MedChemComm

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g:mm o_cw_ apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/medchemcomm


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 10

Journal Name

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

MedChemComm

ng

OF CHEMISTRY

Synergistic Activity of a Short Lipidated Antimicrobial Peptide
(LipoAMP) and Colistin or Tobramycin against Pseudomonas Ae-
ruginosa from Cystic Fibrosis Patients

Martin G. de Gier,” H. Bauke Albada,*** Michaele Josten,® Rob Willems,” Helen Leavis,” Rosa var
Mansveld,b Fernanda L. Paganelli,b Bertie Dekker,b Jan-Willem J. Lammers,” Hans-Georg Sahl, Nils
Metzler-Nolte®

Declining pulmonary function, ultimately culminating in respiratory failure, is mainly caused by chronic Pseudomonns
aeruginosa (P. aeruginosa) infections in patients with Cystic Fibrosis (CF). Due to its hypermutability, allowing to rapidl
adapt to the selective constrain in a CF lung, and ability to form biofilms, P. aeruginosa is able to colonize and damage the
lung by chronic infection. Exacerbations are being treated with a combination of common anti-pseudomonal antibiotics
but (pan)resistance is increasingly reported. Antimicrobial peptides (AMPs) have a broad spectrum of antibacterial activitv
and their effectiveness is, still, less affected by induction of resistance. Here, we explore the in vitro applicability of the
RWRWRWHK(Cyo) synthetic lipoAMP (named BA250-C10), a lipidated peptide with a Cyo-lipid chain attached to the C
terminus, as novel antibacterial agent against P. aeruginosa; and in particular its ability to inhibit biofilm formation.
BA250-C10 was tested for the in vitro antibacterial activity against 20 clinical P. aeruginosa isolates of CF patients, eacl
having a different resistance profile and ability to form biofilms. The modest antibacterial activity of the peptide against
most P. aeruginosa strains (16—256 pg/mL) was significantly increased in the presence of colistin and less in the presence
of tobramycin, supported by checkerboard assay and growth curves. In three biofilm forming strains, a synergistic effect
was observed for BA250-C10 with colistin, but less with tobramycin. This indicates that combinations of lipidated AMPs
and colistin may be further pursued as a potential novel treatment strategy against P. aeruginosa infections in CF patients.

Introduction

Pseudomonas aeruginosa (P. aeruginosa) is the most prevalent
and significant pulmonary pathogen in patients with cystic
fibrosis (CF). Colonization with P. aeruginosa is associated with
a faster decline of pulmonary function and overall worsening
prognosis.1 A crucial obstacle in antibiotic treatment is the
ability of P. aeruginosa to form biofilms and its ability to
rapidly adapt2 to the ever-changing physiology within the CF
airway.3 Anti-pseudomonal therapies are used in three distinct
clinical settings: (i) to delay onset of chronic colonization, (ii) in
chronic therapy, and (iii) in periodic
administration of intensive antibiotic regimens.4 Standard

maintenance

treatment for an exacerbation of CF is intravenous therapy
with two antibiotics, mainly aimed at decreasing the risk of
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resistance, but also to decrease dose-related toxicity, to treat
polymicrobial infection, and to promote antimicrobial syner-
gism.5 Unfortunately, current antibiotics are becoming les:
effective in treating chronic Pseudomonas infections due tc
increasing antibiotic resistance and highly antibiotic-refractory
biofilms.® In the last decade, no new antibiotics have beer.
developed,7 and there are only minor improvements in inhalec
anti-pseudomonal antibiotics. New therapeutic options for
patients with CF are designed to correct the function of the
defective CF transmembrane conductance regulator (CFTR)-
modulating protein,g and clinical effects of this treatment hz re
been shown in different randomized clinical trials.’ Howeve.,
these treatments will be available only for a selection of CI
patients, depending on the type of their genetic defect.”
Therefore, CF patients will continue to suffer from pulmonary
infection and new anti-bacterial therapies and treatmen’
strategies are on continuous demand.™

