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Objective: To investigate the antimicrobial activity of peptides derived from C-type Lectin Domain Family
3 Member A (CLEC3A), shed light on the mechanism of antimicrobial activity and assess their potential
application in prevention and treatment of septic arthritis.
Design: We performed immunoblot to detect CLEC3A peptides in human cartilage extracts. To investigate
their antimicrobial activity, we designed peptides and recombinantly expressed CLEC3A domains and
used them to perform viable count assays using E.coli, P.aeruginosa and S.aureus. We investigated the
mechanism of their antimicrobial activity by fluorescence and scanning electron microscopy, performed
ELISA-style immunoassays and transmission electron microscopy to test for lipopolysaccharide binding
and surface plasmon resonance to test for lipoteichoic acid (LTA) binding. We coated CLEC3A peptides on
titanium, a commonly used prosthetic material, and performed fluorescence microscopy to quantify
bacterial adhesion. Moreover, we assessed the peptides’ cytotoxicity against primary human chon-
drocytes using MTT cell viability assays.
Results: CLEC3A fragments were detected in human cartilage extracts. Moreover, bacterial supernatants
lead to fragmentation of recombinant and cartilage-derived CLEC3A. CLEC3A-derived peptides killed
E.coli, P.aeruginosa and S.aureus, permeabilized bacterial membranes and bound lipopolysaccharide and
LTA. Coating CLEC3A antimicrobial peptides (AMPs) on titanium lead to significantly reduced bacterial
adhesion to the material. In addition, microbicidal concentrations of CLEC3A peptides in vitro displayed
no direct cytotoxicity against primary human chondrocytes.
Conclusions: We identify cartilage-specific AMPs originating from CLEC3A, resolve the mechanism of
their antimicrobial activity and point to a novel approach in the prevention and treatment of septic
arthritis using potent, non-toxic, AMPs.
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Introduction

Millions of arthroplasties are performed every year.1 An esti-
mated 1e2% of these procedures lead to septic arthritis.2 Septic
arthritis can lead to irreversible loss of joint function and shows
high mortality rates.3 In case of an infection, the dense cartilage
extracellular matrix limits the ability of immune cells to infiltrate
td. All rights reserved.
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the tissue.4 This explains why an alternative defense mechanism
evolved in cartilage, namely, the production of antimicrobial pep-
tides (AMPs).5 AMPs are highly conserved, short (15e50) amino
acid sequences with potent antimicrobial activity.6,7 Research on
AMPs in cartilage, however, is scarce, and only a few ubiquitous
AMPs have been described in articular cartilage.3,5,8,9

In light of the expression of ubiquitous AMPs in cartilage, the
question arises whether cartilage-specific AMPs exist. This could be
the case with the C-type lectin domain family 3 member A
(CLEC3A).10 CLEC3A is a 23-kDa protein closely related to tetra-
nectin,11 anothermember of group IX of the C-type lectin family. On
the protein level, CLEC3A is cartilage-specific and can be found in
articular cartilage as well as in resting, proliferating, and hyper-
trophic growth-plate cartilage. Moreover, CLEC3A can bind plas-
minogen and contributes to its activation.10 CLEC3A shows several
features of an AMP precursor. First, it is highly susceptible to pro-
teolytic cleavage,12 which represents the first step in releasing
active AMPs, as in the case of cathelicidin13 and anti-thrombin III.14

Second, an N-terminal fragment of CLEC3A exhibits strong heparin-
binding activity, a feature frequently observed in AMPs.14e16 Finally,
another member of the C-type lectin family, the human Reg3A, has
been shown to kill bacteria by forming membrane-permeabilizing
pores.17,18

We therefore performed an exploratory study to examine
whether cartilage-specific CLEC3A and CLEC3A-derived peptides
exhibit antimicrobial activity, investigated their mechanism of ac-
tion and assessed CLEC3A-derived peptides’ potential in preventing
arthroplasty-associated septic arthritis.

Method

Ethics

The study was approved by the ethics committee of the Uni-
versity Hospital Cologne (application no. 04e196).

Synthetic peptides

CLEC3A-derived peptides and TiBP (titanium-binding peptide)
were synthesized by Biomatik (Canada) or Peptide 2.0 (VA, USA).
LL-37 was purchased from Invivogen (CA, USA). The purity of the
peptides was >98%.

Recombinant proteins

Full-length CLEC3A, the carbohydrate-recognition domain
(CRD) and the oligomerization domain (OD) encoded by exon 2 and
exon 3 (CLEC3A-Ex23) and only the CRD encoded by exon 3
(CLEC3A-Ex3) were recombinantly expressed and affinity purified
as previously described10 (Fig. 1).

Microorganisms

Viable count assays, fluorescence microscopy and bacterial
cleavage experiments were performed using the following bac-
terial strains: Escherichia coli (E.coli) (ATCC 29522), Pseudomonas
aeruginosa (P.aeruginosa) (ATCC 27853), Staphylococcus aureus
(S.aureus) (ATCC 29213). Electron microscopy experiments were
performed using the following bacterial strains: Streptococcus
pyogenes (S.pyogenes) AP1 (40/58) of serotype M from the World
Health Organization Collaborating Centre for Reference and
Research on Streptococci, Prague, Czech Republic, S.aureus 111 and
E.coli B1351, collected at the Department of Clinical Microbiology,
Lund University Hospital, Sweden and P.aeruginosa PAO1 (ATCC,
Teddington Oly, UK), originally isolated from a wound.
Experiments on titanium were performed using E.coli GFP (ATCC
25922GFP).

Viable count assay

Bacteria were grown to mid-logarithmic phase (OD630 z 0.5) in
tryptic soy broth (TSB) (SigmaeAldrich, Germany). The viable count
assay was performed as previously described.14 Briefly, bacteria
were washed and resuspended with TriseHCl/Glucose (TG-buffer)
(10 mM TriseHCl 5 mM Glucose, pH 6.5) to a final concentration of
106 cfu/ml. Bacteria were incubated with water (negative control),
10mM of LL-37 (CA, USA) or synthetic peptide/recombinant protein
solution for 2 h. Serial dilutions of the mixtures were plated out on
TSB agar plates. The number of grown colonies in each mixture is
displayed as a percentage of colonies grown in the control. Results
are displayed as averages from three to four independent experi-
ments and the standard deviationwas calculated for each displayed
value.

