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Abstract

Sepsis and septic shock remain important medical problems with high mortality rates. Today’s treatment is based mainly on
using antibiotics to target the bacteria, without addressing the systemic inflammatory response, which is a major
contributor to mortality in sepsis. Therefore, novel treatment options are urgently needed to counteract these complex
sepsis pathologies. Heparin cofactor Il (HCIl) has recently been shown to be protective against Gram-negative infections.
The antimicrobial effects were mapped to helices A and D of the molecule. Here we show that KYE28, a 28 amino acid long
peptide representing helix D of HCII, is antimicrobial against the Gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa, the Gram-positive Bacillus subtilis and Staphylococcus aureus, as well as the fungus Candida albicans. Moreover,
KYE28 binds to LPS and thereby reduces LPS-induced pro-inflammatory responses by decreasing NF-kB/AP-1 activation in
vitro. In mouse models of LPS-induced shock, KYE28 significantly enhanced survival by dampening the pro-inflammatory
cytokine response. Finally, in an invasive Pseudomonas infection model, the peptide inhibited bacterial growth and reduced
the pro-inflammatory response, which lead to a significant reduction of mortality. In summary, the peptide KYE28, by
simultaneously targeting bacteria and LPS-induced pro-inflammatory responses represents a novel therapeutic candidate
for invasive infections.
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Introduction

Bacterial infections remain a major health care issue worldwide,
not only due to increasing antibiotic resistance of various bacterial
strains [1,2], but also because of the devastating consequences of
severe infections involving localized organ damage or systemic
inflammatory responses, e.g., as seen in sepsis [3,4]. The latter
significantly contributes to the high mortality rates recorded for
sepsis and septic shock, reaching up to 50% [3,5]. Despite
antibiotic usage and improved intensive care the incidence of
sepsis has increased during in the last two decades, and now
reaches about 240 per 100000 people in the US [6]. This
illustrates the importance of developing new treatment concepts,
which eliminate not only the bacteria, but also control the immune
system in order to prevent its detrimental over-activation during
sepsis. In a recent study investigating the prevalence and outcome
of infections in intensive care units worldwide, 62% of the isolated
bacterial strains were Gram-negative, predominantly Pseudomo-
nas species (20%) and Escherichia coli (16%) [4]. In this
perspective, our recent discovery of a novel host defense function
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of the coagulation protein heparin cofactor II (HCII) in Gram-
negative infections is of particular interest [7]. The molecule was
found to exert a direct antimicrobial effect against P. aeruginosa as
well as E. coli. The importance of HCII for clearing such infection
was evidenced by decreased HCII levels observed in wild-type
animals challenged with bacteria or endotoxin, as well as in HCII
knock-out mice, which showed impaired bacterial clearance upon
infection.

Coagulation and inflammation are tightly cross-linked mecha-
nisms that play an important role during infections, especially
sepsis [8]. Thus, using regulatory coagulation proteins for infection
treatment is a possible therapeutic approach, previously explored
in infection models and clinical trials employing various modula-
tory proteins, such as the serpin antithrombin III [9], recombinant
tissue factor pathway inhibitor 1 [10-12] or recombinant activated
protein C [13]. Unfortunately, none of the above was successful
[9,13,14], indicating a need for new anti-infective drugs.

Antimicrobial peptides (AMP) have recently attracted much
interest as novel anti-infective drug candidates [15-17]. Multi-
functional AMPs, also termed host defense peptides play an
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essential role in the innate immune system for fighting invading
pathogens [15,18]. They are small structures (=10-30 aa), mostly
cationic, hydrophobic molecules with direct and rapid antimicro-
bial action against a broad-spectrum of both Gram-negative and
Gram-positive bacteria, as well as fungi [17,19-21]. In addition to
their antimicrobial properties, many of these peptides have also
been found to exert various other functions including immuno-
modulation of pro- or anti-inflammatory pathways, dendritic cell
activation, and stimulation of wound healing and angiogenesis
[22-24].

Previous studies on HCII revealed that its antimicrobial
function was mediated by the two heparin-binding regions helix
Aand D [7,25]. The 28-mer peptide, KYE28 of helix D is cationic
and amphipathic [26], features shared with not only a helix A-
derived peptide of HCII, but also the classical cathelicidin LL-37
[27] as well as C-terminal peptides of human thrombin, previously
shown to be effective in experimental models of endotoxin shock
and/or invasive infection [24,25,28,29].

With this information as background, we here set out to
investigate whether KYE28 could act as functional mimic of the
host defense actions of HCII. We explored its antimicrobial and
immunomodulatory effects in vitro, as well as in mouse models of
endotoxin shock and invasive P. aeruginosa infection.

KYE28 displayed a broad antimicrobial spectrum. Moreover,
the peptide significantly reduced endotoxin as well as bacterial-
induced pro-inflammatory cytokine responses. This combination
of antimicrobial and anti-inflammatory effects significantly
increased survival in experimental models of endotoxin shock
and invasive infection with Pseudomonas aeruginosa.