A relatively new class of antibacterial compounds is the large
family of host defense peptides (HDPs) and antimicrobial pep-
tides (AMPs).™ Many of these occur naturally as part of t' e
host-defense system; whereas HDPs combine direct broa '
spectrum antibiotic activities with modulation of immune
sponses,12 AMPs have only direct anti-bacterial activity.lr
Whereas naturally occurring HPDs and AMPs hold great prom-
ise when it comes to the antimicrobial activity and ability tc
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inhibit biofilm formation,™ their applicability in a clinical set-
ting is limited due to poor PK/PD profiles.12 In addition, their
intricate structure hampers large-scale production and severe-
ly encumbers the modulation of their therapeutic profile. Nev-
ertheless, the emergence of resistance is considered to be less
of a problem compared to conventional antibiotics since many
AMPs target the bacterial membrane rather than a specific
single biomolecule.’** Therefore, AMPs are considered as
relevant new candidate treatment options in diseases such as
CF in which multidrug-resistant organisms cause infections in a
hyperinflammatory environment.'>'®

Anti-pseudomonal synthetic AMPs (synAMPs) have been de-
veloped in recent years.17 In addition, AMPs with specific anti-
biofilm properties have been discovered.***7#P%8 £or axam-
ple, the dodecameric peptide with the sequence VRLIVAV-
RIWRR-NH, was shown to potently inhibit biofilm formation of
CF pathogens by blocking a widespread stress response that
contributes to biofilm development.19 Short synAMPs can be
prepared on a large scale, and can easily be modified to im-
prove proteolytic stability, circulation lifetime, and bacterial
specificity or to decrease general toxicity. This makes them
attractive candidates for clinical applications. En route to that
goal, the mode of action of one specific family of short syn-
AMPs, i.e. those that contain the Arg-Trp sequence,20 has been
determined.”! The activities against metbhicillin resistant Staph-
ylococcus aureus (MRSA) of organometallic derivatives of such
peptides are now identical to,”* or even better than, vancomy-
cin without inducing substantial hemolysis and displaying high
toxicity in vitro.” These last two effects are usually problemat-
ic for lipidated AMPs. Their effect on planktonic growth and
biofilm formation of Escherichia coli was also determined,
showing promising results for the former, but limited results
for the latter.” Similarly, N- or C-terminal lipidation of an Arg-
Trp hexapeptide, resulting in so-called lipoAMPs, led to high
activity against a broad spectrum of bacterial pathogens, in-
cluding P. aeruginosa and A. baumannii.”®> Even more, their
hemolytic activity could be reduced from ~16% to less than 1%
when human red blood cells were treated with 250 pg/mL of
the peptide.26 Moreover, only a few examples have emerged
in which the synergy of AMPs with existing antibiotics® as well
as AMPs with anti-pseudomonal antibiotics have been de-
scribed,”b'lgb’28 but a detailed study with a large panel of clini-
cally isolated P. aeruginosa strains and lipoAMPs has not been
performed yet.

Here, we now determined the activity of lipoAMPs against CF-
related P. aeruginosa strains,”®?° the synergistic activity of the
most active lipoAMP with conventional antibiotics,g’l'g’z’33 and
their ability to inhibit biofilm formation. We assessed the activ-
ity of 12 different lipidated short peptides (i.e. the lipoAMPs)
against three CF-related P. aeruginosa isolates. The peptide
with the lowest MIC-value was used for further evaluation
against a wider panel of clinical P. aeruginosa isolates. Growth
curves and checkerboard assays were applied to probe for
synergy between the lipoAMP and two commonly applied an-
tibiotics, i.e. colistin and tobramycin, and biofilm interfering
capacity was tested with in polystyrene assays.

2 | J. Name., 2012, 00, 1-3

Experimental

All experimental details and procedures are provided in the
Supporting Information.