Fluorescein isothiocyanate (FITC) uptake assay

Bacteria were grown to mid-logarithmic phase (OD630 z 0.5) in
luria bertani (LB) medium (SigmaeAldrich, Germany). Bacteria
were washed and resuspended in tris glucose buffer (TG-buffer) to
a final concentration of 5x107 cfu/ml. They were incubated with
20mM peptide solutions or water (negative control) for 2 h, and the
assay was performed by using F7250 fluorescein isothiocyanate
(FITC) (SigmaeAldrich, Germany) as previously described.14 Bac-
teria were visualized using a confocal laser scanning microscope
(Leica TCS SP8). The displayed images show representative results
from at least three independent experiments.

Scanning electron microscopy

Bacteria were grown to mid-logarithmic phase in Todd-Hewitt
broth (THB) (DI, USA). They were washed and resuspended with
TriseHCl, pH 7.4 to a concentration of 2x109 cfu/ml and were
incubated for 2 h at 37�C with 2mM CLEC3A-derived peptides, 3mM
LL-37 or TriseHCl alone (negative control). Bacteriawere fixed with
2.5% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4 (cacodylate
buffer), washed with cacodylate buffer and dehydrated with
ascending ethanol concentrations as previously described.19 Sam-
ples were visualized with a Philips/FEI XL30 field emission guns
(FEG) scanning electron microscope. The displayed images show
representative results from at least three independent
experiments.

Transmission electron microscopy

The binding of synthetic peptides to lipopolysaccharide (LPS),
or to the bacterial surface of E.coli, was visualized by negative
staining and transmission electron microscopy as previously
described.20 Briefly, LPS (5 mg/ml), or bacteria (2 � 109 cfu/ml),
were incubated with synthetic peptides for 1 h at 37�C. For
visualization in the electron microscope, the peptides were con-
jugated with 5 nm colloidal gold.21 For visualization of LPS par-
ticles on bacterial membranes, a monoclonal antibody against
E.coli LPS (ab35654) (Abcam, United Kingdom) was used conju-
gated with 10 nm colloidal gold. Specimens were examined in a
Philips/FEICM 100 Twin transmission electron microscope. Im-
ages were recorded using a side-mounted Olympus Veleta camera
with the ITEM acquisitions software. The displayed images show
representative results from at least three independent
experiments.



Fig. 1. Amino acid sequence and gene structure of CLEC3A with a schematic depiction of recombinant proteins and synthetic peptides. (a) CLEC3A consists of 197 amino acids. Open
arrowheadmarks the signal peptide cleavage site. Closed arrowheadsmark the exon borders. (b) Schematic illustration of CLEC3A's gene structure and the exons encoding the protein,
which comprise of a signal peptide and a positively charged sequence encoded byexon 1, a potential alpha-helical oligomerization domain (OD) encoded byexon 2, and a carbohydrate-
recognition domain (CRD) encoded by exon 3. Grey rectangles represent the recombinant proteins; thewhite rectangles represent the synthetic peptides used in this study. The dotted
line rectangle represents the synthetic peptide Ex1z, which contains the amino acid sequence of Ex1without the positive charge. Recombinant full-length CLEC3A is abbreviated as flc.
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LPS-binding assay

LPS-binding assay was performed in trademark of thermo fisher
scientific (NUNCTM) Maxi Sorb 96-well plates (Thermo Fisher Sci-
entific, USA) by coating them overnight with 0.5 mg of synthetic
peptide, recombinant protein, or LPS in sodium hydrogen phos-
phate, pH 9. Samples were blocked for 2 h at room temperature
(RT) with 2% bovine serum albumin in PBS-T (VWR Chemicals, PA,
USA) (blocking buffer) and incubated for 1 h at RT with 0.5 mg of
Biotin-labeled LPS (Invivogen, CA, USA) or 0.5 mg of recombinant
proteins. Samples incubated with Biotin-labeled LPS were subse-
quently incubated for 1 h at RT with a 1:2500 solution of
streptavidin-peroxidase S5512 (SigmaeAldrich, Germany) in
blocking buffer. Samples incubated with the recombinant proteins
were incubated for 1 h at RT with a 1:1000 solution of an affinity-
purified rabbit anti-human CLEC3A antibody,10 and subsequently
for 1 h at RT with a 1:2500 solution of a swine anti-rabbit IgG HRP-
labeled antibody (Dako, Denmark). All samples were developed by
using the 3,30,5,50-tetramethylbenzidine liquid substrate system for
enzyme-linked immunosorbent assay (ELISA) (SigmaeAldrich,
Germany). Absorption values weremeasured at 450 nm. Results are
averages from three independent experiments, which were
conducted in triplicate. The standard deviation was calculated for
each displayed value.

Surface plasmon resonance

Surface plasmon resonance was performed as described previ-
ously22 using a BIAcore2000 system (Sweden). Briefly, lipoteichoic
acid (LTA) from S.aureus (L2515, SigmaeAldrich, Germany) was
covalently coupled to a CM-5 sensor chip (GE Healthcare, Germany)
at 500 response units in 10 mM sodium acetate buffer, pH 5. To
investigate binding to LTA, 300 nM of CLEC3A peptides and do-
mains in HBS-EP buffer (0.01 M 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid (HEPES), pH 7.4, 0.15 M NaCl, 3 mM
ethylenediamine tetraacetic acid (EDTA), 0.005% (v/v) surfactant
were passed over the LTA-coupled sensor chip. Experiments were
performed in duplicate.

Tissue extraction

Human hip cartilage was obtained from a patient who under-
went joint replacement surgery due to coxarthrosis. Extraction of
the cartilage was performed by crushing the tissue in liquid
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nitrogen as previously described.10 Proteins were extracted over-
night at 4�C with four volumes (v/w) of 2 M urea, 10 mM EDTA, 1 M
NaCl, 50 mM TriseHCl, pH 7.4.

Bacterial cleavage experiments

P.aeruginosa were grown overnight to mid-logarithmic phase
(OD630 z 0.5) in TSB (SigmaeAldrich, Germany). Bacteria were
washed with dulbecco's phosphate buffered saline (DPBS) and
resuspended in DMEM F-12 (Thermo Fisher Scientific, USA) to a
concentration of 1 � 109 cfu/ml. 150 ml of this bacterial suspension
were incubated with 1.5 mg recombinant CLEC3A for 5 min, 30 min,
4 h, 8 h, and 24 h at 37�C. The mixtures were centrifuged for 5 min
at 4500 g, and supernatants were analyzed by immunoblot.

