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Novel specific activity-based probes validate KLK proteases as druggable targets
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Dear Editors
We read with great interest the recent publication by Lee 

et al.,1 in which the important paper by Lovell et al.2 is pre-
sented as the first report of activity-based protein profiling 
(ABPP) selective for individual KLKs in a complex biological 
context. Fairly, at the exact same time when the manuscript by 
Lovell et al.2 appeared, a novel KLK7-specific phosphonate 
activity-based probe (ABP) was reported, which could discri-
minate KLK7 from other active KLKs.3 That ABP was used to 
quantify the active KLK7 in situ, specifically, in the epidermis, 
in a pathological setting in which multiple KLK proteases are 
active and functionally implicated in disease.3 The KLK7-ABP 
was also modified to a quenched ABP (qABP) to enable mon-
itoring of KLK7 activity in vivo.4

Notably, the KLK7-ABP rescued major disease hallmarks, 
when applied onto the epidermis of Spink5−/−Klk5−/− mice.3 

Spink5−/− mice represent an established preclinical model that 
recapitulates the overdesquamating and inflammatory skin dis-
ease named Netherton syndrome, a rare ichthyosis caused by 
inactivating mutations in SPINK5 encoding the LEKTI inhibitor 
of serine proteases. It is well established that LEKTI deficiency 
causes unopposed (disease causative) proteolytic activities in the 
epidermis. In Spink5−/−Klk5−/−, Klk5 was genetically ablated on 
the Netherton background to provide proof of concept for 
drugging the KLK5 activity for pharmacotherapy of Netherton 
syndrome and, potentially, other diseases like atopic dermatitis. 
The Spink5−/−Klk5−/− model proved that KLK5 represents 
a novel drug target.5–7 Nevertheless, inhibition of KLK5 is not 
sufficient for permanent rescue/therapy of this very severe 
(potentially lethal) disease, since delayed inflammation develops 
soon in these mice due to KLK7 activity.5,7 This was also 
revealed by the fact that inhibition with the KLK7-ABP attenu-
ates inflammation.3 Thus, additional targeting of inflammation 
is required in Spink5−/−Klk5−/− with either KLK7 inhibitors7 or 
anti-TNFα biologics.5 Overall, these studies have provided 
a strong rational for drugging the KLK family and set the 
grounds for pharmaceutical development of the recently 
described boronate inhibitor for KLK5.8 For the first time, use 
of the KLK7-ABP (in combination with genetic knockout) 
allowed validation of the given KLK7 activity as a drug target 
in a well-established disease context in vivo and provided 

preclinical proof of concept for using ABPs targeting the 
KLKs as theranostics, namely dually exploitable for disease 
diagnosis and treatment. Previously, ABPs for cathepsins were 
used as theranostics and cancer imaging tools by the group of 
Galia Blum.9,10

Beyond these studies that established KLKs as druggable 
targets in skin pathologies, targeting KLKs for treatment of 
prostate cancer was the subject of studies performed more than 
a decade ago. Specifically, the prostate proteases KLK2 and 
KLK3 were exploited for activation of anticancer prodrugs 
developed for treatment of prostate cancer.11 Drugging KLKs 
for prostate cancer, for example, resulted in a boronic acid- 
based inhibitor of KLK3,12 while KLKs have been clinically 
tested by various approaches, and there have been success 
stories in this respect, PROSTVAC (an active immunotherapy 
vaccine that contains KLK3/PSA) being one such example.13 In 
contrast to the Lee et al.1 KLKs are druggable.11–14

Following mapping of the KLK gene cluster in 2000, exten-
sive knowledge was accumulated on the abundance of immu-
noreactive KLKs in normal and cancer-related settings, 
revealing these enzymes as potential biomarkers and/or ther-
apeutic targets for cancer but also other diseases,14 including 
viral infections of high current interest.15 This triggered 
attempts to quantify the active forms of KLK proteases in 
biological and clinical samples. Coordinated dysregulation of 
specific KLKs in disease states (including cancer, inflamma-
tion, and neurodegeneration) suggested that multiple KLK 
enzymes could interplay in the mode of “proteolytic cascades,” 
which could also crosstalk with proteases of differing specifi-
cities. It was proposed that specific regulatory KLK cascades 
could be functionally implicated in (patho)physiology in cer-
tain tissues like the skin and the prostate.16 Of note, 
a proteolytic cascade pathway involving KLK5 (and putatively 
other KLK proteases) was proposed to be implicated in pros-
tate physiology (i.e., seminal clot liquefaction) and prostate 
cancer progression, originally by Michael et al.,17 more than 
15 years ago.

