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A B S T R A C T

Neutrophil elastase (NE), a serine protease secreted by activated neutrophils, is a key regulator of inflammation
and tissue damage. Among natural NE regulators, Kunitz-type serine protease inhibitors have attracted consid-
erable attention for their therapeutic potential. In this study, integrated transcriptomic and genomic analyses of
the blister beetles Lydus trimaculatus and Mylabris variabilis, led to the identification of four novel Kunitz-type
inhibitors, Lyd_37798, Myl_35212i1, Myl_17096, and Myl_35212i2 with Ki values against NE of 32.36 nM,
76.45 nM, 154.5 nM, and 754.3 nM, respectively. While all peptides show a conserved Kunitz scaffold, they differ
in their P1 residues, suggesting functional diversity. Notably, the most potent inhibitor, Lyd_37798, displays an
uncommon aspartic acid at the P1 position, proposing new insights for the design of elastase-target drugs.
Structural modelling demonstrated that these peptides bind NE with a reactive loop closely resembling that of the
known elastase-specific inhibitor Elafin. Functionally, Lyd_37798 (P1 Asp) and Myl_17096 (P1 Lys) significantly
suppressed the formation of neutrophil extracellular traps (NETs), reducing NET release by 89.2 % and 86.9 %
respectively. Both peptides also revealed high specificity for NE, without affecting a broad spectrum of cellular
ion channels, suggesting a favourable safety profile. Overall, this study highlights the unexploited potential of
insect-derived Kunitz peptides as a valuable source of selective NE inhibitors and lays the foundation for their
development as therapeutic drugs against NE-mediated inflammatory and degenerative diseases.

1. Introduction

1.1. Kunitz peptide inhibitors

Kunitz peptide inhibitors (KPI), named after the American physiol-
ogist and biochemist Maurice M. Kunitz who first identified them in the
1940s [1], represent a fascinating class of naturally occurring protease
inhibitors found in various organisms across the biological spectrum.
They are small proteins that inhibit serine proteases with a distinctive
structure, typically comprising approximately 50–60 amino acids and

stabilized by disulfide bonds, which confer a high degree of stability
[2,3]. The Kunitz domain is found in a variety of organisms and serves
crucial roles in regulating proteolytic activity, thereby influencing pro-
cesses such as blood coagulation, inflammation, and tissue remodelling
[4,5]. They bind to their target enzymes with high affinity, effectively
blocking the active site and preventing substrate cleavage [4].

1.2. Elastase is a serine protease

Elastase is a serine protease enzyme that hydrolyses collagen,
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proteoglycan and elastin, key proteins of the extracellular matrix that
provides elasticity to organs such as skin, lungs, and blood vessels.
Elastase is produced by various cells, including neutrophils and
pancreatic acinar cells, and plays an important role in tissue remodelling
and host defence mechanisms [6]. In neutrophils, elastase is stored in
granules and released upon their activation, contributing to the break-
down of extracellular matrix components during inflammation and
infection [7–10]. Dysregulation of elastase activity, however, can lead to
pathological conditions, such as chronic obstructive pulmonary disease
(COPD) and emphysema, where excessive elastin degradation results in
loss of tissue elasticity and function [11,12].

1.3. Neutrophil elastase and NETosis

Neutrophil elastase (NE) activity plays a crucial role in a distinctive
form of cell death known as NETosis, which is specific to neutrophils.
During this process, neutrophils release Neutrophil extracellular traps
(NET) networks composed mainly of DNA, histones, and granule pro-
teins, to trap and neutralize pathogens. While NET formation is essential
for host defence, excessive NET release can contribute to tissue damage
and excessive inflammation. These pathological effects have been
observed in the context of COVID-19, where NETs are implicated in
disease severity and complications [13–17]. An important role of elas-
tase and neutrophils has also been described in cancer progression
where NE activates dormant cancer cells, promotes tumour cell prolif-
eration and distant metastasis, and changes the tumour microenviron-
ment [6,18]. Due to the importance of NE in human physiopathology,
inhibitors that specifically act on this protease have great pharmaco-
logical interests [19–22].

1.4. Kunitz peptide inhibitors from insects

In insects, KPIs perform a variety of critical roles. These include
defence mechanisms against predators and pathogens, regulation of
proteolytic cascades in processes like blood coagulation and immune
responses, and modulation of developmental pathways [23–26]. The
multifunctionality of KPIs in insects highlights their evolutionary sig-
nificance and the potential for diverse applications. The developments
in biotechnology and molecular biology have facilitated the exploration
of KPIs from insects for medical purpose [26–30]. Inhibitors derived
from insects have shown promise in the development of novel treat-
ments for cancer, inflammation, and neurodegenerative disorders. In
insects, serine protease inhibitors regulate the proteolytic cascades
involved in haemolymph coagulation, thus contributing to the innate
immune responses [23,31]. This coagulation process, similarly to the
blood clotting mechanism in human, involves a series of serine proteases
whose activities are tightly controlled to maintain physiological balance
and prevent excessive clot formation. Insects from the beetle family
Meloidae, commonly known as blister beetles (Coleoptera: Meloidae),
employ a unique defence mechanism: when threatened, they exude
yellowish, oily droplets of haemolymph from their leg joints. This
secretion contains cantharidin, a potent terpenoid toxin that serves as a
powerful deterrent against predators [32,33]. To avoid excessive hae-
molymph loss during this process, these beetles have developed a tight
and reversible coagulation control system. The presence of KPIs in their
system likely plays a crucial role in this regulation, guaranteeing effec-
tive defence while preserving physiological balance. The possible more
physiological role of Meloidea derived KPI prompted us to investigate
their activity. This is a strong differences from many other Kunitz in-
hibitors that are components of the venoms of poisonous or hema-
tophagous animals including snakes, sea anemones, scorpions, ticks and
others [4] or are expressed by plants as defence against pests and
pathogens [34]. We reasoned that when an inhibitor evolves to regulate
the organism’s own physiology, it needs to act in a precise, fine-tuned
way to control a specific process. This means that such an inhibitor
will likely be specific and potent enough to affect its target but not so

powerful that it causes harm to the organism itself.
Previous transcriptomic analyses of two blister beetle species,

Mylabris variabilis and Lydus trimaculatus, revealed a set of genes
encoding proteins with potential anticoagulant activity [35]. Among
these, KPIs were identified, which may contribute to the autohaemor-
rhaging defence strategy. In this study, an integrated transcriptomic and
genomic approach led to the identification of potential KPI from two
meloidae insects species Lydus trimaculatus and Myrabilis variabilis.
Through a combination of in silico and in vitro assays we characterized
the activity of these novel KPI against human neutrophil elastase.