SDS-PAGE and immunoblot

SDS-PAGE was performed using 4e12% Bis-Tris polyacrylamide
gels under reducing conditions. Immunoblotting was performed by
transferring the proteins to a polyvinylidene fluoride membrane
(Thermo Fisher Scientific, USA). Immunoblotting was performed as
previously described10 by incubating the membrane with affinity-
purified polyclonal rabbit antibodies against human CLEC3A. The
antibody's specificity for CLEC3A proteins was shown previously.10

The binding capacity for the CLEC3A peptides Ex1 and Ex12 was
validated by immunoblot. The antibody showed reactivity against
Ex12, but not against Ex1.

Preparation and coating of titanium substrates

Titanium substrates were prepared and coated with peptides as
previously described.23,24 Briefly, the sequence of the titanium
binding peptide (TiBP), which is known to bind titaniumwith high
affinity,25 and a spacer consisting of three glycine residues (GGG)
were added N-terminally to the CLEC3A-derived peptides to be able
to coat them to the titanium substrates (Table I). Titanium foil,
0.5 mm thick and 99% pure was cut into 1 cm � 1 cm plates which
were washed, transferred to wells of a 24-well plate, and sterilized
on each side by ultraviolet germicidial irradiation. They were sub-
sequently coated with 20mM solutions of TiBP, Ex1, Ex12, TiBP-Ex1,
and TiBP-Ex12 in PBS or PBS alone. A successful coating of various
TiBP-chimeric peptides has already been shown.26

Bacterial adhesion on titanium substrates

Bacteria carrying green fluorescence protein-expressing vectors
with an ampicillin resistance gene were grown to mid-logarithmic
phase in tryptic soy broth (SigmaeAldrich, Germany) containing
100 mg/ml ampicillin. They werewashed with PBS by centrifugation
at 4500 g. Bacteria were incubated and fixed on titanium substrates
as previously described.23,24 The adherent fluorescent bacteria
Table I
List of recombinant proteins and synthetic peptides used in this study. Size and net charge
calculated using NPS@: Network Protein Sequence Analysis

Protein/peptide Aminoacid position Aminoacid sequence

Ex23 39e197 Exon 2 and 3 with N-terminal 8His-tag
Ex3 68e197 Exon 3 with N-terminal 8His-tag
flc 23e197 Full-length protein with C-terminal double S
Ex1 23e38 HTSRLKARKHSKRRVR
Ex1z STSQLQAQKSSQQQVQ
Ex2 39e67 DKDGDLKTQIEKLWTEVNALKEIQALQT
Ex12 23e69 HTSRLKARKHSKRRVRDKDGDLKTQIEKLWTEV
TiBP RPRENRGRERGL
TiBP-Ex1 RPRENRGRERGLGGGHTSRLKARKHSKRRVR
TiBP-Ex12 RPRENRGRERGLGGGHTSRLKARKHSKRRVRDK
were visualized using a confocal laser scanning microscope (Leica
TCS SP8). The displayed images show representative results from at
least three independent experiments, performed in duplicate.
Quantification of bacterial adhesion originates from three inde-
pendent experiments performed in duplicate and was performed
by counting bacteria on nine different microscopic images per
experiment and peptide. The standard deviation was calculated for
each displayed value.

MTT cell viability assay

Primary human chondrocytes (PHC) were isolated from carti-
lage obtained from three patients, who underwent joint replace-
ment surgery due to coxarthrosis (two patients)or gonarthrosis
(third patient) using 0.4% Pronase for 90 min (Calbiochem, USA) as
previously described.27 PHCs (1.13 � 105 or 1.5 � 105 cells/well of a
96-well plate) were cultured for 3 days in dulbecco’s modified eagle
medium (DMEM) F-12 (Thermo Fisher Scientific, USA) containing
10% Nu Serum (Beckton Dickinson, USA) and 50 mg/ml gentamicin
(Thermo Fisher Scientific, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was performed as pre-
viously described.28 Briefly, the cells were incubated for 2 h in a
humidified chamber with 100 mL of serum-free medium containing
20,10, 5, or 2.5 mMpeptide solutions, 2% Triton X-100 or serum-free
medium alone (control). The results are averages from three in-
dependent experiments performed in duplicates, except for those
for Triton X-100, which are averages from two independent ex-
periments performed in octuplets. All results are shown as a per-
centage of the absorbance measured in the control. The standard
deviation was calculated for each value.

Statistical analysis

All graphs contain data originating from three to four inde-
pendent experiments, performed either in duplicate or triplicate as
indicated at the corresponding experiment. All values were
expressed as mean ± standard deviation. Statistical analysis was
performed using GraphPad Prism, version 8.0. The P-values were
determined using KruskaleWallis test. Correction for multiple
comparisons was performed using Dunn's test.

Results

Peptide design

Analysis of CLEC3A amino acid sequence showed that it pos-
sesses segments with characteristics of AMPs. Typical AMPs consist
of 10e50 amino acids, display an overall positive charge (þ2
to þ11) and possess a considerable number of hydrophobic resi-
dues. Their secondary structure is a-helical, b-sheet or a random-
coil structure.29 For this study, we designed two potential AMPs
at pH 7was calculated using www.pepcalc.comwhereas the alpha helix content was