Results

The peptides that were used in this study have been describec
before.” Apart from the lipidated peptides, which are identi-
fied by the position and length of their lipid-chain (i.e. C8 re-
fers to the C(O)C;H;s lipid attached to a C-terminally posi
tioned lysine residue; N8 refers to the same lipid when at
tached to an N-terminally positioned lysine residue), two fer
rocenoyl-derivatized peptides (indicated by ‘Fc’), and one dye
labelled peptide, i.e. BA250-DEC, were also included.

Table 1. Pre-selection of lipoAMPs for their activity against three clinical isolates of P.
aeruginosa. Minimal Inhibitory Concentrations (MIC) values are given, the activitie *
two common anti-pseudomonal antibiotics and DMSO are included as references.

clinical isolate

VW1633 LES431 KD491 |
lipoAMP*? MIC (ug/mL) MIC (ug/mL) MIC (ug/mL) I
BA250-CFc 32 >128 32 |
BA250-C6 16 >128 32 )
BA250-C8 16 128 16 i
BA250-C10 16 32 16 |
BA250-C12 32 64 >128 i
BA250-C14 >128 128 >128 |
BA250-NFc 32 >128 128 i
BA250-N6 32 >128 64 |
BA250-N8 32 64 16 I
BA250-N10 64 32 32 |
BA250-N12 >128 64 >128 :
BA250-N14 >128 >128 >128 )

BA250-DEC 64 >128 64

ciprofloxacin 6.4 6.4 1.6
polymyxin B 1.6 0.8 1.6 |

DMSO >128 >128 >128

All peptides were obtained in high purity (>95%) after prepara-
tive HPLC and in acceptable yields of 21-46%; HR-MS spec-
trometry confirmed the identity of the peptide.25

Initially, MIC-values of 12 lipoAMPs against three clinical is~-
lates of P. aeruginosa were determined (Table 1). The thr e
isolates were chosen for their different susceptibility profile to
standard applied anti-pseudomonal antibiotics; very resistan
KD491, and intermediate resistant LES431 and VW1633. Lipo
AMPs containing either a C- and N-terminally positioned lipi-
dated lysine residue were tested, as well as the two commonl
applied antibiotics ciprofloxacin and polymyxin B. The general
activity of these lipoAMPs against the very resistant KD491
was higher than against the less resistant strain LES431.

LipoAMP BA250-C10 was the most promising candidate for ou.
study, with MIC-values of 16—32 pug/mL (i.e. 9-18 uM) (Tab..
1), and the activity of this peptide was further studied against
a larger panel of clinical isolates of P. aeruginosa (Table 2). The

This journal is © The Royal Society of Chemistry 2Uxx

Page 2 of 10



Page 3 of 10

redox-active Fc-labelled lipoAMP did not display enhanced
activity; in fact, the activity of this lipophilic peptide, of which
the lipophilicity resembles that of a peptide containing a seven
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C-atom long lipid, is more or less within the expected range of
lipidated AMPs. This indicates that this moiety mostly acts as ¢
lipophilic moiety, potentially a membrane-anchor.

Table 2. Susceptibility of various P. aeruginosa strains for the commonly applied antibiotics: ciprofloxacin, colistin (polymyxin E), tobramycin, ceftazidim, tazocin, and meropenem,
and lipoAMP BA250-C10.