2. Materials and methods

2.1. Analysis of gene structure and protein alignment for single domain
KPI of Mylabris variabilis and Lydus trimaculatus

The Trinity-assembled transcripts obtained from the RNAseq data of
Lydus trimaculatus and Mylabris variabilis [35] were used to perform
BLAST searches against the corresponding genomes [36]. By conven-
tion, each Trinity sequence was considered from the beginning of the
transcript up to the STOP codon of the KPI sequence. Gene structures of
the Meloidae KPIs were determined using the gene structure display
server https://gsds.gao-lab.org [37]. The protein sequences were iden-
tified using the Expasy translate tool (https://web.expasy.org/translat
e/) [38]. Multiple protein sequence alignment was performed with the
algorithm implemented in ClustalW (www.ebi.ac.uk/Tools/clustalw/)
accessed on 24-04-2025. Phobius website (https://phobius.sbc.su.se/)
was used (accessed on 11 January 2021 and 10 June 2022) to predict the
presence of signal peptides and the location of their cleavage sites. The
aim of the alignment was to highlight conserved residues and domains
potentially involved in the functional activity of the peptides. MEROPS
cleavage site specificity scoring system available in the MEROPS data-
base (E.C. 3.4.21.37, MEROPS S01.131) were used to analyze the af-
finity score of each Meloidae KPI considering the amino acid residues
located at the P4–P4′ positions.

2.2. Construction of pET17b/ Meloidae KPIs

The cDNAs of the Meloidae KPI that were previously cloned in
pCR2.1 vector (TA Cloning Kit, Invitrogen) [38] were subcloned in the
expression vector pET17b. Specific primer sets were used to introduce
NdeI and XhoI restriction sites at the 5′ and 3′ ends of meloids KPI cDNA,
to introduce the His-tag at the 3′ and to remove the signal peptide at the
5′. See Table 1 for the primer list. The PCR amplicons were digested with
the restriction enzymes NdeI and XhoI and ligated with the NdeI/XhoI
restricted pET17b vector (Novagen), to obtain the genetic constructs
coding for the mature form of the proteins joined to COOH-terminal His-
Tag. Thus, the recombinant cDNA constructs were double strand
sequenced by Mycrosynth to verify the accuracy of the nucleotide
sequences.

2.3. Expression, purification and refolding of Meloidae KPI

Escherichia coli BL21 DE3 was transformed with the expression
plasmids pET17b/KPIs. A single transformed colony was inoculated into
LB (Luria Bertani) medium containing 100 μg/mL ampicillin and grown
overnight at 37 ◦C with continuous shaking at 200 rpm. The bacterial
culture was transferred to fresh LB medium and grown at 37 ◦C until the
OD(600) reached about 0.8. Isopropil-β-D-1-tiogalattopiranoside (IPTG)
was then added to a final concentration of 0.5 mM to induce expression
of the KPI proteins, and expression was continued at 37 ◦C for 12 h. The
cells were harvested by centrifugation at 4000g for 15 min at 4 ◦C. For
purification, a slightly modified protocol according to Sun et al. [39]
was performed. Fifteen grams of wet weight cell pellets harvested from
4 L culture medium were suspended in 125 mL binding buffer (20 mM
Tris–HCl, 6 M guanidine HCl, 500 mM NaCl, 5 mM imidazole, 10 mM 2-
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mercaptoethanol, pH 8.0) and disrupted by pulse sonication on ice. The
lysate was centrifuged at 12,000g for 25 min at 4 ◦C, and the supernatant
was applied to a Ni-Sepharose column (5 mL) pre-equilibrated with
binding buffer. The column was washed one after the other with 5
volumes of binding buffer and then 5 volumes of wash buffer (20 mM
Tris–HCl, 8 M urea, 500 mM NaCl, 5 mM imidazole, 10 mM 2-mercap-
toethanol, pH 8.0). Then, the proteins were eluted with elution buffer
(Tris HCl 20 mM pH 8, Urea 8 M, NaCl 500 mM, imidazole 40 mM, 2-
mercaptoethanol 10 mM). Renaturation process was carried out by
diluting purified proteins with about 20-fold refolding buffer (50 mM
Tris–HCl, 2.5 M urea, 5 mM EDTA, 1.2 mM reduced glutathione, 0.3 mM
oxidized glutathione, pH 8.5). After incubation at 10 ◦C for 72 h, the
refolded proteins were extensively dialyzed against the digestion buffer
(50 mM Tris–HCl, 100 mM NaCl, pH 8.0). Possible precipitates were
removed by centrifugation at 12,000g for 20 min at 4 ◦C. Purified pro-
teins were analyzed by reducing 15 % SDS-polyacrylamide gel electro-
phoresis (SDS-PAGE) to assess the grade of purification and visualized
with Coomassie bright blue R-250. The proteins were concentrated by
ultrafiltration with a 3 kDa cut-off membrane (Amicon Centrifugal Fil-
ters, Merck Millipore). The concentration of purified proteins were
determined by the Bradford procedure [40,41]. The yields of the puri-
fication processes were as follows: Lyd_37798 (P1 Asp): 2 mg/L;
Myl_17096 (P1 Lys): 5,4 mg/L; Myl_35212i1 (P1 Leu): 5,3 mg/L;
Myl_35212i2 (P1 Phe): 8 mg/L.

2.4. Inhibition assays of Meloidae KPI against human neutrophils elastase

Inhibition experiments were performed according to [42] with minor
modification. Briefly, reaction was performed in buffer (0.05 M Tris-
HCl, pH 8.0) at 37 ◦C in a flat black bottomed microtiter plate using
human neutrophils elastase (NE) (Sigma-Aldrich, CAS: 9004-06-02) at a
concentration of 3.5 nM. Different concentrations of Meloidae KPI were
pre-incubated for 15 min at room temperature. At the end of the incu-
bation, the reaction was initiated by the addition of the exclusive sub-
strate (Sigma-Aldritch CAS: 72252–90-5, MeOSuc-AAPV-AMC) at a
concentration of 140 μM and the absorbance at 460 nm was monitored
every 30 s for 30 min at 37 ◦C with a microplate reader (Tecan Spark 10
M). Controls included in the experiments were: Enzyme plus substrate,
Enzyme alone, Substrate alone, and Reaction buffer alone. The inhibi-
tory activities were calculated determining the residual enzymatic ac-
tivities [43] and the corresponding data elaborated with GraphPad
Prism v 8.0.2 according to [44].