Size (Da) Net charge Alpha helix

17,892.08 �1.1 17.61%
14,681.49 0.9 7.63%

trep-tag 19,890.43 7.1 16.00%
2016.37 8.2 18.75%
1775.87 1 0%
3228.6 �2 60.71%

NALKEIQALQTVCL 5542.39 6.1 61.7%
1495.65 3 0%
3665.15 11.2 29.03%

DGDLKTQIEKLWTEVNALKEIQALQTVCL 7191.18 9.1 56.45%

http://www.pepcalc.com


Fig. 2. CLEC3A-derived peptides inhibit bacterial growth and cause permeabilization of
bacterial membranes (a) 10 or 2.5 mM of peptide/protein were incubated with E.coli,
P.aeruginosa or S.aureus. Individual results of colonies grown after incubationwithwater
(control) from 3 to 4 independent experiments are shown. The standard deviation was
calculated for each value and is represented by the error bars. (b) Bacteria were incu-
bated with water (control) or 20 mM of synthetic peptides, and subsequently with
fluorescein isothiocyanate (FITC). Bacteria with permeabilized cell membranes take up
FITC and emit fluorescence (seen in green). Bacteria with intact cell membranes do not
take up the dye. The scale bar length is 40 mm. (c) Bacteriawere incubatedwith 20 mMof
synthetic peptides orwater (control) and visualized using scanning electronmicroscopy.
Membrane perturbation leads to release of cell content which can be seen as a white
mass around the bacteria indicated by thewhite arrows. The scale bar length is 2 mm. The
displayed images in (b) and (c) show representative results from at least three inde-
pendent experiments.
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derived from the CLEC3A sequence (Fig.1, Table I). Namely, CLEC3A-
Ex1 (Ex1), containing the positively charged N-terminal sequence
and CLEC3A-Ex12 (Ex12), containing the positively charged N-ter-
minal sequence and the alpha-helical OD. By analysis of the CLEC3A
amino acid sequence using the ProP 1.0 Server, the predicted furin
cleavage site is after position 38, which is the end of the Ex1
sequence.30 Moreover, MMP-7 cleavage sites have been shown to
be toward the end of the Ex12 sequence,12 indicating that these
peptides are likely to be present in cartilage. Since positive charge
has been shown to be crucial for antimicrobial activity of most
AMPs,31 we designed CLEC3A-Ex2 (Ex2), which contains the alpha-
helical OD without the positively charged sequence as a negative
control. In addition, Ex1z was designed as a direct negative control
for Ex1, where all positively charged amino acids were substituted
by uncharged ones.

Antimicrobial activity

Viable count assay was performed to investigate the antimi-
crobial activity of CLEC3A-derived peptides [Fig. 2(a)]. Therefore,
bacteria were incubated with the peptides and subsequently plated
on agar plates. The CLEC3A-derived potential AMPs Ex1 and Ex12
caused a marked inhibition of bacterial growth of E.coli, P.aerugi-
nosa and S.aureus, in concentrations from 2.5 mM to 10 mM, com-
parable to the reference AMP LL-37, a well investigated AMP with
potent antimicrobial, chemotactic and immune modulatory activ-
ity.32,33 The control peptides Ex2 and Ex1z, which do not contain
the positively charged sequence, did not exhibit antimicrobial ac-
tivity, confirming that a positive charge is needed for this activity.
For comparison, only the results with peptides in 10 mM concen-
trations are shown.

Viable count assaywas also used to investigate the antimicrobial
activity of CLEC3A domains [Fig. 2(a)]. Therefore, recombinantly
expressed C-terminal protein domains Ex23 and Ex3, which
encompass the OD and the carbohydrate-recognition domain
(CRD), or the CRD alone, respectively, were tested against E.coli in
same molar concentrations as the peptides but did not have an
antimicrobial effect. Due to low protein yields, experiments with
full-length CLEC3A were conducted using concentrations of up to
2.5 mM. Despite the presence of the positively charged domain,
these concentrations of full-length CLEC3A did not lead to an
antimicrobial effect against E.coli, whereas the CLEC3A-derived
peptides did [shown for Ex12, Fig. 2(a)]. Since Ex23, Ex3 and full-
length CLEC3A did not exhibit an antimicrobial activity against
E.coli, they were not tested against P.aeruginosa and S.aureus.

Membrane permeabilization

Membrane permeabilization is a common microbicidal mecha-
nism of AMPs. To investigatewhether CLEC3A peptides also employ
this bacterial killing mechanism, fluorescence microscopy was
performed [Fig. 2(b)]. Bacteria were first incubated with peptides
for membrane permeabilization to occur. After incubation, the
addition of FITC to bacteria caused an uptake of the fluorescence
dye by the bacteria that was assessed by fluorescence microscopy.
The reference AMP LL-37 and the CLEC3A-derived AMPs Ex1 and
Ex12 permeabilized the membranes of Gram-negative E.coli and
P.aeruginosa. Ex12 also permeabilized the membranes of Gram-
positive S.aureus. As expected, after incubation with water (con-
trol), or the control peptides Ex1z, or Ex2, no membrane per-
meabilization occurred. Light microscopy was performed on all
samples to confirm the presence of bacteria (results not shown).

Membrane permeabilization was also visualized using scanning
electron microscopy [Fig. 2(c)]. Such visualization provides reliable
analysis of bacterial cell membrane permeabilization.14 After
incubation with the CLEC3A-derived AMPs Ex1 and Ex12, Gram-
negative E.coli and P.aeruginosa ruptured, thereby releasing cell
content which can be seen as a white mass indicated by the white
arrows [Fig. 2(c)]. Ex12 also caused the rupture of Gram-positive
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S.pyogenes and S.aureus, an effect comparable to the reference AMP
LL-37. Incubation with water (control) or the control peptides Ex1z
and Ex2 led to no changes in bacterial morphology.

Lipopolysaccharide (LPS) binding

A common mechanism of AMPs is the binding of LPS on the
membrane of Gram-negative bacteria. LPS-binding of CLEC3A-
derived AMPs was first investigated using transmission electron
microscopy. Ex1 and Ex12 were labeled with gold particles, incu-
bated with LPS, and visualized using a transmission electron mi-
croscope [Fig. 3(a)]. After incubation with the gold-labeled
reference AMP LL-37 and the CLEC3A-derived peptides Ex1 and
Fig. 3. Full-length CLEC3A (flc) and CLEC3A-derived peptides bind LPS and lipoteichoic acid (
with gold-labeled synthetic peptides or water (control) and subsequently visualized using an
peptides having bound to LPS. The scale bar length is 100 nm. (b) Antibodies against E.coli LP
whereas the synthetic peptides were labeled with 5 nm gold particles (seen as smaller do
croscope after incubation with gold-labeled antibodies against LPS and gold-labeled synthet
(a) and (b) show representative results from at least three independent experiments. (c)
incubated with biotin-labeled LPS, and detection performed using streptavidin-peroxidase (
LPS was coated to wells of 96-well plates, incubated with the recombinant proteins, which w
averages from at least three independent experiments performed in triplicate. Standard dev
0.01, ****P < 0.0001. (d) For surface plasmon resonance, S.aureus LTA was immobilized on
injection. Experiments were performed in duplicate.
Ex12, the gold particles could be observed on the LPS surface,
demonstrating LPS-binding of these peptides. When incubated
with water (control), or the control peptides Ex1z, or Ex2, no gold
particles could be seen.

