 

epidermal keratinocytes [22]. Similar to KLK5, activated vitamin D3, retinoic acid, and high-
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concentrations of calcium also enhance KLK7 expression [25]. In addition, the Th2 cytokines IL-4 

and IL-13 increase KLK7 expression and chymotrypsin-like serine protease activity in AD lesions 

[24]. Furthermore, serum KLK7 protein levels in patients with AD are significantly correlated with 

serum IL-4 levels [24]. KLK7 can degrade the antibacterial peptide LL-37 and reportedly reduce 

expression levels of LL-37 in AD lesions [20]. Transgenic mice overexpressing human KLK7 develop 

AD-like chronic pruritic dermatitis [37]. Reports suggest that KLK7 enhances itching independently 

of skin inflammation in AD, and unlike KLK5, KLK7 cannot activate PAR2 [38, 39]. 

Insertion of the AACC sequence in the 3'-UTR in KLK7 is significantly observed in patients 

with AD and has been reported to be involved in its increased mRNA expression [40, 41]. However, a 

French cohort study reported no significant association between this variant and AD [42]. 

 

Other KLKs and AD 

KLK6, KLK8, KLK10, KLK11, KLK13, and KLK14 are tryptic-like serine proteases whose 

expression is increased in AD lesions [16]. KLK6, KLK8, and KLK14 are activated by KLK5 [21, 

43]. The mechanism underlying KLK10 and KLK13 activation in epidermal keratinocytes has not 

been fully studied. KLK11 is activated by KLK8 [43]. 

Similar to KLK5, KLK6 and KLK14 also activate PAR2 [31]. Therefore, KLK6 and KLK14 

may also be involved in the PAR2-mediated induction of inflammation and itching in AD (Fig. 2). 
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Gene silencing of the transcription factor Sp1 also increases the expression of KLK6, KLK8, and 

KLK10 in epidermal keratinocytes [22]. It has been reported that Staphylococcus aureus may be 

involved in the pathophysiology of AD by inducing the expression of KLK6, KLK13, and KLK14 and 

promoting the degradation of DSG1 and filaggrin [44]. 

In recent years, JAK-inhibiting internal and external drugs have become available for the 

treatment of AD, and the importance of JAK-STAT signaling in this disease has drawn attention. 

Yasuda et al. found that AD model mice (Spade mice) was induced by a gain-of-function mutation in 

the gene sequence of the "JAK1" molecule [45]. In addition, upon examining gene expression in the 

skin lesions of Spade mice, it was found that the expression of serine proteases Klk6 and marapsin 

was enhanced; additionally, the JAK1 mutation was also shown to enhance these protease expression 

in vitro experiments [45]. These findings suggest that enhanced JAK1 signaling may induce AD by 

inducing serine protease hyperactivity. 

Furthermore, overexpression of KLK6 has been reported to induce psoriasis-like dermatitis 

and arthritis through the activation of PAR1 [46]. The involvement of KLK6-PAR1 axis in atopic 

dermatitis has not yet been reported, but future research on this topic is warranted. 

 

LEKTI and AD 

Epidermal barrier function is also altered by the dysfunction of serine protease inhibitors. LEKTI is a 
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major serine protease inhibitor produced by epidermal keratinocytes, and has a structure wherein 15 

domains that inhibit enzyme activity are linked in a row [47]. The importance of LEKTI in the human 

epidermis is found in patients with Netherton syndrome (NS) [47]. NS is an autosomal recessive 

disorder characterized by congenital ichthyosis, hair abnormalities, and atopic manifestation, with an 

incidence of less than 1 in 100,000 to 200,000. In patients with NS, the SPINK5 gene, which encodes 

LEKTI, have mutations which generate the premature termination codons, resulting in the loss of 

LEKTI expression [47]. As a result, serine protease activities in the corneal layer cannot be inhibited, 

excessive exfoliation of the stratum corneum occurs, and AD-like skin symptoms are exhibited 

(Fig.1c). In Spink5-deficient mice, which are NS model animals, the skin barrier function is reduced, 

transepidermal water loss (TEWL) is increased, and the activities of KLK5 and KLK7 are increased 

[48]. 

The relationship between AD and SPINK5 gene mutations/polymorphisms has been studied 

by multiple research groups. Among these gene polymorphisms, E420K and D386N have been 

reported to be single nucleotide polymorphisms (SNPs) that alter the degradation pattern of LEKTI 

proteins and reduce their ability to inhibit serine protease activities [49, 50]. When we examined the 

prevalence of E420K and D386N in patients with AD visiting our hospital and related facilities, no 

significant difference from healthy subjects was found, contrary to the results of previous reports [7]. 

It is suggested that the prevalence of SNPs in SPINK5 varies by race and region, similarly to the 
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prevalence of FLG mutations, in AD patients. 

We also focused on the regulatory mechanism of LEKTI expression in epidermal 

keratinocytes and found that high concentrations of calcium significantly enhance LEKTI expression 

at the transcriptional and protein levels [51]. The induction of LEKTI is calcium concentration-

dependent and time-dependent [51]. In addition, Toll-like receptor-mediated signals and the 

inflammatory cytokines TNF-α and IL-17A were also found to significantly enhance LEKTI 

expression [52]. Furthermore, in our previous study on the expression of LEKTI in normal skin, AD 

lesions, and psoriasis lesions, interestingly, the expression of LEKTI was markedly enhanced in 

psoriasis lesions, while in AD lesions it was at the same level as in normal skin [52]. 

 

Conclusion 

In this article, we have outlined aberrant serine protease activities in AD. Many KLKs expression is 

upregulated in AD lesions and LEKTI function is decreased in some AD patients with SNPs E420K 

and D386N of SPINK5. These findings may be associated with the pathogenesis of AD. Further 

analysis is needed to elucidate the detailed mechanism underlying the control of serine protease 

activities, which may lead to the development of new therapeutic and prophylactic agents for AD. 
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Figure legends 

Figure 1. (a) KLKs and LEKTI in normal skin. The epidermal serine protease activities are mainly 

controlled by KLKs and LEKTI. KLK5 and KLK7 promote desquamation of the corneum. Below the 

stratum granulosum, LEKTI tightly regulates the activity of KLKs. (b) KLKs and LEKTI in AD 

lesions. In AD lesions, KLK expression is increased, which results in the enhancement of epidermal 

serine protease activities and facilitates the invasion by allergens and microorganisms. (c) KLKs and 

LEKTI in NS. In NS lesions, LEKTI expression is deficient, resulting in the activation of KLKs and 

easy invasion by allergens and microorganisms. Kallikrein-related peptidases (KLKs); 

lymphoepithelial Kazal-type-related inhibitor (LEKTI); Atopic dermatitis (AD) ; Netherton syndrome 

(NS)      KLK5      KLK7     LEKTI 

 

Figure 2. KLKs activates PAR2 

KLK5, 6, and 14 can activate PAR2 in epidermal keratinocytes and peripheral nerves, which results 

in the induction of inflammation and itching. kallikrein-related peptidases (KLKs); protease-activated 

receptor 2 (PAR2) 

 