2.5. Protein structure prediction and docking analysis

The AlphaFold2 models of KPIs were generated with the ColabFold
v1.5.5: AlphaFold2 using MMseqs2 (AlphaFold2.ipynb - ColabFold,
accessed on 5 february 2024) [45], without the use of template infor-
mation. The default mode was used: model_type = alphafold2_ptm,
num_recycles = 3, relax_max_interactions = 200, tol = 0.5. To compare
AlphaFold-predicted structures with alternative modelling methods, we
generated models using Modeller (MODELLER | Bioinformatics Toolkit,
accessed 14 July 2023) and SWISS-MODEL (SWISS-MODEL, accessed 01
September 2025). Structural alignments and comparisons were per-
formed using the MatchMaker tool in ChimeraX [46].

Each of the KPI models obtained, and Elafin used as positive control
(PDB code: 1FLE, “Chain I"), were docked onto human Neutrophil

Elastase (NE, PDB code: 4WVP) using the protein-protein docking soft-
ware Haddock 2.4 (https://rascar.science.uu.nl/haddock2.4 [47]).
Active residue restraints were selected in both NE and KPI models to
help guide the protein docking process. Ser195, His57 and Asp102 were
indicated as active residues (directly involved in the interaction) for
human NE. Default settings were used for docking parameters.

2.6. Expression of ion channels in Xenopus laevis oocytes

Genes encoding for ion channel subunits were expressed in Xenopus
laevis oocytes: hKv1.1 (KCNA1; NM_000217.3), hKv1.3 (KCNA3;
NM_002232.5), hKv7.2/7.3 (KCNQ2/ KCNQ3; NM_004518/
NM_004519), hKv10.1 (EAG1; NM_172362), hKv11.1 (hERG;
NM_000238). Linearized plasmids bearing the ion channel genes were
transcribed using the mMESSAGE mMACHINE SP6 or T7 transcription
kits (Ambion) to prepare the respective cRNA. Oocytes from stage V-VI
were harvested from anaesthetized female X. laevis frogs as previously
described [48]. Adult female were obtained from Nasco (Fort Atkinson,
WI, USA) and maintained at the KU Leuven Aquatic Facility under
standard conditions, in accordance with the European Union Directive
2010/63/EU. Experimental procedures involving X. laevis oocytes were
approved by the KU Leuven Animal Ethics Committee (license no. P186/
2019). For microinjection, 50 nL of cRNA (1 ng/nL) was delivered into
each oocyte using a WPI microinjector (World Precision Instruments
(WPI) Sarasota, FL, USA). Following injection, the oocytes were kept at
16 ◦C in modified Barth’s saline solution (88 mM NaCl, 1 mM KCl, 2.5
mM NaHCO3, 1 mM MgSO4, and 5 mM HEPES, pH 7.8), supplemented
with 50 mg/L gentamicin sulfate and 90 mg/L theophylline.

2.7. Two-electrode voltage-clamp

Electrophysiological recordings were carried out at room tempera-
ture (18 ◦C–22 ◦C) using a Geneclamp 500 amplifier (Molecular Devices)
connected to a pClamp acquisition system (Axon Instruments). Whole-
cell currents were measured in Xenopus oocytes between 1 and 4 days
following cRNA injection. The external bath solution (ND96) contained:
NaCl 2 mM; KCl, 96 mM; CaCl2 1.8 mM; MgCl2 2 mM; and HEPES 5 mM
(pH 7.4). Electrodes for voltage and current measurements were filled
with 3 M KCl. Resistances of both electrodes were kept at 0.7–1.5 MΩ.
Elicited currents were sampled at 1 kHz and filtered at 0.5 kHz using a
four-pole low-pass Bessel filter. Leak subtraction was performed using a
− P/4 protocol.

Kv7.2/7.3 currents were evoked by a 500 ms depolarization to the
voltage corresponding to the maximal activation of the channels in
control conditions from a holding potential of − 90 mV. Recordings of
hERG (Kv11.1) channels currents were obtained using a protocol that
applied a 2 s depolarizing pulse from − 90 mV to +40 mV, followed by a
repolarizing step to − 120mV for 2 s. Kv10.1 currents were evoked by 2 s
depolarizing pulses to 0 mV from a holding potential of − 90 mV. Kv1.1
and Kv1.3 currents were evoked by 500 ms depolarizations to 0 mV
followed by a 500 ms pulse to − 50 mV from a holding potential of − 90
mV. All samples were applied directly into the bath, in a final concen-
tration of 8 μM for Myl_17096 (P1 Lys), 1.5 μM for Myl_35212i1 (P1 Leu)
and 1 μM for Lyd_37798 (P1 Asp). All data were obtained in at least
three independent experiments (n ≥ 3).

Table 1
List of the primers used in the study.

Meloidae KPI Primer for Primer rev

Lyd_37798 (P1 asp) 5′CTGGAACATATGAGAAGTCCACCAAAACAACAAT3′ 5′CTGGAACTCGAGTTAATGATGATGATGATGATGTTGTCGACAAATAGGGATTGC3′
Myl_35212i1 (P1 Leu) 5′CTGGAACATATGGATAATCAAAATAGTGAAAATGAAA3′ 5′CTGGAACTCGAGTTAATGATGATGATGATGATGTATATC3′
Myl_17096 (P1 Lys) 5′CTGGAACATATGGATCCGAGGGAATTCTACATAG3′ 5′CTGGAACTCGAGTTAATGATGATGATGATGATGCGTACAAATCGGTGTAGC3′
Myl_35212i2 (P1 Phe) 5′CTGGAACATATGGATCAAGATGAATTTACTTTAAATG 3′ 5′CTGGAACTCGAGTTAATGATGATGATGATGATGATGTTTCAAACAAATTGG 3′
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2.8. Neutrophil isolation

Peripheral blood lymphocytes were isolated from buffy coat of
healthy male blood donors (45–50 years old).