Materials and Methods

Ethics statement

The wuse of human blood was approved by the Ethics
Committee at Lund University, Lund, Sweden (Permit Number:
657-2008). Written informed consent was obtained from the
donors. The animal experiments were conducted according to
national guidelines (Swedish Animal Welfare Act SFS 1988:534)
and were approved by the Laboratory Animal Ethics Committee
of Malmé6/Lund, Sweden (Permit numbers: M75-10, M228-10,
M?227-10). Animals were housed under standard conditions of
light and temperature, and had free access to standard laboratory
chow and water.

Peptides
KYE28 (NHo-KYEITTIHNLFRKLTHRLFRRNFGYTLR-
COOH) and LKG23 (LKGETHEQVHSILHFKDFVNASS)

were synthesized by Biopeptide Co., San Diego, USA, and LL-
37 (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)
was obtained from Innovagen AB. The purity (>95%) of these
peptides was confirmed by mass spectral analysis (MALDI-ToF
Voyager).

Microorganisms

Bacterial isolates Escherichia coli ATCC 25922, Pseudomonas
aeruginosa ATCC 27853, Staphylococcus awreus ATCC 29213,
Bacillus  subtilis ATCC 6633, Streptococcus pyogenes AP1,
Streptococcus pneumonia TIGR4, as well as Candida albicans
ATCC 90028 and Candida parapsilosis ATCC 90018 were
purchased from the American Type Culture Collection (ATCC).
Clinical isolates of Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus aureus were obtained from the Department of
Bacteriology, Lund University Hospital.
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Viable-count analysis

E. coli ATCC 25922, P. aeruginosa 15159, and S. aureus
ATCC 29213 bacteria were grown to mid-logarithmic phase in
Todd-Hewitt (TH) broth (Becton, Dickinson) and washed in
10 mM Tris, pH 7.4 containing 5 mM glucose. Following this,
bacteria were diluted in 10 mM Tris, 0.15 M NaCl, with or
without 20% human citrate-plasma (50 uL; 2x10° cfu/mL) and
incubated with KYE28 or L.L1.-37 at the indicated concentrations,
at 37°C for 10 up to 120 min. Serial dilutions of the incubation
mixtures were plated on TH agar, followed by overnight
incubation at 37°C and subsequent determination of the number
of colony forming units (cfu). Hundred percent survival was
defined as total survival of bacteria in the same buffer and under
the same condition in the absence of peptide.

Radial diffusion assay

The radial diffusion assay (RDA) was performed as described
previously [30,31]. In brief, bacteria were grown to mid-
logarithmic phase in 3% w/v trypticase soy broth (T'SB; Becton,
Dickinson). After a wash and dilution in 10 mM Tris, pH 7.4,
4x10° cfu were added to 15 mL of an underlay agarose gel, which
was subsequently poured into a petri dish. After solidification,
wells of 4 mm diameter were punched, solutions containing
KYE28 or LL-37 (100 pM) were added to the wells and plates
were incubated at 37°C for 3 h to allow peptide diffusion. Next,
the underlay gel was covered with 15 mL of overlay gel and
incubated overnight at 37°C. Antimicrobial activity of the peptides
was determined by measuring the clearing zone around each well.

Minimal inhibitory concentration determination

To determine the minimal inhibitory concentration (MIC) of
KYE28, a microtiter broth dilution method was utilized, as
previously described in the NCSLA guidelines [32]. In brief,
overnight cultures of indicated bacteria were suspended and
further diluted in Mueller-Hinton (MH) broth (Becton, Dickinson).
KYE28 was dissolved in HyO to concentrations ranging from
320 UM to 2.5 uM by serial dilution. Fifty pL. of each
concentration was added to the corresponding well of a 96-well
microtiter plate (polypropylene, Costar Corp.) together with 50 pL
of bacteria (2x10°) in MH broth. The plate was incubated at 37
°C for 16-18 h. The MIC was obtained as the lowest concentra-
tion where no visual growth of bacteria was detected.

Scanning electron microscopy

In order to visualize effects of KYE28 on P. aeruginosa 15159
and S. aureus ATCC 29213, bacteria were grown to mid-
logarithmic phase in TH broth, washed, diluted (1-2x10° cfu/
sample) and incubated for 2 h at 37°C in the presence or absence
of 30 pM KYE28. Subsequently, bacteria were fixed in 2.5%
glutaraldehyde in 0.15 M sodium cacodylate bufter, pH 7.4,
overnight at room temperature and prepared as described
previously [24]. For sample examination a Philips/FEI CM 100
electron microscope operated at 80 kV accelerating voltage was
used, and images were recorded with a side-mounted Olympus
Veleta camera at the Core Facility for integrated Microscopy
(CFIM), Copenhagen University, Denmark. Further, scanning
electron microscopy was performed on lungs from mice 20 h after
LPS injection or 12 h post-challenge with P. aeruginosa. Samples
were prepared as described previously [24] and examined with a
JEOL JSM-350 scanning electron microscope. For the quantifi-
cation of pulmonary lesions, lung samples from 30 different fields
covering an entire lung sections were prepared, and the
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percentage of fibrin deposits and fields exhibiting haemorrhage
was assessed [24].