Entry Strain ciprofloxacin colistin tobramycin ceftazidim tazocin meropenem BA250-C10 Resistance Biofilm I
1* D599 0.25 4 0.5 1 4 0.5 128 0 +
2* Pa01 0.5-0.25 4 2 1 8 2 256 0 +
3* Clone C 0.25 4 1 2 16 2 128 0 ++
4* VW1501 16 (R) 2 4 4 4 0.25 128 1 -
5% ki1.1 4 (R) 4 4 2 4 4(1) 128 1-2 -
6* KD557 0.5 8 (R) 1 2 16-32 (R) 1-2 256 2 + |
7* VW1540 2-4 (R) 4 0.125 16 (R) 8 1-2 64 2 -
8* VW178 1(R) 4 32 (R) 2 8 2 32 2 + |
9* VW1633 1(R) 2 0.125 >256 (R) >512 (R) 1 32 3 -
10* VW1485 8 (R) >128 (R) 16 (R) 8 4 0.25 256 3 - E
11* VW0247 16 (R) 2 4 16 (R) 32 (R) 0.25 64 3 - |
12* k3.2 2-4 (R) 8 (R) 16 (R) 2 4-8 4 128 3 - =
13* LES431 4 (R) 2 2-4 256 (R) 512 (R) 3 (1) 64 3-4 -
14* VW1538 8 (R) 2 8 (R) 8 64 (R) 64 (R) 64 4 -
157 | MIDLANDS 4 (R) 4 2 64 (R) 128 (R) 16 (R) 64 4 -
16”7 LES400 2(R) 4 8 (R) 32 (R) 32 (R) 2 64 4 -
17* VW1471 16 (R) 4 8 (R) 128 (R) 256 (R) 32 (R) 64 5 -
18* VW313 2 (R) 4 16 (R) >256 (R) 64 (R) 16 (R) 32 5 -
19* KD491 8(R) 2 8-16 (R) >256 (R) >512 (R) 16 (R) 32 5 ++ |
20* LESB58 8-16 (R) 32 (R) 8(R) 256 (R) 512 (R) 2 128 5 +

Notes: Minimal Inhibitory Concentrations (MIC) values are given in ug/mL; CLSI breakpoints for susceptibility of various strains for specific antibiotics are given ir
brackets behind the MIC-values: | = Intermediate, R = resistant, S = susceptible (S is left out for clarity); cut-off limits for the respective antibiotics are given below.
Resistance is based on the number of antibiotics against which resistance is observed. The origins of the strains are indicated when known: entry-numbers that are
marked with an asterisk (*) indicate that these strains were obtained from CF patients treated in the University Medical Center Utrecht; ‘KD’ refers to child, ‘VW’ tc
adult. Entries marked in bold indicate the strains that were used in subsequent studies. Cut-off limits for the CSLI breakpoints for susceptibility: ciprofloxacin: S < 0.5
pg/mL and R > 1 pg/mL — colistin: S < 4 ug/mL and R > 4 pg/mL — tobramycin: S < 4 pg/mL and R > 4 pug/mL — ceftazidim: S < 8 ug/mL and R > 8 pg/mL — tazocin: S <~
ug/mL and R > 16 ug/mL — meropenem: S < 2 pug/mL and R > 8 pg/mL. “ The ability to form biofilms is measured by the crystal violet assay where ‘++’ indicates high, ‘+
indicates intermediate, and ‘~* indicates low tendency for biofilm formation.

Of the 20 clinically isolated P. aeruginosa strains against which
activity was determined (Table 2), 6 were international P. ae-
ruginosa-isolates and 14 were obtained from the University
Medical Center Utrecht (UMCU).

was high (entries 2 and 3), or when the activity of BA250-C1C
was high and that of tobramycin was low (entry 19), synergism,
in both directions, i.e. of the antibiotics on the activity of lipo-
AMP or of the lipoAMP on the activity of both antibiotics, was
studied. In addition, we determined if synergism could en-
hance the combined activity of compounds that are poorly
active against the multi-resistance strain LESB58 (entry 20).

The results demonstrated an inverse correlation between the
resistance of the P. aeruginosa strains against a number of
antibiotics and the MIC-value for BA250-C10; with lower MIC-
values against BA250-C10 found in strains that are more re-
sistant to more commonly applied antibiotics. For two biofilm
forming P. aeruginosa strains, the MIC-value is 32 ug/mL (en-
tries 8 and 19), for the other biofilm forming P. aeruginosa
strains it is 128 or 256 ug/mL (entries 2 and 6, respectively). It
should be noted that the results displayed in Table 1 were ob-
tained in a different laboratory than those displayed in Table 2;
this explains the 2-fold difference between the MIC-values of
BA250-C10 against VW1633, LES431, and KD491.