To isolate neutrophils, human blood was diluted with Phosphate
Buffered saline (PBS) and then layered on 10 mL of Ficoll-Hypaque so-
lution (Amersham Biosciences, GE Healthcare Europe GmbH, Glatt-
brugg, Switzerland). After a centrifugation (230 xg at 20 ◦C for 20 min)
the bottom layer (red blood cells and neutrophils) was carefully har-
vested and mixed with 3 % dextran solution (Sigma-Aldrich, St. Louis,
MO, USA) at a 1:1 ratio, gently inverted 20 times to ensure adequate
mixing, and incubated at 25 ◦C for 1 h.

Once the different phases were clearly layered, the top layer was
carefully transferred and centrifuged at 1100× rpm at 4 ◦C for 8 min.
The obtained pellet was resuspended in 1 mL PBS, then 10 mL of 0.2 %
NaCl solution was added and left for 20 s, then the same volume of 1.6 %
NaCl solution was quickly added, and the tube was inverted.

After washing twice with cold PBS, the final pellets were resus-
pended in RPMI media containing 3 % fetal bovine serum (FBS) to
obtain a final concentration of 5 × 106 neutrophils/mL [49,50].

2.9. Neutrophils extracellular traps (NETs) generation

NETosis was induced as previously described [49,50]. Briefly, neu-
trophils were stimulated with 500 nM of phorbol myristate acetate
(PMA). 10 μg/mL of Meloidae KPI (Myl_17096 (P1 Lys); Lys_37,798 (P1
Asp); Myl_35212i1 (P1 Leu) and Myl_35212i2 (P1 Phe)) were added and
incubated on a 150 × 25 mm flat tissue culture dish for 4 h at 37 ◦C and
5 % CO2. After the stimulation, the culture medium was gently aspirated
and discarded, taking great care not to destroy or compromise the layer
of NETs and neutrophils at the bottom of the culture dishes. All adherent
material was then lifted off using cold PBS (15 mL, without Ca++ and
Mg++) and carefully collected in a 15 mL conical tube. A centrifugation
(10 min at 450 xg at 4 ◦C) selectively pelleted neutrophils and any
remaining cells at the bottom, leaving a cell-free NET-rich supernatant
in the upper layer. To collect all the DNA, supernatants were centrifuged
(10 min at 18,000 x g at 4 ◦C). DNA pellets were resuspended in ice cold
PBS to a concentration corresponding to about 2 × 107 neutrophils per

100 μL of PBS. DNA concentration was then assessed spectrophoto-
metrically at 260 nm.

3. Results

3.1. Characterization of genes of the new Kunitz peptide inhibitors from
transcriptomic and genomic analysis of L. trimaculatus and M. variabilis

Next generation sequencing (NGS)-based transcriptome analyses of
adult specimens of L. trimaculatus and M. variabilis performed by Fratini
et al. [35] revealed several transcripts associated with the regulation of
coagulation in the whole body, in the accessory gland, and in the he-
molymph. From this dataset, 15 sequences containing a single Kunitz-
Type domain were identified and 9 of them were cloned [38].
Recently, a novel genome assembly of the two species [36] allowed the
integration of transcriptomic and genomic data. mRNA sequences were
aligned to the genome, allowing us to identify the gene structures and
organization of the Meloidae derived KPI gene loci (Fig. 1). With this
approach, as shown in Fig. 1, we could point out nine single kunitz
domain genes in the two species, six in M. variabilis and three in
L. trimaculatus. All of them, except for Lyd_46461, have a structure made
of two exons separated by a small intron. Two transcripts, Lyd_46461
and Lyd_34901, partially overlap in the genome and likely represent two
splicing variants of the same gene. This hypothesis is also supported by
the analysis of the nucleotide and amino acid sequences, showing that
the transcript Lyd_46461 lacks the signal peptide, a common feature of
KPIs [38]. Myl_35212i1 andMyl_35212i2,Myl_37778 and Myl_21616g1/
2 are located in tandem on the scaffolds 175 and 353, respectively.

To investigate the inhibitory specificity of the newly identified
Kunitz-type peptides, we selected four peptides on the base of their P1
residue for recombinant expression in Escherichia coli. The selected
peptides Myl_17096 (P1 Lys), Myl_35212i2 (P1 Phe), Myl_35212i1 (P1
Leu), and Lyd_37798 (P1 Asp) were chosen to represent a broad spec-
trum of physicochemical properties, including basic, aromatic, hydro-
phobic, and acidic side chains. This strategic selection enabled us to
assess how distinct P1 residues modulate binding affinity and inhibitory
activity toward neutrophil elastase. The multiple sequence alignment
highlighting the position and nature of the P1 residues and the

Fig. 1. Gene structures of Meloidae Kunitz-type protease inhibitors (KPIs). Gene structures of single domain Meloidae KPIs were determined using the server https
://gsds.gao-lab.org. On the left are reported the six genes identified in the genome ofMylabris variabilis, on the right the three genes identified in the genome of Lydus
trimaculatus. Exons are represented as yellow boxes, 5′ and 3′ untraslated region (UTR) as blue boxes and introns as black lines. Scale bars represent nucleotide length.
Lyd_46461 is represented as an alternative exon in the Lyd_34901 gene. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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sequences comparison with known Kunitz peptides is shown in Fig. 2.
Considering the amino acid residues located at the P4–P4′ positions of
the selected Kunitz peptides Lyd_37798 (Asp), Myl_35212i1 (Leu),
Myl_17096 (Lys), and Myl_35212i2 (Phe) we evaluated their potential
interactions with NE by applying the cleavage site specificity scoring
system available in the MEROPS database [2]. This analysis enabled us
to predict the relative inhibitory tendencies of each peptide toward NE.
The outcomes of this scoring procedure are presented in Supplementary
Table S1, offering a comparative overview of the distinct inhibitory
capacities associated with the different peptide variants.

3.2. Expression of Meloidae Kunitz peptides

Utilizing the program Phobius (see Section 2) [51] 16–17 amino
acids long N-terminal putative signal sequences were identified in the
coding sequence of the selected Kunitz proteins [38] (Fig. 2). These
signal peptides were removed from the corresponding cDNAs and a His-
Tag coding sequence was added to their C-terminal end (see Section 2).
The cDNAs coding for these mutated proteins were subcloned in the
expression vector plasmid pET17b and the transformed positive clones
were utilized for the heterologous expression in the E. coli BL21 DE3
strain. The recombinant proteins were then purified by His-Bind chro-
matography and their purity was assessed by SDS/PAGE electrophoretic
analysis (Fig. 3).