LPS models in vitro

RAW 264.7 mouse macrophages (3.5x10°cells/well) (ATCC)
were seeded in 96-well tissue culture plates (Nunc) in phenol red-
free Dulbecco’s modified Eagle medium (DMEM; PAA laborato-
ries), supplemented with 10% (v/v) heat-inactivated fetal bovine
serum (FBS; Invitrogen) and 1% (v/v) Antibiotic-Antimycotic
solution (ASS; Invitrogen). Cells were stimulated with 10 ng/mL
E. coli LPS (0111:B4) (Sigma-Aldrich, approximate 500.000
endotoxin units/mg) with and without KYE28 in the indicated
settings. Human blood, anticoagulated with lepirudin was diluted
(1:4) with RPMI 1640, glutamax (Gibco) and stimulated with
100 ng/mL E. coli LPS (0111:B4), again with or without the
indicated concentrations of KYE28 for 20 h, before supernatants
were collected for cytokine analysis.

NF-«xB activation assay

The NF-kB reporter cell lines RAW-Blue and THP1-XBlue-
CD14 purchased from InvivoGen were cultured according to
manufacturer’s instructions. THP1-XBlue-CD14 or RAW-Blue
cells were stimulated with 100 or 10 ng/mL E. coli LPS (0111:B4),
respectively, together with the indicated concentrations of KYE28
for 20-24 h. THP1-XBlue-CD14 cells were also stimulated with
1 pg/mL lipoteichoic acid (LTA, InvivoGen), 10 ug/mL zymosan
(InvivoGen), 1 pg/mL E. coli-derived peptidoglycan (PGN-EB,
InvivoGen), 20 ng/mL PAM;CSK, (InvivoGen) or 100 ng/mL
phorbol 12-myristate 13-acetate (PMA, InvivoGen) (see Figure S1)
with or without addition of KYE28 or the control peptide LKG23.
In other experiments RAW-Blue cells were treated with either
KYE28 or LPS for 1 h, before addition of LPS (pretreatment) or
KYE28 (post-treatment). Measurement of NF-kB/AP-1 activation
was done using the Quanti Blue assay according to the
manufacturer’s protocol. Briefly, upon stimulation both cell lines
produce secreted embryonic alkaline phosphatase (SEAP), which
was detected in cell supernatants by using a SEAP detection
reagent and analysis of the absorbance at 600 nm.

LPS model in vivo

Male C57BL/6 mice (810 weeks), were injected intraperito-
neally (i.p.) with 18 mg/kg E. coli 0111:B4 LPS or 36 mg/kg P.
aeruginosa LPS (serotype 10) (Sigma-Aldrich). Thirty minutes
after LPS injection, 250 pL of KYE28 (0.5 mg/mouse) or buffer
alone were injected 1.p. into the mice. Status and weight were
regularly monitored for seven days. Mice showing the defined and
approved endpoint criteria were sacrificed by an overdose of
isoflurane (Abott) and counted as non-survivors. For blood
collection and histochemistry of the lungs, mice were sacrificed 8
and 20 h after LPS challenge, and lungs were removed and fixed.
In another set of experiments male and female C57BL/6 mice (8-
9 weeks) were challenged with 12 mg/kg E. coli 0111:B4 LPS (i.p.)
and treated 30 min later with 50-500 pg of KYE28. Mice were
sacrificed 20 h after LPS injection and cytokine release was
analyzed in the blood samples. To determine the number of
platelets in the blood samples at indicated time points, the VetScan
HMS5 System (TRIOLAB) was utilized.

Cytokine assay

The levels of IL-6, IL-10, MCP-1, IFN-y, and TNF-o0 were
measured either in cell culture supernatants from RAW 264.7 cells
or murine plasma using the Mouse Inflammation Kit (Becton,
Dickinson) according to the manufacturer’s instructions. The
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cytokine levels in human plasma were assessed using BioSource
CytoSets (Invitrogen).

P. aeruginosa infection model

P. aeruginosa 15159 bacteria were grown to logarithmic phase
(ODg9p~0.5), harvested, washed in PBS, diluted in the same
buffer to 2x10° cfu/mL, and kept on ice until injection. Hundred
microliter of the bacterial suspension was injected 1L.p. into male
C57BL/6 mice. One h or 1 and 7 h afterwards, 0.5 mg KYE28 or
buffer alone was injected subcutaneously (s.c.) to the mice. In order
to study bacterial dissemination to target organs spleen, liver and
kidney were harvested, placed on ice, homogenized, and colony-
forming units (cfu) were determined. In another experiment the
animal status was regularly monitored for seven days. Mice
showing the defined and approved endpoint criteria were
sacrificed by an overdose of isoflurane and counted as non-
SUrvivors.

Histochemistry

Organs collected 20 h after LPS injection were immediately
fixed in 4% paraformaldehyde before they were embedded in
paraffin and sectioned. Sections were stained 10 min with Mayers
Hematoxilin (Histolab AB) and 7 min with Eosin (Merck).

Statistics

Values are shown as mean with SEM. For statistical evaluation
of two experimental groups the Mann-Whitney U-test was used
and for comparison of survival curves the log-rank test with *p-<
0.05, #*<<0.01 and ***p<<0.001. Multiple groups were compared
using either One-Way ANOVA with the Dennett’s post-test or the
Kruska-Wallis test with Dunn’s post-test. Samples were compared
to controls.