This study revealed that lipoAMP BA250-C10 showed synei ty
with colistin in three out of four tested strains, and with to-
bramycin in two out of four tested strains (Table 3). Strong
synergy is found for BA250-C10 and colistin against strair
KD491 with FIC<0.5. Whereas the MIC-value of colistin itself is
4 ug/mL, in the presence of 8 ug/mL of BA250-C10, the MIC o
colistin drops to 1 ug/mL. Similarly, the MIC-value of BA250-
C10 is 32 pg/mL, but in the presence of 2 pug/mL of colistin i
drops to 2 pg/mL. Interestingly, the required amount of tne
second component is below the MIC-value of that compour J.
In addition, two strains that generally display higher levels ~
resistance, KD491 and LESB58, show very low FIC-indices (i.-.
<0.5), which is indicative if a synergistic effect, whereas the
two strains that are almost not-resistant against any of the

Next, synergistic activity of the lipoAMP and colistin and to-
bramycin was mapped using a checkerboard assay. For this,
strains KD491, LESB58, Pa01, and clone C were selected due to
their strong tendency to form biofilms. Also, since the activity
of BA250-C10 was low when that of colistin and/or tobramycin

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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commonly applied antibiotics (see entries 2 and 3 of Table 2),

Page

Pa01 and clone C, have higher FIC-indices, i.e. lower synergy.

Table 3. Results of the checkerboard assays in which synergism between BA250-C10 and either colistin or tobramycin was assessed. The results are shown as the FIC-Index, and the

effect is indicated.

KD491 LESB58 Pa01 clone C
colistin tobramycin colistin tobramycin colistin tobramycin colistin tobramycin
FIC-index #1 0.2625 0.5 0.375 0.5 0.3125 1 0.5 0.5
FIC-index #2 0.375 0.375 0.625 0.5 0.5 0.75 1 1
Effect’ S S S/l S S | S/l S/l

4 of 10

i
|

Note: ° Synergism (S) is defined as FIC < 0.5, and indifference (1) as FIC = 0.5-4.

Subsequently, growth-curves of the four strains in the pres-
ence of the individual components and of sub-MIC concentra-
tions of the mixtures were measured. The growth curve of
KD491 shows normal growth in the presence of 4 pg/mL
BA250-C10; a prolonged lag-phase of 4 hours, but normal
growth rates are observed at exponential phase in the pres-
ence of 0.25 pg/mL colistin (Fig. 1, panel A). However, the

combination of 4 pg/mL BA250-C10 and 0.25 pg/mL colistin
A) @1 ug/mL TOBRA + 8 pg/mL AMP o E N
----- 0.25 pg/mL COL + 4 pg/mL AMP A
o8 ug/mL AMP
""" 4 pg/mL AMP

1 pg/mLTOBRA
= ().25 pg/mL COL
e ntreated

= ODgyy

time (h)

= 0,25 11g/mL TOBRA +32 pg/mLAMP

----- 1pg/mLCOL+4 pg/mLAMP

3 |ig/mLAMP

----- 4pg/mLAMP
0.25ug/mLTOBRA

= ] g/mLCOL

e Untreated

10 12 14 16 18 20 22 24
time (h)

B), .

almost completely inhibits growth. For the colistin-resistan*
strain LESB58 there is no growth of LESB58 in the presence of
the combination of colistin (2 pg/mL) and BA250-C10 (4
pug/mL), even though there is normal growth of LESB58 witt -
pg/mL BA250-C10, and a prolonged lag phase but norma!
growth rate at exponential phase in the presence of 2 pg/inc
colistin (Fig. 1 panel B).