3.3. Inhibition specificity of Meloidae Kunitz peptides on the activities of
neutrophil elastase

In order to evaluate the potential of Meloidae KPI to inhibit NE, in
vitro enzymatic assays were performed. Different peptides concentra-
tions were incubated with human NE (at a concentration of 3.5 nM) and
its substrate (at a concentration of 140 μM) as described in the Section 2.
The four Meloidae KPI showed different ability to inhibit NE enzymatic
activity (Fig. 4 and Table 2) and apparent inhibition constants (Ki app)
were as follows: Lyd_37798 (P1 Asp) 32.36 ± 5 nM, Myl_35212i1 (P1
Leu) 76.45 ± 7 nM, Myl_17096 (P1 Lys) 154.5 ± 13,8 nM and
Myl_35212i2 (P1 Phe) 754.3 ± 93 nM.

3.4. Molecular docking of the Kunitz peptides with NE

Structural models of theMeloidae KPI obtained using AlphaFold2 and
validated on Modeller and SWISS-Model predicted structures (see Sec-
tion 2 and Supplementary Table S2) confirmed that the inhibitors
display the canonical Cys-framework with a I–VI, II–IV and III–V con-
nectivity [38]. To investigate the structural basis of the inhibition
properties of the Meloidae KPI, the protein-protein docking software
Haddock 2.4 was used to obtain the molecular models of their complexes

with NE (see Section 2). Fig. 5 displays the highest scoring model
complex for each KPI. Comparative analysis of the complexes obtained
by docking with the experimental structure of porcine pancreatic elas-
tase bound to the specific inhibitor Elafin (PDB code 1FLE; [52]) evi-
dences that the most effective inhibitors Lyd_37798 (P1 Asp) and
Myl_35212i1 (P1 Leu) are predicted to bind with their reactive loop
almost perfectly superimposable to that of Elafin and the P1 residue in
exactly the same position of the Ala P1 residue of the specific inhibitor
(Fig. 5B and C). Conversely, the Myl_17096 (P1 Lys) and Myl_35212i2
(P1 Phe) inhibitors display a different conformation of the reactive loop
and much looser interactions with the enzyme active site (Fig. 5D and
E). The same docking analysis was performed using Elafin as a positive
control (PDB code 1FLE, chain I). The docking-generated Elafin–elastase
model aligns almost perfectly with the crystal structure of the Ela-
fin–elastase complex (Fig. 5A). Analysis of the experimental structure of
the elastase-Elafin complex (PDB code 1FLE) evidence that the inhibitor
reactive loop makes extensive van der Waals contacts with the enzyme’s
active site crevice. In addition, the P1 residue Ala of the inhibitor is
inserted in the hydrophobic S1 pocket facing Val216 (Fig. 5, panel A). A
similar arrangement of the reactive loop is observed in the Lyd_37798
(P1 Asp) and Myl_35212i1 (P1 Leu) complexes (Fig. 5, panels B and C,
respectively), with the P1 residue Asp of the Lyd_37798 inhibitor
establishing electrostatic interactions with the catalytic Ser195 residue
of the enzyme and the P1 residue Leu of the Myl_35212i1 inserted in the

Fig. 2. ClustalW multiple sequence alignment of Meloidae Kunitz protein. The alignment of the aminoacidic sequences of Lyd_37798 (P1 Asp), Myl_35212i1 (P1
Leu), Myl_17096 (P1 Lys), and Myl_35212i2 (P1 Phe) with the kunitz sequences Pancreatic trypsin inhibitor (uniport code: P00974 ⋅ BPT1_BOVIN), Kunitz-type
proteinase inhibitor SHPI-1 (uniport code: C1BUK1 ⋅ C1BUK1_LEPSM) and PI-stichotoxin-She2a (uniport code: P31713 ⋅ VKT1_STIHL) are reported. Yellow,
leader sequence. Green, cysteines involved in the Kunitz disulphide bridges (highlighted by black crosslinks). Red, P1 site. Consensus key: “*” indicates positions
which have fully conserved residues; “:” indicates conserved positions containing residues with strongly similar properties; “.” indicates conserved positions with
residues possessing weakly similar properties; blank spaces mean no consensus. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Coomassie Blue stained SDS PAGE of purified recombinant Meloidae
KPI. Coomassie Blue stained SDS PAGE showing purified recombinant Meloidae
KPI. kDa: kilo Dalton; M: molecular weight ladder. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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hydrophobic S1 site in contact with Val 216. In contrast, the Myl_17096
(P1 Lys) and, to a higher extent, the Myl_35212i2 (P1 Phe) inhibitors are
predicted to bind at the periphery of the active site crevice with a very
limited contact surface, a result that is fully in line with their much lower
affinity for the enzyme.

3.5. Effect of Kunitz-type protease inhibitors on NETs generation

To further analyze the activity of Meloidae KPI in a cellular context,
we incubated themwith activated neutrophils from healthy donors (HD)
and measured the neutrophils extracellular trap (NET) formation. To
this end, neutrophils were stimulated with PMA (500 nM for 4 h) to
induce NETs generation (compared to untreated cells 301.3 ± 76.3 fold
increase, p < 0.0001). Co-administration of Meloidae KPI with PMA
induced different results depending on the type of peptide tested
(Fig. 6).

The most pronounced inhibition of NETosis was observed with the
peptides Lyd_37798 (P1 Asp) and Myl_17096 (P1 Lys), showing re-
ductions of 88.8 % and 86.8 %, respectively, compared to PMA stimu-
lation (p < 0.0001). A statistically significant, though more moderate,
inhibitory effect was also observed with Myl_35212i1 (P1 Leu) and
Myl_35212i2 (P1 Phe), which reduced NET formation by 57.9 % (p <

0.001) and 13.5 % (p< 0.01) (Fig. 6). These findings are consistent with
the in vitro assays, confirming that Lyd_37798 (Asp), Myl_17096 (Lys),
and Myl_35212i1 (Leu) are the most potent Meloidae KPIs against
human NE.