Results

KYE28 displays broad antimicrobial activity

As a first step, antimicrobial assays were performed in order to
elucidate the antimicrobial spectrum width of KYE28. Results of
viable count assays confirmed previous results on E. coli [7], but
also revealed that the HCII-derived peptide displayed a significant
and dose-dependent antibacterial activity against P. aeruginosa
and S. aureus in Tris buffer containing physiological salt (0.15 M
NaCl), as well as in presence of 20% human citrate plasma
(Figure 1A). The human cathelicidin-derived peptide LL-37 was
used as a control and displayed a similar activity. Further, kinetic
studies demonstrated that 80-90% of the bacterial killing,
evaluated in the presence of human plasma, occurred within
20 min (Figure 1B), indicating a fast direct action compatible
with other antimicrobial peptides [31,33,34]. Studies employing
electron microscopy in combination with previous data on
liposomes [26] showed that KYE28 exerts its antibacterial effects
by disrupting the bacterial cell wall which leads to leakage and cell
death (Figure 1C). Finally, results of a screening of antibacterial
effects of KYE28 were compared to those of LL-37 against several
ATCC strains and clinical isolates using MIC assays (Table 1)
and RDA (Figure 1D). The data show that KYE28 exerts
significant antimicrobial effects in vitro, exhibiting MIC-levels
compatible with previous results on LL-37 and other broad-
spectrum amphipathic peptides [35,36].

KYE28 reduces LPS-induced responses in vitro and ex vivo
KYE28-mediated LPS binding and modulation of LPS aggre-

gates were shown to be important factors for LPS-“scavenging” by
KYE28 [7,26]. However, whether these properties also affect LPS-
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Figure 1. Antimicrobial effects of KYE28. (A) Antibacterial effects of KYE28 and LL-37 against E. coli ATCC 25922, P. aeruginosa ATCC 27853, and
S. aureus ATCC 29213 in viable count assays. 2x10° cfu/mL of bacteria were incubated with peptide in 0.15 mM NaCl, 10 mM Tris, pH 7.4 with or
without human citrate plasma (CP) (n=3). (B) The kinetics of bacterial killing by KYE28 (at 6 uM) in 0.15 M NaCl, 10 mM Tris, pH 7.4 containing 20%
human citrate plasma was analyzed by viable count assays using 2x10° cfu/mL of. E. coli ATCC 25922, P. aeruginosa ATCC 27853 and S. aureus ATCC
29213 (n=3). (C) Effects of KYE28 on bacterial membranes were visualized by scanning electron microscopy. E. coli ATCC 25922, P. aeruginosa ATCC
27853 and S. aureus ATCC 29213 were incubated together with KYE28 (30 uM) (Control = buffer control). (D) Evaluation of antimicrobial activity
(using RDA) of KYE28 and LL-37 (100 uM) against the indicated microbes. The clearance zones correspond to the inhibitory effect of each peptide

after incubation at 37°C for 18-24 h (n=3).
doi:10.1371/journal.pone.0102577.g001

induced cytokine responses in cell-based systems in vitro and ex
vivo remained unknown. Experiments using mouse macrophages
showed that 10 uM of KYE28 reduced LPS-induced TNF-o,
MCP-1 and IL-10 production by these cells (Figure 2A). In
agreement, analysis of IL-6, 1L-12p40, TNF-a and IL-10 in
plasma of human blood ex vivo stimulated with 100 ng/mL LPS
and KYE28 revealed a dose-dependent inhibition of pro-
inflammatory cytokines (Figure 2B). Comparable results were
obtained with primary monocytes (data not shown). Thus, these
data show a clear correlation between previous biophysically
determined properties on LPS and lipid A binding of KYE28, and
its anti-endotoxin effect of KYE28 in vitro and ex vivo.

PLOS ONE | www.plosone.org

KYE28 interaction with LPS blocks activation of NF-kB/
AP1

Upon LPS binding to the TLR4-MD2 receptor complexes,
multiple pathways are initiated which finally lead to the
production of for example pro-inflammatory cytokines [37,38].
Activation of the transcription factors NF-kB and AP-1 is a crucial
step within this cascade [37]. Therefore, experiments using NF-
kB/AP-1 reporter cell lines were utilized to address effects of
KYE28 on NF-kB/AP-1 activation. The data showed that
stimulation of either human monocytic reporter cells (THP1-
XBlue-CD14) or mouse macrophage reporter cells (RAW-Blue)
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Table 1. MIC values of KYE28 and LL-37 for the indicated bacteria.