@1 ng/mL TOBRA + 32 pg/mL AMP
""" 2 pg/mL COL + 4 pg/mL AMP
32 ug/mL AMP
""" 4 pug/mL AMP
=) ng/mL COL

1 pg/mL TOBRA

e untreated

ODGOD

0 T T T T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24
time (h)
D).

em=(),25 pg/mL TOBRA + 16 pg/mL AMP R BT
----- 0.25 pg/mL COL + 8 pg/mL AMP ——
16 pg/mL AMP 7,

§ """ 8 pg/mL AMP

8 ====0.25 pg/mL COL

0.25 pg/mL TOBRA
e untreated

[uy
1

"
o] T T T T T T T T T T T T

12 14 16 18 20 22 24
time (h)

Figure 1. Growth curves of the clinical isolates P. aeruginosa KD491 (panel A), LESB58 (panel B), PAO1 (panel C), and clone C (panel D) in the presence of BA250-C10 (blue curves)
tobramycin (yellow curves), colistin (red curves), and a mixture of tobramycin with BA250-C10 (green curves) or colistin with BA250-C10 (purple dotted curves). The various

amounts of antibacterial agents are indicated in the respective charts, with “AMP” =

These data confirmed the data of the checkerboard assay that
indicated synergy between BA250-C10 and colistin. In PaOl
and clone C, a similar pattern is seen, suggesting synergy be-
tween colistin and lipoAMP BA250-C10 during the growth-
phase of the bacteria (Fig. 1 panels C and D, respectively). In

4 | J. Name., 2012, 00, 1-3

BA250-C10, “TOBRA” =

tobramycin, “COL” = colistin.

the presence of only BA250-C10 or tobramycin, growth of - |
strains is delayed and growth rates at exponential phase ¢ e
lower, while the combination of BA250-C10 and tobramycin
shows almost complete inhibition of growth.

This journal is © The Royal Society of Chemistry 2Uxx
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Figure 2. Inhibition of planktonic growth (blue bars) and biofilm formation (red bars) of P. aeruginosa strains KD491 (A), Pa01 (B), and clone C (C), by the application of lipoAMP
BA250-C10, colistin or tobramycin, and by the simultaneous administration of the lipoAMP BA250-C10 (“AMP”) with either colistin (“COL”) or tobramycin (“TOBRA”).

A) KD491, no peptide B) KD491, 8 pg/mL BA250-DEC

C) clone C, no peptide D) clone C, 8 pg/mL BA250-DEC

Figure 3. Visualization of the inhibition of biofilm formation by the lipoAMP BA250-DEC. Confocal images of KD491 (A, B) or clone C (C, D) biofilms in the absence (A, C) or presence

of 8 ug/mL of BA250-DEC (B, D). Bacterial DNA is stained red with propidium iodide. For panels B and D, from left-to-right: biofilms identified with the propidium iodide DNA-
staining (red), fluorescent peptide localization (blue), and combination of channels showing co-localization of the BA250-DEC lipoAMP and propidium iodide (purple/pink colour).

Next, we tested the ability of the isolated lipoAMP with com-
binations with colistin and tobramycin to inhibit biofilm for-
mation in the polystyrene assay of KD491, Pa01, and clone C
(Fig. 2). For KD491, high concentrations of BA250-C10 were
needed to almost fully inhibit biofilm formation: 32 pug/mL for
80 + 3% inhibition (Fig. 2, panel A). However, already at 2 and
4 pg/mL of BA250-C10 significant inhibition of biofilm for-
mation of KD491 was observed, i.e 45 + 11% and 52 + 9%, re-
spectively. At these concentrations, weak inhibition of plank-
tonic growth was observed. No synergistic activity against bio-
film formation between the lipoAMP and colistin or tobramy-
cin was observed against KD491.