3.6. Activity toward Kv channels: electrophysiological recordings

Dendrotoxins are small proteins that were isolated 20 years ago from
mamba (Dendroaspis) snake venoms [53] and shown to be homologous
to Kunitz-type serine protease inhibitors, such as bovine pancreatic
trypsin inhibitor. The dendrotoxins have little or no antiprotease ac-
tivity, but they were demonstrated to block particular subtypes of
voltage-dependent potassium channels (Kv1.x) in neurons (for a review,
see [54]). Moreover, recent findings showed that Kv1.3 participate in
the regulation of neutrophil activity during acute inflammatory pro-
cesses [55] and thus it would be important to address if Meloidae KPIs
could have more than one target in the context of neutrophil activation.
To evaluate the inhibitory potential of the newly identified Meloidae
KPIs on different voltage-gated potassium channels, we expressed
different channels in Xenopus laevis oocytes and measured the KPI ac-
tivity using the two-electrode voltage clamp (TEVC) technique (Fig. 7).
The three peptides that showed the maximum inhibitory efficacy versus
NE (Lyd_37798 (P1 Asp), Myl_17096 (P1 Lys) and Myl_35212i1 (P1
Leu)) were tested on Kv1.1 and Kv1.3 isoforms, whereby several Kv1.x
isoforms are known to be blocked with high affinity (IC50 in the nano-
molar range). As shown in Fig. 7A and B lack of activity has been
recorded against Kv1.1 and Kv1.3 isoforms. In order to check if the three
peptides showed activity against other voltage-gated potassium chan-
nels, we tested also Kv7.2/7.3 heteromeric, Kv10.1 and Kv11.1 channels
for the following reasons: i)the pharmacology of Kv7.2/7.3 channels
remains largely unexplored in the domains where they are natively
expressed; ii) among all ion channels, Kv10.1 has been established as a
promising target in cancer treatment due to the high expression in tu-
moral tissues compared to low levels in healthy tissues; iii) Kv11.1
mediates repolarization of cardiac action potentials in humans and loss
of function mutations cause inheritable long QT syndrome, character-
ized by a prolonged QT interval and an increased risk of ventricular
arrhythmia. To the best of our knowledge, KPI activity has not been
reported for the above mentioned targets. Lyd_37798 (P1 Asp),
Myl_17096 (P1 Lys) and Myl_35212i1 (P1 Leu) were tested on voltage-

Fig. 4. Inhibitory curve of Meloidae KPI toward human neutrophil elastase. Different concentrations of the Meloidae KPI were incubated with human neutrophil
elastase (3.5 nM), followed by the addition of chromogenic substrate (140 μM). The ratio of velocities of substrate hydrolysis in the presence (Vi) and in the absence
(Vo) of different concentrations of Meloidae KPI is plotted, showing the relative inhibition. Different range of inhibitor concentration were tested for the Meloidae
KPI. Ki (app) and R2 for each inhibitor are reported in the graphs.

Table 2
Inhibition constant (Ki) of the Meloidae KPI and human neutrophil elastase.

KPI Ki (nM) R2

Lyd_37798 (P1 asp) 32.36 ± 4 0.92
Myl_35212i1 (P1 Leu) 76.45 ± 7 0.94
Myl_17096 (P1 Lys) 154.5 ± 13.8 0.92
Myl_35212i2 (P1 Phe) 754.3 ± 93 0.81
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gated potassium channels Kv7.2/7.3, Kv10.1, and Kv11.1 and no ac-
tivity was observed (Fig. 7C and D). These results suggest a specificity of
the Meloidae Kunitz peptides toward NE.

4. Discussion

Transcriptomic and genomic analyses conducted in two species of
Meloidae insects allowed the identification of 15 single domain Kunitz
transcripts, corresponding to nine distinct genes, six inMylabris variabilis
and three in Lydus trimaculatus. These genes show a similar organization
and, in some cases, are arranged in tandem in the genome, leading to the
hypothesis of extensive evolutionary diversification from a common
ancestral gene (Fig. 1).

The high number of KPIs found in Meloidae reflects their importance
for the physiology of these insects but also highlights how Meloidae can
represent a reservoir of peptides with potential pharmacological inter-
est. Through the comparison of mRNAs and genomic sequences, we
reconstructed the gene architecture and mapped the organization of the
KPI gene loci (Fig. 1). Most genes share a conserved structure of two
exons separated by a short intron, except for Lyd_46461, which appears
to lack the signal peptide typically found in KPIs. Based on their genomic
overlap and sequence similarity, Lyd_46461 and Lyd_34901 may repre-
sent alternative splicing variants of a single locus. Additionally, we
observed tandem arrangements of several KPI genes (Myl_35212i1/i2,
Myl_37778, and Myl_21616g1/2) on specific scaffolds, suggesting
possible gene duplication events. This interesting evolutionary aspect
could reflect the necessity of insects to widen the panel of protease in-
hibitors directed at multiple targets.

To functionally characterize these inhibitors, we selected four pep-
tides for recombinant expression in E. coli based on the identity of their
P1 residue. The chosen candidates Myl_17096 (P1 Lys), Myl_35212i2
(P1 Phe), Myl_35212i1 (P1 Leu), and Lyd_37798 (P1 Asp) show a range
of physicochemical profiles (basic, aromatic, hydrophobic, and acidic),
allowing us to explore how P1 variation influences inhibitory activity
against NE. The multiple sequence alignment presented in Fig. 2 illus-
trates the sequence diversity and P1 positioning of the analyzed in-
hibitors in comparison with other extensively characterized members of
the Kunitz family.(caption on next column)

Fig. 5. Structural details of the experimental and predicted enzyme-inhibitors
complexes. Left panels display a general view of the complexes while right
panels display an enlarged view of the proteases active site regions. Labels
indicate the protease catalytic triad residues (Ser195, His57, Asp102), the
Val216 residue located in the S1 specificity site and the P1 residues of each
inhibitor (P4 in the case of Myl_35212i2 (P1 Phe; see below)). (A) Experimental
structure of the porcine pancreatic elastase (light brown ribbon) bound to the
specific inhibitor Elafin (orange ribbon) (PDB code IFLE; [25]). The structural
model of the complex between Elafin and the human Neutrophil Elastase (light
grey ribbon), used as a positive control, is also shown superimposed onto the
experimental structure; (B) Lyd_37798 (P1 Asp). The dashed line indicates the
electrostatic interaction between the carboxyl group of the P1 Asp residue and
the catalytic triad Ser195 residue; (C) Myl_35212i1 (P1 Leu). From the figure it
can be seen that the P1 Leu residue is predicted to form a hydrophobic inter-
action with Leu216; (D) Myl_17096 (P1 Lys). The figure clearly shows the pe-
ripheral binding mode predicted for this inhibitor, the only interaction
observed being a hydrogen bond (dashed line) between the P1 Lys residue of
the inhibitor and the catalytic triad Ser residue; (E) Myl_35212i2 (P1 Phe). Also
in this case, docking simulations predict a very loose binding mode between the
inhibitor and the enzyme, the only significant interaction observed being a
hydrogen bond between the P4 Tyr residue of the inhibitor and the catalytic
triad His residue (dashed line). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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In KPIs targeting elastase, the P1 residue plays a critical role in
determining specificity and binding affinity. Structural studies have
demonstrated that hydrophobic amino acids, particularly leucine (Leu),
are commonly found at the P1 position in KPIs effective against elastase.