MIC KYE28 MIC LL-37
Bacterial strains um mg/L um mg/L
E. coli ATCC 25922 10 36 20 90
Clinical isolate 37.4 5 18 5 22
Clinical isolate 47.1 25 9 5 22
Clinical isolate 49.1 40 144 10 45
P. aeruginosa ATCC 27853 10 36 10 45
Clinical isolate 15159 20 72 20 90
Clinical isolate 10.5 10 36 10 45
Clinical isolate 51.1 20 72 40 180
Clinical isolate 62.1 10 36 20 90
Clinical isolate 18488 10 36 20 90
S. aureus ATCC 29213 5 18 40 180
Clinical isolate 16065 25 9 10 45
Clinical isolate 13430 5 18 20 90
Clinical isolate 14312 5 18 10 45
Clinical isolate 18800 5 18 5 22
Clinical isolate 18319 5 18 10 45
S. pyogenes AP1 10 36 1.2 5
S. pneumoniae TIGR4 5 18 10 45

doi:10.1371/journal.pone.0102577.t001

with E. coli LPS clearly initiated NF-kB/AP-1 activation and that
this response was dose-dependently reduced in the presence of
KYE28 (Figure 3A and B). Further, KYE28 also reduced the
activation of THP1-XBlue-CD14 cells stimulated with LTA and
zymosan, whereas the peptide had no effect on cells stimulated
with PGN-EB, PAM3;CSK, or PMA (Figure S1). The HCII-
derived control peptide LKG23 had no inhibitory effect (Figure 3,
Figure S1). Experiments using RAW-Blue cells were performed
to further investigate the importance of KYE28-LPS interactions
for NIF-kB/AP-1 activation (Figure 3C). Cells were incubated
with 10 uM KYEZ28 for 1 h. Next, the peptide was either removed
before LPS addition to the cells (removal), or LPS was added to
the peptide-containing medium (no removal). The values were
compared to cells stimulated with LPS and KYE28 added at the
same time (together). Finally, no significant inhibition of NF-kB/
AP-1 activation was detected, when the peptide was removed.
Only in settings were peptide and LPS were both present, reduced
cell activation was observed (Figure 3C). This indicates that
KYE28 blocks the LPS-induced responses by efficiently scaveng-
ing LPS in the medium. These results are further supported by
data showing that KYE28 reduced NF-kB/AP-1 activation when
added up to 2 h after LPS stimulation (Figure 3D).

KYE28 effects on eukaryotic cells

As AMPs have been shown to disrupt eukaryotic membranes
[26,39,40], LDH release was measured to ensure that the detected
mnhibitory effects were not due to cell death. An increase in the
LDH release was observed for the THP1-XBlue-CD14 cells (5 pM
KYE28), whereas no significant permeabilisation of RAW-Blue
cells was observed with 5-10 uM peptide (Figure S2, method
S1). Correspondingly, a human keratinocyte cell line (HaCat cells)
was permeabilised by the peptide at doses of 6-60 uM, this in a
defined serum-free medium (Figure S3A and C, method S1
and S2). It was noted however, that the cathelicidin peptide LL-
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37 also showed a similar permeabilising activity, illustrating that
endogenous AMPs affect ecukaryotic cells in defined media
conditions. However, in presence of 20% serum no significant
LDH release or decrease in cell viability was observed at 60 uM of
KYE28 or LL-37 (Figure S3 B and D, method S1 and S2),
and in 50% blood (in PBS) the two peptides (at 60 M) did not
cause significant hemolysis (Figure S4, method S3). These
results indicate that the extent of permeabilisation is similar to the
one observed for LL-37, and is both cell and context dependent,
and quenched in plasma or blood.

KYE28 exerts anti-endotoxic effects in vivo

Having shown efficient reduction of LPS-induced responses by
KYE28 in vitro and ex vivo, effects of KYE28 were next evaluated
in a mouse model of LPS-induced shock. C57BL/6 mice were
challenged with 18 mg/kg E. coli LPS and treated with either
buffer or 0.5 mg KYE28 30 minutes after LPS injection. Ninety
percent of KYE28-treated animals survived the experiment,
whereas all control animals had to be sacrificed within the first
24 h (Figure 4A). Measurements of the weight of KYE28-treated
mice indicated that the mice were affected by the LPS challenge,
but recovered (Figure 4B). In agreement, analyses of cytokines 8
and 20 h after LPS injection yielded significant reductions of pro-
inflammatory IL-6, IFN-y, TNF-a, and MCP-1 for KYE28
treated mice (Figure 4C), whereas an increase in IL-10 was
observed after 8 h. Thrombocytopenia is a clinical feature of
severe sepsis and septic shock [41], but also an indicator for
disseminated intravascular coagulation, a detrimental complica-
tion seen in sepsis [3,42]. The analysis of platelet counts revealed a
significant decrease in platelets for LPS-challenged mice compared
to healthy controls reflecting this clinical parameter (Figure 4D).
Treatment of animals with KYE28 resulted in less platelet
reduction compared to LPS control animals and platelet counts
of recovered KYE28-treated mice were not different from healthy
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Figure 2. Effects on LPS-induced cytokine responses in vitro
and ex vivo. (A) RAW 264.7 macrophages were stimulated with 10 ng/
mL E. coli LPS in combination with 10 uM of KYE28. Cytokines were
determined in the cell supernatants (n=3). (B) Cytokine analysis of
human blood stimulated with 100 ng/mL E. coli LPS and indicated
concentrations of KYE28 (n=6).
doi:10.1371/journal.pone.0102577.g002

controls (Figure 4D). Correspondingly, histological and scanning
electron microscopy analyses of lungs from LPS and buffer-treated
animals showed pulmonary leakage of protein and red blood cells
as well as fibrin deposition (Figure 4E). These effects were
notably suppressed in KYE28-treated animals (Figure 4E).
Excessive activation of the clotting cascade contributes to the
detrimental effects observed during sepsis and septic shock,
including platelet consumption and fibrin deposition in the lungs
[43]. Considering the observed attenuation of decrease in platelet
levels and reduction of fibrin in the lungs after KYE28-treatment,
we investigated possible effects of KYE28 on coagulation
pathways. Analysis of peptide effects on the activated partial
thromboplastin time (aPTT) and prothrombin time (PT) showed
that KYE28 impaired the intrinsic pathway (aPTT) of coagulation
in human plasma n vitro (Figure 85, method S4).