In fact, the prime attempt to quantify the proportion of 
enzymatically active KLK6 relative to total immunoreactive 
KLK6 was in 2008, by Oikonomopoulou et al.,18 who developed 
an ELISA using an ABP that targets trypsin-like serine proteases, 
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coupled to a capturing antibody for KLK6, to specifically monitor 
the active KLK6 in CSF, ascites fluid from ovarian cancer 
patients, and supernatants from cancer cell lines. It was sug-
gested, then, that ABPs could increase the diagnostic potential 
of KLK6 over classical immunoassays that determine protein 
abundance. Following, a new phosphonofluoridate ABP for ser-
ine proteases was generated and used to develop 
“Activography,”19 a novel histology method for spatial localiza-
tion and monitoring of enzyme activities in tissues. Activography 
is a sensitive, versatile, and easily adaptable method that could 
replace the technically demanding in situ zymography used to 
determine proteolytic activities in tissues.19 Indeed, activography 
proved valuable for spatial localization of the activity of KLK7 in 
skin biopsies obtained from patients with Netherton syndrome3 

but also the overall epidermal proteolytic activities in various 
other skin diseases. Remarkably, de-regulated proteolysis was 
revealed to be a common hallmark in these pathologies of 
differing genetic causes.20 Progress in this direction will depend 
on the availability of specific ABPs to dissect individual protease 
activities in complex (patho)biological environments.

The first KLK-specific ABP (DKFZ-633) was reported in 2018 
and was based on the addition of a 1-alkyne moiety on the KLK6- 
specific depsipeptide inhibitor DKFZ-251.21 DKFZ-633 enabled 
the detection of active KLK6 by click chemistry. Soon thereafter, 
the VRFR peptide substrate was found specific for KLK13 and was 
modified to an inhibitor by addition of a chloromethyl ketone 
warhead and to a KLK13-ABP by extra addition of a biotin detec-
tion tag at the N-terminus (biotin-PEG-VRFR-CMK).22 Later, 
a KLK14-specific phosphonate ABP was synthesized to monitor 
the activation of ectopically expressed KLK14 in LNCaP cells.23 

Cumulatively, the KLK-ABPs reported by Lovell et al.2 have not 
marked the first application of ABPs capable to discriminate 
between individual KLK activities, as stated by Lee et al.1 Clearly, 
the Lovell et al. study represents a breakthrough forward as the first 
multiplex analysis of KLK activities, namely concurrent orthogo-
nal determination of KLK2, KLK3, and KLK14 activities in pros-
tate cancer cell lines, which revealed in vitro cross-activation events 
of KLK2, KLK3, and KLK14 zymogens.

Individual protease activities need to be interrogated in the 
frame of complex biological networks in vivo by use of protease- 
specific ABPs; however, multiplexed detection of enzyme activities 
is limited by the spectral overlap of commonly used fluorophores. 
In this direction, the study by Lovell et al.2 definitely constitutes 
a significant step of progress as it enabled parallel monitoring of 
multiple KLK activities. Multiplexing is indispensable for enzymes 
acting in the mode of cascade pathways like the KLK proteases; 
moreover, it allows monitoring of dynamic alterations of KLK 
activities in response to perturbations like, for example, drug 
treatments. Further, the KLK14-ABP revealed that this protease 
drives malignant prostate cell migration, a key step in progression 
of cancer metastasis. Previously, other KLKs, i.e., KLK5 and KLK7 
had been validated as drug targets in skin inflammatory diseases in 
which the implication of KLK proteolytic cascades is well-defined 
in vivo.24,25
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