This preference is due to the structural characteristics of elastase’s S1
pocket, which is optimally suited to adapt side chains that are small or
medium in size and hydrophobic in nature. Notably, the substitution of
the P1 residue with leucine in the KPI inhibitor has been shown to

Fig. 6. Effect of Meloidae KPI on NETs generation. Human neutrophils from male healthy donors were stimulated with 500 nM of PMA in single or combined
treatments with peptides (Myl_17096 (Lys); Lyd_ 37,798 (Asp); Myl_35212i1 (Leu) and Myl_35212i2 (Phe)) for 4 h. (A) After the treatment period, cells were
observed under the microscope and the generation of NETs was detected (black arrows). The images are representative of the experiments performed. The black bar
indicates the size of 100 μm. (B) Spectrophotometrical absorbance at 260 nm of the pellet indicating the extracellular DNA (see the Section 2). The graph represents
the ratio between the absorbance of each sample and the mean of the non-stimulated samples. The experiments were performed four times. One-way ANOVA with
Tukey post-hoc test has been applied, **p < 0.01, ***p < 0.001.
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markedly increase the affinity for elastase, converting it into a tight-
binding inhibitor with nanomolar affinity [4,21,56,57].

In contrast, KPIs with basic residues like lysine (Lys) or arginine
(Arg) at the P1 position tend to exhibit higher specificity toward trypsin-
like proteases rather than elastase. This distinction highlights the
importance of the P1 residue’s characteristics in designing KPIs with
desired specificity [4,58] When designing or evaluating KPIs targeting
elastase, prioritizing hydrophobic P1 residues, particularly Leu, has
proven to be a strategic choice to enhance inhibitory efficacy [56].
Consistent with this rationale, the peptide Myl_35212i1 (P1 Leu),

bearing a leucine at the P1 position, demonstrated strong elastase in-
hibition (Fig. 4). Intriguingly, the most potent inhibitor in our study was
Lyd_37798 (P1 Asp), which features an aspartic acid at P1, a residue type
not commonly associated with elastase inhibitors. This unexpected
result opens new avenues for considering acidic residues in KPI design,
challenging the conventional preference for hydrophobicity at this po-
sition. However, protease specificity in KPIs is not dictated solely by the
P1 residue; rather, it arises from a combination of interactions involving
multiple amino acids within the conserved Kunitz domain [57]. When
evaluating the amino acid residues at the P4–P4′positions of the selected

Fig. 7. Activity of Lyd_37798 (P1 Asp), of Myl_17096 (P1Lys) and of Myl_35212i1 (P1 Leu) toward Kv channels. Meloidae KPI, Myl_17096 (P1 Lys) reported in red,
Myl_35212i1 (P1 Leu) reported in blue and Lyd_37798 (P1 Asp) reported in green were applied directly into the bath containing X. laevis oocytes transfected with
cDNA codifying for the reported ion channel subunits. Recording of control are reported as black lines. (A) voltage-gated potassium channel 1.1 (Kv1.1), (B) voltage-
gated potassium channel 1.3 (Kv1.3), (C) voltage-gated potassium channel 7.2/7.3 (Kv7.2/7.3) and (D) human Ether-a-go-go-related Gene potassium channel (hERG/
Kv11.1). All data were obtained in at least three independent experiments (n ≥ 3). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Kunitz peptides (Lyd_37798, Myl_35212i1, Myl_17096, and
Myl_35212i2), the scoring matrix from the MEROPS database [2] pre-
dicted inhibitory preferences (Supplementary Table S1) that were fully
consistent with the experimentally determined Ki values (Fig. 4).
Notably, the analysis emphasizes the critical role of residues at the
P4–P4’ sites in shaping peptide–enzyme interactions. This concordance
not only reinforces the robustness of our experimental findings but also
underscores the utility of integrating computational scoring with
biochemical assays to guide rational peptide design. In a broader
context, such insights may prove valuable for the development of
tailored peptide-based inhibitors with therapeutic potential against
protease-driven pathologies. To further elucidate the molecular basis
underlying these observations, particularly the superior inhibitory ca-
pacity of Lyd_37798 (P1 Asp) and Myl_35212i1 (P1 Leu), we performed
molecular modelling analyses. Structural inspection of the experimental
elastase–Elafin complex (PDB code 1FLE) highlights that the inhibitor’s
reactive loop establishes extensive van der Waals contacts within the
enzyme’s active site crevice. Furthermore, the P1 Ala residue of Elafin is
tightly accommodated within the hydrophobic S1 pocket, positioned
opposite to Val216 (Fig. 5, panel A). A comparable arrangement was
observed in the Lyd_37798 (P1 Asp) and Myl_35212i1 (P1 Leu) com-
plexes (Fig. 5, panels B and C, respectively): the P1 Asp residue of
Lyd_37798 engages in electrostatic interactions with the catalytic
Ser195, whereas the P1 Leu residue of Myl_35212i1 fits snugly into the
hydrophobic S1 site, contacting Val216. By contrast, the binding modes
of Myl_17096 and, more markedly, Myl_35212i2 are shifted toward the
periphery of the active site cleft, resulting in a reduced interaction
surface area. This structural evidence is in excellent agreement with
their lower experimentally measured affinities for elastase. Elafin is
involved in inflammatory disease and is receiving great attention as a
potential candidate for the anti-inflammatory treatment of respiratory
diseases [59]. The identification of two new Kunitz peptides with a
similar mechanism of binding of Elafin is of strong pharmacological
interest. It would be important to perform structural and mutagenesis
analyses to increase our knowledge of Elafin, Lyd_37798 (P1 Asp), and
Myl_35212i1 (P1 Leu) mode of action to improve their pharmacological
properties. To extend the functional relevance of our biodiversity-
inspired Kunitz inhibitors, we evaluated their ability to suppress
NETosis, a process implicated in various inflammatory pathologies
associated with excessive neutrophil activation (Fig. 6). Neutrophils
from healthy donors were stimulated with PMA to induce NET forma-
tion, and co-incubated with selected Meloidae KPIs. The peptides
Lyd_37798 (P1 Asp) and Myl_17096 (P1 Lys) exhibited the strongest
inhibitory effects, suppressing NET release by nearly 90 %. Myl_35212i1
(P1 Leu) and Myl_35212i2 (P1 Phe) also reduced NET formation, though
their effects were more modest. Overall, Lyd_37798 (P1 Asp) stood out
as the most efficient compound, acting as both the most potent elastase
inhibitor and the most effective blocker of NETosis, suggesting prom-
ising therapeutic potential. In addition to NE, other proteases contribute
to NET formation, among them proteinase 3 (PR3 or myeloblastin),
cathepsin G (CatG) and neutrophil serine protease 4 (NSP4) [60–62]. We
cannot exclude that Meloidae KPIs exert their inhibitor effects also on
those proteases. This is particularly true for Myl_17096 (P1 Lys), which
shows a strong NET inhibition in cellular tests but a Ki versusNE of about
150 nM. It is interesting to note that, NSP4 is a trypsin-like enzyme and
thus can be inhibited by KPI with a positively charged P1 residue, such
as lysine or arginine [63]. Thus, it would be interesting in the future to
assess if Meloidae KPIs are active also against other neutrophil
proteases.