Additionally, LPS-bindingwas investigated on E.colimembranes.
Antibodies against E.coli LPS conjugated to gold particles 10 nm in
diameter and synthetic peptides conjugated to gold particles 5 nm
in diameter were visualized using a transmission electron micro-
scope [Fig. 3(b)]. Upon incubationwith gold-labeled reference AMP
LL-37, or CLEC3A-derived AMPs Ex1, or Ex12, the small gold parti-
cles (marked by white arrows) were seen co-localized with the
large gold particles (marked by black arrows) (antibodies against
LPS), showing an LPS binding of these peptides. Furthermore,
LTA) on bacterial membranes and cause membrane deformation. (a) LPS was incubated
electron microscope. The presence of clustered black dots represents the gold-labeled
S were labeled with 10 nm gold particles (seen as larger dots marked by black arrows)
ts marked by white arrows). E.coli membranes were visualized using an electron mi-
ic peptides or water (control). The scale bar length is 100 nm. The displayed images in
Synthetic peptides or recombinant proteins were coated to wells of 96-well plates,
left). Ex12 was left out of this experiment due to an unspecific binding to streptavidin.
ere detected using an antibody against human CLEC3A (right). The results are shown as
iation was calculated for each value and is represented by the error bars. *P < 0.05, ** <
a sensor chip and 300 nM of the indicated peptides were flown over the chip upon
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incubation with the LPS-binding peptides LL-37, Ex1, or Ex12
caused a disruption and slight fragmentation of the bacterial cell
membrane. When incubated with water (control), or gold-labeled
control peptides Ex1z, or Ex2, only the 10 nm-gold particle-
labeled antibodies against LPS could be observed on the bacterial
membrane.

To determine whether full-length CLEC3A and its domains bind
LPS, an LPS-binding assay was performed. The CLEC3A-derived
AMP Ex1 bound LPS, to an extent comparable to that of the refer-
ence AMP LL-37 [Fig. 3(c), left panel]. Ex12 showed unspecific
binding to streptavidin used for detection in the LPS-binding assay
and is therefore not shownhere. The control peptides Ex2, Ex1z and
the recombinant CLEC3A domains Ex23 and Ex3 exhibited no LPS
binding. Since full-length CLEC3A contains a C-terminal Strep-tag,
its binding to LPS was tested as described in the Methods section.
Full-length CLEC3A bound LPS whereas Ex23 and Ex3 did not
[Fig. 3(c), right panel].
Lipoteichoic acid (LTA) binding

A common AMP target on the membranes of Gram-positive
bacteria is LTA.34,35 LTA binding was investigated by surface
plasmon resonance [Fig. 3(d)]. Upon passing of Ex12 over the
LTA-immobilized chip, a strong binding could be detected. LL-37
was used as a reference. Ex1 showed weak to no binding,
whereas for Ex2, Ex3, Ex23 and full-length CLEC3A no binding
was detected.
Physiological relevance

To investigate whether CLEC3A-derived peptides are present in
cartilage, human hip cartilage extracts were analyzed by immu-
noblot using antibodies against human CLEC3A. CLEC3Aederived
peptides similar in size to the CLEC3A-derived antimicrobial pep-
tide Ex12 were detected [Fig. 4(a)]. Moreover, upon incubation of
recombinant CLEC3Awith P.aeruginosa, a time-dependent cleavage
of the protein could be observed [Fig. 4(b)]. Cartilage-derived
CLEC3A was also proteolytically cleaved after incubation with
P.aeruginosa [Fig. 4(c)].
Fig. 4. AMP-like CLEC3A peptides present in human articular cartilage and after bacterial
cubation of recombinant CLEC3A with P.aeruginosa culture supernatants using immunoblot.
full-length CLEC3A (lane 1), 2 mg of Ex12 (lane 2) and human hip cartilage extracts (lane 3). (
time points. (c) Human hip cartilage extracts before and after 24-h incubation with P.aerug
Translational application

The increased number of performed arthroplasties is accom-
panied by increasing numbers of septic arthritis cases.36 We
therefore assessed the application of CLEC3A-derived AMPs to
prevent bacterial adhesion to joint prostheses. We coated titanium
substrates, a common joint prostheses material, with CLEC3A-
derived peptides. To facilitate binding of CLEC3A-derived AMPs to
titanium substrates, we designed two chimeric CLEC3A-derived
peptides, consisting of a titanium binding peptide (TiBP), which
has been shown to bind titanium with high affinity25 and the
sequence of CLEC3A-derived AMPs Ex1 (TiBP-Ex1) or Ex12 (TiBP-
Ex12) (Table I). Coating titanium substrates with CLEC3A-derived
chimeric peptides visibly reduced the number of adhering bacte-
ria [Fig. 5(a)]. Bacterial adhesion was quantified for uncoated tita-
nium substrates (PBS) and those coated with TiBP, TiBP-Ex1 or
TiBP-HT-Ex12. These results show that coating titanium sub-
strates with TiBP-Ex12 leads to the most prominent decrease in
bacterial adhesion [Fig. 5(b)].

To test whether CLEC3A peptides display a direct cytotoxic effect
in cartilage, an MTT cell viability assay was performed by incu-
bating PHC with the peptides (Fig. 6). These experiments showed
that microbicidal concentrations of CLEC3A peptides do not display
a direct cytotoxic against PHC.
Discussion

Here, we demonstrate that peptides of the cartilage-specific
CLEC3A kill septic arthritis-causing bacteria S.aureus, E.coli, and
P.aeruginosa, showing that CLEC3A-derived peptides are cartilage-
specific AMPs. They do so by binding to lipopolysaccharides on
membranes of Gram-negative bacteria or LTA on membranes of
Gram-positive bacteria which leads to bacterial membrane per-
meabilization. This mechanism is analogous to that of major groups
of AMPs.7,34,35,38

Release of CLEC3A-derived AMPs to fight infection is likely to
occur physiologically. CLEC3A is known to be highly susceptible to
cleavage by cartilage proteases.12 CLEC3A's sequence contains
cleavage sites for furin and MMP-7. A furin cleavage would result in
cleavage of CLEC3A. CLEC3A-derived peptides were detected in cartilage and after in-
Human articular cartilage originates from one patient sample. (a) 15 ng of recombinant
b) P.aeruginosa culture supernatants incubated with 230 ng of CLEC3A for the indicated
inosa.