For the other two strains, significantly higher concentrations of
BA250-C10 were needed in order to achieve substantial inhibi-
tion of biofilm formation, i.e 64 pug/mL for 81 £ 11% inhibition
of Pa01 and 128 ug/mL for 82 + 6% inhibition of clone C, re-
spectively (Fig. 3, panels B and C, respectively). These concen-
trations could be lowered to 32 pg/mL in the presence of 2

This journal is © The Royal Society of Chemistry 20xx

pg/mL of colistin to achieve a similar level of inhibition of bio-
film formation, i.e. 84 + 8% and 70 + 11% for Pa01 and clone C
respectively. A concentration of 2 ug/mL colistin without addi-
tional compound poorly inhibited biofilm formation, up o
20%. Also, only 32 pg/mL of BA250-C10 was not able to inhibi.
biofilm formation in these two strains. Replacing colistin witt
equal weight of tobramycin did not lead to biofilm formatior
inhibition, showing that synergism is strictly limited to colistin.
The observation that sub-MIC concentrations of AMPs alread»
lead to observable inhibition of biofilm formation has been

18239 The differences between the levels o

described before.
inhibition of planktonic growth and biofilm formation suggest
that the AMPs interfere with biofilm formation in a differe it
manner than interference with planktonic growth.

In order to visualize the effect of the lipoAMP on the biofil
that were formed, we performed confocal microscopy studie:
on the biofilms of KD491 and clone C in the presence or ab-

sence of the lipoAMP. These two strains were selected since

J. Name., 2013, 00, 1-3 | >
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the activity of BA250-C10 against KD491 was distinctly better
than against clone C (Table 2, entries 20 and 3, respectively);
LESB58 was excluded based on lower tendency to form bio-
films in our assay, and Pa0l was excluded due to its high re-
sistance against the lipoAMPs. Since BA250-C10 cannot be
visualized directly with confocal microscopy, we applied the
fluorescent peptide BA250-DEC, which contains a fluorescent
diethylaminocoumarine moiety (Aex = 409 NnmM, Aem = 473 nm)
instead of the Cyp-lipid. The retention time of this dye-labelled
peptide is comparable to that of the Cy4-lipidated peptide, i.e.
19.9 min vs 20.2 min, respectively (see Fig. 4 for structures),
and the antibacterial activity is 4-fold lower, i.e. 64 pg/mL
against KD491 (Table 1).

Incubation of P. aeruginosa strain KD491 and clone C revealed
that also the dye-containing BA250-DEC is able to inhibit bio-
film formation (Fig. 3). Clear difference in biofilm texture is
apparent: the biofilm that is formed by KD491 is more dense
and thicker, whereas that of clone C is more spread-out, con-
taining more isolated cells. For KD491, there is a clear distinc-
tion between the biofilms that are formed in the presence or
absence of the peptide, confirming the inhibition of biofilm
formation by the lipoAMP BA250-C10 that was measured in
the polystyrene. The lipoAMP more effectively inhibits biofilm
formation of KD491 than that of clone C (panels A and B, and
panels C and D, Fig. 3, respectively): upon treatment with the
lipoAMP, KD491 forms a much thinner biofilm whereas that of
clone C was much less altered, which corroborates our results
obtained by the polystyrene biofilm assay.

Co-localization studies reveal a high degree of overlap be-
tween the parts of the biofilm that are stained with propidium
iodide and those parts that are stained with the peptide. Our
results show that the peptide has a high tendency to bind to
those areas in the biofilm where bacteria are residing.

Discussion

Patients with cystic fibrosis (CF) are highly dependent of anti-
biotic treatment since most of these patients endure chronic
respiratory infections, causing (slow) degradation of the res-
piratory tract, which leads to respiratory failure eventually.
This accounts for the majority of mortality in CF patients. The
main pathogens in the CF lung are Pseudomonas aeruginosa (>
80 % of the adult patients), Staphylococcus aureus (30-50 %),
Haemophilus influenzae, Xenotrophomonas maltophilia (~8 %),
and Burkholderia cepacia.40 Recently, short Arg-Trp based pep-
tides were discovered that showed broad-spectrum activity
against various bacterial pathogens, including P. aeruginosa.25
To explore if such short peptides have the potential to combat
P. aeruginosa infections, we tested such lipoAMPs for their
direct in vitro anti-pseudomonal activity. The most promising
lead-compound, i.e. BA250-C10, was further tested for its po-
tential synergy with conventional antibiotics colistin and to-
bramycin (see Fig. 4 for structures), and the potential in inter-
fering with biofilm formation.