In another set of experiments using a lower dose of E. coli LPS
(12 mg/kg), as low as 50 pg of the peptide were enough to
significantly reduce the production of pro-inflammatory cytokines,
confirming the significant anti-endotoxin capacity of KYE28 in
vivo (Figure 86). Morcover, KYE28 also reduced pro-inflam-
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matory cytokines in a similar i vivo mouse model of P.
aeruginosa LPS-induced shock (Figure S7A). Similarly to E. coli
LPS, mice injected with P. aeruginosa LPS and treated with
KYE28 showed less reduction in platelets compared to controls
(Figure S7B). This indicates that the effects of KYE28 also apply
to endotoxins from other Gram-negative bacteria.

KYE28 is effective during Pseudomonas sepsis

In order to further explore a potential therapeutic effect of
KYE28 in bacterial sepsis, a model employing a clinical isolate of
P. aeruginosa was used, which was motivated by the fact that
infections with Pseudomonas species are associated with an
increased risk of in-hospital death [4,5]. To elucidate the effect
of KYE28 during disease development, an initial time study was
performed (Figure S88). The data showed that bacterial levels
increased between 4-12 h in the analysed organs (spleen, kidney,
and liver). Treatment with the peptide did not reduce bacterial
levels, although a tendency for a bacterial reduction among the
peptide-treated animals was observed especially in the kidney
(Figure S8A). Evaluation of cytokines 12 h after bacterial
challenge revealed that levels of 1L-6, TNF-a, MCP-1 and IFN-
v were all significantly lower in the peptide-treated group (Figure
S$8B). In contrast, the anti-inflammatory IL-10 response was not
significantly blocked by the peptide. Based on these results, the
effects of one vs. two administrations of KYE28 were analyzed. As
above, the results showed that one dose did not significantly
reduce bacterial colonies, however repeated treatment caused a
moderate, but only for kidney a statistically significant reduction of
bacteria (Figure 5A). More importantly, however, a two-dose
peptide treatment yielded a further decrease of the different pro-
inflammatory cytokines (Figure 5B), which was accompanied by
a clear decrease of inflammatory changes in lungs of peptide-
treated animals observed by SEM (Figure 5C). Finally, the two-
dose peptide treatment resulted in a delay of septic symptoms
yielding a significant increase of survival (over 60%) as compared
to one-dose and control animals (Figure 5D). In this context, it is
notable that the peptide alone, when given in doses up to 1 mg per
animal, did not cause any apparent signs of adverse reactions in
the animals, and the lungs and organs investigated after this
treatment looked normal (data not shown). Furthermore, the
peptide did neither induce any cytokine responses, nor did it affect
platelet levels, or coagulation times when given alone (Figure S9

A-C).

Discussion

Research on novel treatments for severe infections and sepsis is
an emerging area as illustrated by studies using coagulation
proteins or host defense peptides in order to target various aspects
of the disease [7,15,23,28,44]. Along this line, a novel role of
proteolytically activated HCII was previously reported in host
defense against Gram-negative infections [7]. This lead to the
reasoning that antimicrobial epitopes of HCII, might mimic
certain host defense functions of the holoprotein [7,25] and could
thus potentially, be utilized as a novel therapeutic molecule in the
carly stages of infection. The helix D-derived peptide KYE28, the
focus of this study, was found to exert antimicrobial effects against
Gram-negative bacteria, but also against Gram-positive bacteria as
well as Candida species. These data were compatible with the
previously discovered ability of KYE28 to disrupt artificial
liposomes [26], emphasizing that KYE28 possesses critical features
of a classical AMP. Previously, a direct interaction of LPS with the
holoprotein was demonstrated, mediated by the epitope KYE28
[7], motivating studies on LPS-induced responses in vitro and in
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Figure 3. Modulation of NF-kB/AP-1 activation by KYE28. (A) Determination of NF-kB/AP-1 activation in supernatants of THP1-X-Blue CD14
cells after stimulation with 100 ng/mL E. coli LPS and increasing concentrations of KYE28 (n = 6). The HClI-derived peptide LGK23 (5 uM) was used as
control (n=3). (B) NF-kB/AP-1 activity was measured in supernatants of RAW-Blue cells stimulated with 10 ng/mL E. coli LPS and increasing
concentrations of KYE28 (n=4). (C) RAW-Blue cells stimulated with 10 ng/mL E. coli LPS and KYE28 (10 uM). (Together: LPS and peptide added at the
same time; no removal: Addition of KYE28 1 h before addition of LPS; removal: Addition of KYE28 for 1 h, removal of the peptide followed by addition
of LPS; Control = buffer only) (n=4). (D) RAW-Blue cells were stimulated with 10 ng/mL E. coli LPS and KYE28 (10 uM) was added after indicated