Fig. 5. Coating titanium substrates with the CLEC3A-derived chimeric antimicrobial peptides (AMPs) reduces bacterial adhesion. (a) Titanium substrates coated with peptides or
uncoated (PBS) were incubated with E.coli containing a green fluorescent protein (GFP)-expressing vector. The adherent bacteria emit a green fluorescent signal when visualized
using a fluorescent microscope. The scale bar length is 50 mm. (b) Results are shown as bacterial count averages from three independent experiments, performed in duplicate.
Bacterial counts originate from nine microscopic images per experiment and peptide. The standard deviation was calculated for each value and is represented by the error bars.
****P < 0.0001, ns e non significant.
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a peptide containing the amino acid sequence of the CLEC3A AMP
Ex1, whereas MMP-7 cleavage would result in a peptide containing
the amino acid sequence of Ex12. Our results show that CLEC3A-
derived peptides, similar to the designed AMPs, can indeed be
detected in cartilage. The peptides detected in cartilage, however,
are not identical to the designed CLEC3A-derived AMPs. One reason
for this could be CLEC3A's susceptibility to cleavage by other
cartilage proteases, which could result in different peptides.
Furthermore, it is likely that the antibodies, which were raised
against the full-length protein, do not detect all physiologically
present CLEC3A fragments. Nonetheless, AMP-like CLEC3A-derived
Fig. 6. Viability of primary human chondrocytes is not affected by bactericidal con-
centrations of CLEC3A peptides. Cells isolated from articular cartilage originating from
three patients were incubated with the indicated peptide concentrations or with Triton
X-100, which served as a control for a total loss of cell viability. Results are shown as
percentages of absorption values of cells after incubation without peptides (control)
from three independent experiments performed in triplicate. The standard deviation
was calculated for each value and is represented by the error bars. ****P < 0.0001, ns e
non significant.
peptides are present in cartilage, suggesting that CLEC3A plays a
role in the cartilage-specific innate immune response.

Recent work has shown that CLEC3A activates plasminogen.10

The expression of both CLEC3A and plasminogen has been shown
to be induced by proinflammatory cytokines.39,40 It is therefore
tempting to speculate that higher CLEC3A concentrations during
inflammation could activate plasminogen, which could in turn lead
to fragmentation of CLEC3A into AMPs. This would indicate a po-
tential role of plasminogen in cartilage immune response.

Bacteria also cause cartilage degradation by secretion of pro-
teolytic enzymes.36 Our results confirm these findings and show
that P.aeruginosa proteases cleave recombinant and cartilage-
derived CLEC3A. Bacterial proteases are most likely a bacterial
protection mechanism against the immune system, but could also,
at least transiently, lead to the formation of AMPs from their
precursors.

The increasing bacterial resistance toward antibiotics is drasti-
cally limiting the number of available therapies. Intensive research
is therefore aiming at identifying novel effective therapeutics.
AMPs are a promising focus of such research, proving to be efficient
even in clinical trials.29 One specific clinical application of CLEC3A-
derived AMPs could be in the treatment of septic arthritis, which
currently requires draining of purulent fluid from the infected joint
by needle aspiration or surgical procedures and subsequent anti-
biotic treatment.36 CLEC3A-derived peptides could be used either
in combination with antibiotics or alone. A major drawback of an-
tibiotics and chemically synthesized non-endogenous peptides is
their immunogenicity.41 Due to the presence of CLEC3A-derived
peptides in cartilage under physiological conditions, these are
less likely to be immunogenic. Moreover, high antibiotic concen-
trations are often toxic.42 In contrast, microbicidal concentrations
of CLEC3A-derived peptides show no direct cytotoxicity against
PHC, so these cartilage-specific AMPs could be used as a non-
immunogenic and non-toxic alternative in the treatment of infec-
tion, especially of septic arthritis.
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A major, increasingly important cause of septic arthritis is
arthroplasty. During arthroplasty, bacteria can adhere to implant
surfaces and therefore be introduced into the patient's joint.36

Moreover, the surfaces of biomaterials used as implants (such as
titanium) are susceptible to biofilm formation. Adhesion of bacteria
contributes to biofilm formation, which is a structured aggregation
of bacteria encased in a self-produced matrix. Bacterial cells inside
such biofilms grow slowly or do not grow at all, which is one of the
main reasons why antibiotics show poor activity against these in-
fections.43 Consequently, avoiding biofilm formation would be an
effective way to prevent infections. Our experiments show that
coating titanium substrates with CLEC3A-derived peptides pre-
vents bacterial adhesion to the substrates. Since the peptides
exhibit an antimicrobial effect, bacterial killing is the most likely
mechanism of this finding. Coating joint prostheses with CLEC3A-
derived AMPs could therefore be a prophylactic application pre-
venting bacterial adhesion and thereby biofilm formation.

The main limitation of our study is the modest number of pa-
tient samples used. Further investigation is therefore required
before our findings can be generalized to a wider population.

Taken together, we identify AMPs derived from the cartilage-
specific protein CLEC3A, describe the mechanism of their antimi-
crobial activity and suggest novel approaches in the prevention and
treatment of septic arthritis using potent, non-toxic cartilage-spe-
cific AMPs.

Author contributions
All authors were involved in drafting the article or revising it crit-
ically for important intellectual content, and all authors approved
the final version to be published. Dr. Klatt had full access to all data
in the study and takes responsibility for the integrity of the data
and the accuracy of the data analysis.

Study conception and design: Elezagic, Klatt.
Acquisition of data: Elezagic, M€orgelin, Hermes, Hamprecht,

Sengle, Lau, H€ollriegl.
Analysis and interpretation of data: Elezagic, M€orgelin, Ham-

precht, Sengle, Wagener, Paulsson, Streichert, Klatt.

Conflict of interest
There are no conflicts of interest.

Role of the funding source
Funding for this study was provided by the Deutsche For-
schungsgemeinschaft (FOR2722/B1 to R.W. and M.P. as well as
FOR2722/C2 to G.S.).