In this study, we demonstrated that the combination of
BA250-C10 with one of the conventional anti-pseudomonal

6 | J. Name., 2012, 00, 1-3

antibiotics colistin or tobramycin successfully inhibits plank-
tonic growth in a synergetic way. Most synergy was seen in the
combination of 2 pg/mL of BA250-C10 with 2 pg/mL of colist™
Colistin and tobramycin are frequently used in CF patients in-
travenously during exacerbations and chronically by nebuliza-
tion. For both BA250-C10 and colistin it was shown that they
delocalize peripheral membrane proteins,41 hinting at a coop-
erative activity in weakening the membrane architecture. Suct
an effect was not observed before for this type of lipoAMP. Ir
addition, for two of the three strains, biofilm formation wac
inhibited due to the synergistic effect between 2 pug/mL of
colistin and 32 pg/mL of BA250-C10. With 50% hemolysis a*
250 pg/mL of BA250-C10, which translates to <10% hemolysis
at 32 pg/mL (assuming a linear correlation between concentra-
tion and hemolysis), these amounts are still problematic -
systemic applications. However, in case of P. aeruginosa from
KD491, only 4 pg/mL of BA250-C10 is needed to inhibit biofiin
formation in the presence of 0.5 pug/mL of colistin. With this
low concentration of lipoAMP, less than 1% hemolysis can pe
expected, a number that might even be lowered further by
performing an L-to-D substitution of certain amino acid resi
dues.”® Although it is too early to investigate the clinical ap-
plicability of lipoAMPs like BA250-C10, the current studies re
veals promising synergy between the lipoAMP and existing
antibiotics, both at the level of bacterial growth as well as at
the level of biofilm formation inhibition.

Further studies have to focus on the mechanism how BA250-
C10 interferes with biofilm formation in KD491, even at lov
concentrations, and why it only interferes in biofilm formation
in the other two strains at high concentrations. Tuning the leac
compound or further testing of different configurations of the
parent peptide can reveal a peptide with higher anti-biofi
and immunomodulatory activity. The class of lipoAMPs now
under investigation is particularly interesting as add-on nebuli-
zation therapy in CF patients. Recently a high throughpu
screening has been developed for further optimizing peptide.
to generate novel sequences that possess a variety of biologi-
cal |:>roperties.42

Conclusions

In conclusion, we have demonstrated that the 7-amino-acid
residue long lipopeptide BA250-C10 has synergistic activ ty
with two conventional anti-pseudomonal antibiotics in inhibit-
ing planktonic growth of four P. aeruginosa strains. Synergisn
in the inhibition of biofilm formation was shown in three P
aeruginosa strains. For the most resistant biofilm forming
strain, only 2 pug/mL of BA250-C10 was required to achieve
~50% biofilm formation inhibition; for the less resistant strains
32 pg/mL BA250-C10 and 2 pg/mL colistin was needed to ob
tain near quantitative inhibition. Localization of the lipoAMP at
the bacteria was shown using a fluorescently labelled lipoAl P
in confocal microscopy studies. Further studies have to reve.’
the working mechanism of biofilm interference. Amplificati_..
and tuning of the peptide lead compound is relatively easy anc
is a promising path to obtain peptides with more specific anti-
pseudomonal and anti-biofilm properties.

This journal is © The Royal Society of Chemistry 2Uxx
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colistin

HaN__NH

HoN

BA250-C10
Figure 4. Structural formulas of colistin, tobramycin, and BA250-C10; the structure of
the dye in BA250-DEC is shown in the dotted box, it replaced the lipid that is highlight-
ed by the dotted square.
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128 pg/mL lipopAMP
Pseudomonas

aeruginosa, or

32 pg/mL lippAMP
+ 2 pg/mL colistin

biofilm - -

20 Cystic Fibrosis Patients

Synergistic effects between a lipopAMP and colistin against twenty clinical P. aeruginosa strains

isolated from Cystic Fibrosis patients are described.
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