times (n=5).
doi:10.1371/journal.pone.0102577.g003

vivo. KYE28 clearly reduced LPS-induced cytokine release,
especially that of pro-inflammatory cytokines. The results suggest
that the peptide prevents cell activation upstream of NF-kB/AP-1
likely at the cell surface or in the surrounding medium by binding
to LPS, which is supported by the results of the pre- and post-
incubation experiments as well as by findings showing that KYE28
binds to a similar extent to both LPS and lipid A, and also
mediates LPS scavenging on model eukaryotic membranes [26].
Furthermore, KYE28 modulates LPS aggregate structures [26].
The fragmentation and densification of LPS aggregates is
dependent on the secondary structure in the peptide/LPS
aggregates, and correlates to the anti-endotoxic effect, thus
identifying peptide-induced packing transitions in LPS aggregates
as key for the anti-endotoxic functionality of KYE28 [26]. Recent
studies on host defense peptides have focused on their multiple
bioactive properties beyond the direct bacterial killing effects.
Indeed, for LL-37 as well as thrombin-derived peptides, it has
been argued that the direct antimicrobial function is not the major
contributor for beneficial effects during infections i vivo
[24,29,45]. The present results for KYE28 are in line with these
previous findings and highlight the relative importance of the anti-
inflammatory effect versus the antimicrobial activity in vivo. Thus,

PLOS ONE | www.plosone.org

while KYE28 exerted potent antimicrobial effects in wvitro, it
showed only a moderate activity against bacteria when injected in
animals infected by P. aeruginosa. In contrast, the reduction of
pro-inflammatory responses seems to dominate, as evidenced by
reduced cytokine levels as well as improved lung status.
Inflammation and coagulation are interlinked processes [8] and
the activation of both by LPS or bacteria lead amongst others to
fibrin deposition in the microvasculature as observed in the lungs
from mice subjected to LPS-mediated shock and P. aeruginosa
infection (Figure 4 and 5). As a result, microvascular thrombosis
contributes to promotion of organ dysfunction. Moreover,
excessive contact activation results in the release of the pro-
inflammatory peptide bradykinin and a subsequent induction of
inflammatory reactions, which contribute to serious complications
such as hypotension and vascular leakage [46,47]. The observed
reductions in lung leakage and fibrin deposition, are consistent
with studies showing that IL-6 is an important factor for
inflammation-driven coagulation [8,48], as IL-6 was significantly
blocked by KYE28. Furthermore, it is possible that KYE28, by
reducing the activation of the contact system, may mediate
reductions in lung fibrin deposition and platelet levels, respectively,
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doi:10.1371/journal.pone.0102577.g004

10 Spleen 10 Kidney 10 Liver IL-6 TNF-o i MCP-1 j IFN-y IL-10

. Fekk
Feick
D
P PP
& <

E i
s

S

©

2

E === control

N 204 "7 KYE28 (1x)
— KYE28 (2x)

0 24 48 72 96 120 144 168
Time (h)
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as previously noted for an endogenous multifunctional host
defense peptide of thrombin [24].

An interesting observation was also that the overall reduction of
pro-inflammatory cytokines in animals infected for 12 h was not
complete, but seemed to be reduced to those levels found during
the initial phases of sepsis development observed after 4-8 h.
Thus, the action of KYE28 contrasts to other substances with
more marked or even complete inhibitory action on LPS-signaling,
e. g. TLR-4 inhibitors [49]. From a clinical perspective,
dampening of the initial pro-inflammatory response by KYE28-
treatment, especially reducing IL-6, and MCP-1, which have been
associated with organ dysfunction, severity of the disease and
mortality [50-53], may aid in preventing the development of the
detrimental “cytokine storm” and its consequences seen in sepsis
[51]. Thus, complete blocking of inflammatory responses may be
negative for the proper resolution of an infection in vivo, a
reasoning compatible with the observation that TLR-4-deficient
animals are much less sensitive to endotoxins, while being highly
prone to infections [54]. Cleary, both dose and administration
times are crucial. For example, in iitial tests, KYE28, when
administrated in the LPS model at later time points (2—4 h post
LPS injection) did not reverse the endotoxin mediated mortality,
although an increase was noted in the survival time when KYE28
was injected after 2 hours (not shown). Nevertheless, in the
Pseudomonas sepsis model, where the peptide was given subcu-
taneously 1 and 7 hours after intraperitoneal Pseudomonas
infection (avoiding compartmentalization of bacteria and peptide
together) significant anti-inflammatory effects as well as mortality
reductions were observed. These observations illustrate that a
“fast” model, where systemic LPS-mediated activations occur
within a short time frame, is less suitable for delayed treatment
studies, whereas the latter Pseudomonas sepsis model clearly
demonstrated a therapeutic potential of delayed peptide treat-
ment. Although beyond the scope of the present study, future
therapeutical and developmental studies must address not only
peptide pharmacokinetics and toxicity in more detail, but also
effects in more complex models, such as the cecum ligation and
puncture model of polymicrobial sepsis.