Acknowledgments

We owe a special thank you to Dr. Christian Jüngst from the
Imaging Facility of the Cluster of Excellence Cellular Stress Re-
sponses in Aging-Associated Diseases (CECAD) in Cologne, Ger-
many for his help with fluorescence microscopy experiments. We
also thank Ahmad Saleh from the Institute for Medical Microbi-
ology of the University of Cologne for technical assistance with
bacterial experiments and Susanne Steinhauser from the Institute
of Medical Statistics and Computational Biology (IMSB) of the
University of Cologne for her help with the statistical analysis of the
experiments.

References

1. Tande AJ, Patel R. Prosthetic joint infection. Clin Microbiol Rev
2014;27:302e45.

2. Kapadia BH, Berg RA, Daley JA, Fritz J, Bhave A, Mont MA.
Periprosthetic joint infection. Lancet 2016;387:386e94.
3. Paulsen F, Pufe T, Petersen W, Tillmann B. Expression of nat-
ural peptide antibiotics in human articular cartilage and sy-
novial membrane. Clin Diagn Lab Immunol 2001;8:1021e3.

4. Smith B, Sigal IR, Grande DA. Immunology and cartilage
regeneration. Immunol Res 2015;63:181e6.

5. Varoga D, Pufe T, Mentlein R, Kohrs S, Grohmann S, Tillmann B,
et al. Expression and regulation of antimicrobial peptides in
articular joints. Ann Anat 2005;187:499e508.

6. Mallapragada S, Wadhwa A, Agrawal P. Antimicrobial pep-
tides: the miraculous biological molecules. J Indian Soc
Periodontol 2017;21:434e8.

7. Wiesner J, Vilcinskas A. Antimicrobial peptides: the ancient
arm of the human immune system. Virulence 2010;1:440e64.

8. Paulsen F, Pufe T, Conradi L, Varoga D, Tsokos M, Papendieck J,
et al. Antimicrobial peptides are expressed and produced in
healthy and inflamed human synovial membranes. J Pathol
2002;198:369e77.

9. Varoga D, Pufe T, Harder J, Meyer-Hoffert U, Mentlein R,
Schroder JM, et al. Production of endogenous antibiotics in
articular cartilage. Arthritis Rheum 2004;50:3526e34.

10. Lau D, Elezagic D, Hermes G, Morgelin M, Wohl AP, Koch M,
et al. The cartilage-specific lectin C-type lectin domain family 3
member A (CLEC3A) enhances tissue plasminogen activator-
mediated plasminogen activation. J Biol Chem 2018;293:
203e14.

11. Neame PJ, Tapp H, Grimm DR. The cartilage-derived, C-type
lectin (CLECSF1): structure of the gene and chromosomal
location. Biochim Biophys Acta 1999;1446:193e202.

12. Tsunezumi J, Higashi S, Miyazaki K. Matrilysin (MMP-7)
cleaves C-type lectin domain family 3 member A (CLEC3A) on
tumor cell surface and modulates its cell adhesion activity.
J Cell Biochem 2009;106:693e702.

13. Shinnar AE, Butler KL, Park HJ. Cathelicidin family of antimi-
crobial peptides: proteolytic processing and protease resis-
tance. Bioorg Chem 2003;31:425e36.

14. Papareddy P, Kalle M, Bhongir RK, Morgelin M, Malmsten M,
Schmidtchen A. Antimicrobial effects of helix D-derived pep-
tides of human antithrombin III. J Biol Chem 2014;289:
29790e800.

15. Andersson E, Rydengard V, Sonesson A, Morgelin M, Bjorck L,
Schmidtchen A. Antimicrobial activities of heparin-binding
peptides. Eur J Biochem 2004;271:1219e26.

16. Malmsten M, Davoudi M, Schmidtchen A. Bacterial killing by
heparin-binding peptides from PRELP and thrombospondin.
Matrix Biol 2006;25:294e300.

17. Cash HL, Whitham CV, Behrendt CL, Hooper LV. Symbiotic
bacteria direct expression of an intestinal bactericidal lectin.
Science 2006;313:1126e30.

18. Mukherjee S, Zheng H, Derebe MG, Callenberg KM, Partch CL,
Rollins D, et al. Antibacterial membrane attack by a pore-
forming intestinal C-type lectin. Nature 2014;505:103e7.

19. Oehmcke S, Morgelin M, Herwald H. Activation of the human
contact system on neutrophil extracellular traps. J Innate
Immun 2009;1:225e30.

20. Bober M, Enochsson C, Collin M, Morgelin M. Collagen VI is a
subepithelial adhesive target for human respiratory tract
pathogens. J Innate Immun 2010;2:160e6.

21. Baschong W, Wrigley NG. Small colloidal gold conjugated to
Fab fragments or to immunoglobulin G as high-resolution la-
bels for electron microscopy: a technical overview. J Electron
Microsc Tech 1990;14:313e23.

22. Sengle G, Ono RN, Sasaki T, Sakai LY. Prodomains of trans-
forming growth factor beta (TGFbeta) superfamily members
specify different functions: extracellular matrix interactions

http://refhub.elsevier.com/S1063-4584(19)31111-2/sref1
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref1
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref1
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref2
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref2
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref2
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref3
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref3
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref3
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref3
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref4
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref4
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref4
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref5
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref5
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref5
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref5
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref6
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref6
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref6
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref6
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref7
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref7
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref7
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref8
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref8
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref8
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref8
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref8
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref9
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref9
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref9
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref9
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref10
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref11
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref11
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref11
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref11
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref12
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref12
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref12
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref12
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref12
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref13
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref13
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref13
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref13
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref14
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref14
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref14
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref14
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref14
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref15
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref15
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref15
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref15
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref16
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref16
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref16
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref16
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref17
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref17
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref17
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref17
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref18
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref18
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref18
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref18
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref19
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref19
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref19
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref19
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref20
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref20
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref20
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref20
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref21
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref21
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref21
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref21
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref21
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22


D. Elezagic et al. / Osteoarthritis and Cartilage 27 (2019) 1564e1573 1573
and growth factor bioavailability. J Biol Chem 2011;286:
5087e99.

23. Yazici H, O'Neill MB, Kacar T, Wilson BR, Oren EE, Sarikaya M,
et al. Engineered chimeric peptides as antimicrobial surface
coating agents toward infection-free implants. ACS Appl Mater
Interfaces 2016;8:5070e81.