We also tested the ability of Meloidae KPI to inhibit potassium
voltage channels (Fig. 7), since there are some reported proteins with
both functions of inhibiting serine proteases and blocking potassium
channels [4,64,65] and because a role for some Kv channels (especially
Kv 1.3) has been emerging in the regulation of neutrophils activation
[55]. This aspect could be of great pharmacological interest in the in-
flammatory disorders characterized by excessive neutrophil infiltration.

The complete lack of inhibition toward the voltage gated channels tested
restricted the potential pharmacological use of Meloidae KPIs but on the
other hand highlight the specificity of these new peptides, strengthening
the interest in their use as potential elastase inhibitor drugs.

The need to find new NE inhibitors arises from their increasing use in
the prevention of adverse effects of diseases characterized by a violent
inflammatory response such as acute respiratory distress syndrome
(ARDS), induced by excessive NE activation [66,67]. NE directly acti-
vates inflammation by increasing cytokine expression and release and
indirectly by triggering extracellular trap and exosome release, thereby
amplifying protease activity and inflammation [68,69]. Clinical thera-
pies that utilize protease inhibitors in controlling sepsis and related in-
flammatory disorders are limited, with the use of urinary trypsin
inhibitor (UTI) [70], also called ulinastatin or bikunin, being the only
approved option. UTI is a naturally occurring multivalent Kunitz-type
inhibitor with notable anti-inflammatory effects [71]. Beyond inflam-
mation, there are strong evidence that, in various cancers, the secretion
of various proteases correlates with the aggressiveness of the tumour.
Indeed, some KPI such as Bikunin [72], Tissue Factor Pathway Inhibitor-
2 (TFPI-2) [73] and Serine Peptidase Inhibitor, Kunitz Type 2 (SPINT2)
[74] have been demonstrated to inhibit cancer progression suggesting
that modulation of protease activity may have therapeutic applications
in both inflammation and oncology. However, neutrophils and NE can
also counteract tumour progression for example by inducing the death of
tumour cells while sparing proximal healthy cells [18,75]. Thus, the role
of NE and of KPI in the tumour context needs to be evaluated in depth
and considered case by case.

The use of natural peptides derived from meloids insects can repre-
sent a repertoire for therapeutic purposes, also considering that protease
inhibitors of natural origin often have greater therapeutic potential and
fewer side effects than synthetic ones [76–78]. Moreover, the Kunitz
peptides act as reversible inhibitors that are usually preferred over
irreversible ones [76]. Compared to other Kunitz inhibitors that are
components of the venom, Meloidea derived KPI show the advantage to
be evolved to regulate the organism’s own processes probably present-
ing more specificity and less toxicity.

In addition, several Kunitz inhibitors are already available as drugs
for the prevention and treatment of specific diseases, such as ecallantide
(approved for hereditary angioedema [79]) and aprotinin (used during
medical or surgical procedures to avoid the risk of bleeding [80]).

We recognize some aspects in our study that deserve further inves-
tigation. First, although we did not directly assess the refolding effi-
ciency of our purification method, it is possible that a fraction of the
purified KPI may not have been fully folded, which could result in a
conservative estimate of the activity versus NE. Second, we tested the
Meloidae-derived KPIs against a selected panel of ion channels, and
additional proteases were not included. It would be important in the
future to provide a more comprehensive characterization of the speci-
ficity and explore the potential broader activity of each new Meloidae-
derived KPIs. Moreover, future investigation will be essential to delin-
eate the molecular mechanisms underlying the activity of Kunitz-type
elastase inhibitors. Novel target-discovery platforms, including
proteolysis-targeting chimera (PROTAC) probe technologies and state-
of-the-art proteomic approaches, provide promising opportunities to
identify interacting partners and clarify the downstream pathways
modulated by these inhibitors [81]. The application of such methodol-
ogies may significantly advance our understanding of their pharmaco-
logical profile and open avenues for the development of next-generation
therapeutic strategies.

In conclusion, the discovery of Meloidae Kunitz-type inhibitors
opens new avenues for the development of innovative drugs against NE.
Their potential application in the inflammation control and in the
modulation of cancer-related protease activity makes them as compel-
ling candidates for future drug development in both inflammatory and
oncological settings.
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J. Nevoux, M. Lombès, G. Mourier, E. De Pauw, D. Servent, C. Mendre, R. Witzgall,
N. Gilles, Green mamba peptide targets type-2 vasopressin receptor against
polycystic kidney disease, Proc. Natl. Acad. Sci. USA 114 (2017) 7154–7159,
https://doi.org/10.1073/pnas.1620454114.

[65] S. Peigneur, B. Billen, R. Derua, E. Waelkens, S. Debaveye, L. Béress, J. Tytgat,
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