Finally, it must also be stressed that the activities of KYE28 may
not necessarily reflect all possible activities mediated by proteo-
Iytically activated HCII. Thus, it is possible that the bacterial
binding and LPS-interactions that are mediated by this helix D
region, or its counterpart on helix A, may be complemented by
other actions of distant structural motifs in HCII. Nevertheless, the
present data indicate, that the current strategy of selecting a
functional epitope of HCII may have potential therapeutic benefits
due to a less complex mode of action and easier production of the
peptide, while maintaining the endogenous character of the host
response.

Supporting Information

Figure S1 Effects of KYE28 on various cell agonists.
THP1-X-Blue CD14 cells were stimulated either with 1 pg/mL
lipoteichoic acid (LTA), 10 ug/mL Zymosan, 1 pg/mL E. coli-
derived peptidoglycan (PGN-EB), 20 ng/mL PAM3;CSK, or
100 ng/mL PMA together with 5 uM of KYE28 or the control
peptide LKG23. NF-kB/AP-1 activation was determined after
over night incubation in cell supernatants (n = 3).

(TIF)

Figure S2 Influence of KYE28 on eukaryotic mem-
branes. (A) THP1-X-Blue CD14 cells were stimulated over
night either with 100 ng/mL E. coli LPS together with the
indicated concentration of KYE28 (LPS) or only KYE28 (no LPS).
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LDH release was determined in cell supernatants (n = 4). (B) Same
assay as in (A), but RAW-Blue cells were used (n =4).
(TIF)

Figure S3 Evaluation of toxic effects of KYE28 on HaCat
cells. (A) LDH release of HaCat cells grown in serum-free
medium was measured after over night incubation with indicated
concentrations of KYE28 and LL-37 (n=4). (B) Same as in (A),
but in the presence of 20% human serum and 60 uM of the
peptides were used (n=3). (G) HaCat cells grown in serum-free
medium were incubated over night with indicated concentrations
of the peptides. Cell viability was determined using the MTT assay
(n=4). D) Same as in (C), in the presence of 20% human serum
and usage of 60 pM of the peptides (n = 3).

(TTF)

Figure S4 Evaluation of hemolytic effects of KYE28 in
blood. Hemolysis in 50% human citrate-blood (diluted 1:1 in
PBS) in presence of KYE28 (60 uM) is shown. Hemolysis was
assessed after 1 hour. LL-37 is shown for comparison (n = 3).

(TIF)

Figure S5 Effects of KYE28 on coagulation in vitro. I'resh
human citrate plasma was incubated with buffer (Control) or
20 uM of KYE28 before the activated partial thromboplastin time
(@PTT), prothrombin time (PT) and the thrombin clotting time
(TCT) were determined (n = 2).

(TTF)

Figure S6 Dose-dependent effects of KYE28 in a LPS
model in vivo. C57BL/6 mice were challenged with 12 mg/kg
E. coli LPS (i.p.) and treated after 30 min with indicated amounts
of KYE28 (i.p.). Cytokines were evaluated 20 h post-LPS injection
in the plasma (no peptide n=8; KYE28 treated n=5/group).
(TTF)

Figure S7 Effects of KYE28 in a Pseudomonas LPS
model in vivo. (A-B) C57BL/6 mice were treated with 36 mg/
kg Pseudomonas LPS (i.p.) and treated with buffer or 0.5 mg
KYE28 (i.p.). Twenty hours post-LLPS injection, blood was taken
and analyzed for (A) indicated cytokines (P-LPS n=8, P-LPS+
KYE28 n=10) and (B) platelet counts (Control n=8, P-LPS
n=6, P-LPS+KYE28 n=9).

(TTF)

Figure S8 Evaluation of KYE28 treatment in a Pseudo-
monas infection model in vivo. (A-B) C57BL/6 mice were
infected ip. with 2x10° cfu/mL P. aeruginosa 15159. KYE28
(0.5 mg) was subcutaneously injected one h after infection. (A)
Bacterial counts in the indicated organs were analyzed after a time
period of 4, 8, and 12 h. (Control4 hn=5,8 hn= 5,12 hn=4;
KYE28 n=7/group). (B) In parallel, the indicated cytokines were
analyzed in plasma from those mice (Control n=9, KYE28
n=11).

(TTF)

Figure S9 Analysis of KYE28 given alone. (A-C) Subcuta-
neous administration of 1 mg KYE28 or buffer (Control).
Treatment was repeated 6 h post-injection and indicated param-
eters analyzed 12 h post-injection. (A) Cytokines determined in
plasma are presented with the corresponding detection limits of
the assay. (B) Determination of platelets. (CG) Measurement of
activated partial thromboplastin time (aPTT) and prothrombin
time (PT) in mouse plasma (n = 6/group).

(TIF)

Method S1 Lactate dehydrogenase (LDH) assay.
(DOCX)
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Method S2 Cell viability assay (MTT assay).
DOCX)

Method S3 Hemolysis assay.
DOCX)

Method S4 Coagulation assay.
DOCX)
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