24. Yucesoy DT, Hnilova M, Boone K, Arnold PM, Snead ML,
Tamerler C. Chimeric peptides as implant functionalization
agents for titanium alloy implants with antimicrobial proper-
ties. JOM (J Occup Med) 2015;67:754e66.

25. Yazici H, Fong H, Wilson B, Oren EE, Amos FA, Zhang H, et al.
Biological response on a titanium implant-grade surface
functionalized with modular peptides. Acta Biomater 2013;9:
5341e52.

26. Geng H, Yuan Y, Adayi A, Zhang X, Song X, Gong L, et al.
Engineered chimeric peptides with antimicrobial and
titanium-binding functions to inhibit biofilm formation on Ti
implants. Mater Sci Eng C Mater Biol Appl 2018;82:141e54.

27. Klatt AR, Zech D, Kuhn G, Paul-Klausch B, Klinger G, Renno JH,
et al. Discoidin domain receptor 2 mediates the collagen II-
dependent release of interleukin-6 in primary human chon-
drocytes. J Pathol 2009;218:241e7.

28. Klatt AR, Paul-Klausch B, Klinger G, Hillebrand U, Kuhn G,
Kobbe B, et al. The matrilin-3 VWA1 domain modulates
interleukin-6 release from primary human chondrocytes.
Osteoarthritis Cartilage 2013;21:869e73.

29. Mahlapuu M, Hakansson J, Ringstad L, Bjorn C. Antimicrobial
peptides: an emerging category of therapeutic agents. Front
Cell Infect Microbiol 2016;6:194.

30. Duckert P, Brunak S, Blom N. Prediction of proprotein con-
vertase cleavage sites. Protein Eng Des Sel 2004;17:107e12.

31. Jiang Z, Vasil AI, Hale JD, Hancock RE, Vasil ML, Hodges RS.
Effects of net charge and the number of positively charged
residues on the biological activity of amphipathic alpha-helical
cationic antimicrobial peptides. Biopolymers 2008;90:369e83.
32. Fabisiak A, Murawska N, Fichna J. LL-37: cathelicidin-related
antimicrobial peptide with pleiotropic activity. Pharmacol
Rep 2016;68:802e8.

33. Durr UH, Sudheendra US, Ramamoorthy A. LL-37, the only
human member of the cathelicidin family of antimicrobial
peptides. Biochim Biophys Acta 2006;1758:1408e25.

34. Schmitt P, Rosa RD, Destoumieux-Garzon D. An intimate link
between antimicrobial peptide sequence diversity and binding
to essential components of bacterial membranes. Biochim
Biophys Acta 2016;1858:958e70.

35. Xhindoli D, Pacor S, Benincasa M, Scocchi M, Gennaro R,
Tossi A. The human cathelicidin LL-37–A pore-forming anti-
bacterial peptide and host-cell modulator. Biochim Biophys
Acta 2016;1858:546e66.

36. Shirtliff ME, Mader JT. Acute septic arthritis. Clin Microbiol Rev
2002;15:527e44.

38. De Smet K, Contreras R. Human antimicrobial peptides:
defensins, cathelicidins and histatins. Biotechnol Lett 2005;27:
1337e47.

39. Wilson R, Golub SB, Rowley L, Angelucci C, Karpievitch YV,
Bateman JF, et al. Novel elements of the chondrocyte stress
response identified using an in vitro model of mouse cartilage
degradation. J Proteome Res 2016;15:1033e50.

40. Busso N, Hamilton JA. Extravascular coagulation and the
plasminogen activator/plasmin system in rheumatoid arthritis.
Arthritis Rheum 2002;46:2268e79.

41. Deptula M, Wardowska A, Dzierzynska M, Rodziewicz-
Motowidlo S, Pikula M. Antibacterial peptides in dermatology-
strategies for evaluation of allergic potential. Molecules 2018;23.

42. Rohner E, Kolar P, Seeger JB, Arnholdt J, Thiele K, Perka C, et al.
Toxicity of antiseptics against chondrocytes: what is best for the
cartilage in septic joint surgery? Int Orthop 2011;35:1719e23.

43. Gbejuade HO, Lovering AM, Webb JC. The role of microbial
biofilms in prosthetic joint infections. Acta Orthop 2015;86:
147e58.

http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref22
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref23
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref23
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref23
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref23
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref23
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref24
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref24
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref24
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref24
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref24
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref25
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref25
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref25
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref25
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref25
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref26
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref26
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref26
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref26
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref26
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref27
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref27
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref27
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref27
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref27
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref28
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref28
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref28
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref28
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref28
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref29
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref29
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref29
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref30
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref30
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref30
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref31
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref31
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref31
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref31
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref31
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref32
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref32
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref32
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref32
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref33
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref33
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref33
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref33
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref34
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref34
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref34
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref34
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref34
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref35
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref35
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref35
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref35
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref35
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref36
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref36
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref36
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref38
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref38
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref38
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref38
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref39
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref39
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref39
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref39
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref39
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref40
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref40
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref40
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref40
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref41
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref41
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref41
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref42
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref42
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref42
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref42
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref43
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref43
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref43
http://refhub.elsevier.com/S1063-4584(19)31111-2/sref43

	Antimicrobial peptides derived from the cartilage.-specific C-type Lectin Domain Family 3 Member A (CLEC3A) – potential in  ...
	Introduction
	Method
	Ethics
	Synthetic peptides
	Recombinant proteins
	Microorganisms
	Viable count assay
	Fluorescein isothiocyanate (FITC) uptake assay
	Scanning electron microscopy
	Transmission electron microscopy
	LPS-binding assay
	Surface plasmon resonance
	Tissue extraction
	Bacterial cleavage experiments
	SDS-PAGE and immunoblot
	Preparation and coating of titanium substrates
	Bacterial adhesion on titanium substrates
	MTT cell viability assay
	Statistical analysis

	Results
	Peptide design
	Antimicrobial activity
	Membrane permeabilization
	Lipopolysaccharide (LPS) binding
	Lipoteichoic acid (LTA) binding
	Physiological relevance
	Translational application

	Discussion
	Author contributions
	Conflict of interest
	Role of the funding source
	Acknowledgments
	References


