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Abstract: Hospital-acquired bacterial infections, especially with Gram-negative pathogens, present a major
threat due to the rapid spread of antibiotic-resistant strains. Targeting mechanisms of bacterial virulence has
recently appeared as a promising new therapeutic paradigm. Biofilm formation is a bacterial lifestyle, which
offers a survival advantage through its protective matrix against host immune defense and antibiotic treatment.
Interfering with biogenesis of adhesive organelles, bacterial communication or carbohydrate-mediated adhesion
as anti-biofilm strategies are reviewed.
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Introduction

Until Fleming’s discovery of penicil-
lin in the early 20th century, bacterial in-
fections had been a severe burden for hu-
mankind. The serendipitous identification
of bactericidal activity originating from a
fungus sparked the discovery of various
antibiotics, which were soon used clini-
cally as therapeutics against infections of
bacterial origin. Several new classes of
compounds with different mechanism
of action were developed, targeting a di-
versity of essential processes in the bac-
terium. Inappropriate and excessive use,
both as therapeutic for humans and as pre-
ventive food additive in meat production,
has imposed a high selection pressure on
bacteria and resistant mutants appeared.
Antibiotic-resistant strains now pose a ma-
jor problem in health care units and noso-
comial infections by resistant strains led
to 25’000 deaths and extra costs of € 900
million in the European Union in 2007.[1]
Methicillin-resistant Staphylococcus aure-
us (MRSA) is a prominent Gram-positive
bacterium and in recent years, resistant
strains of Gram-negative Escherichia coli,

Klebsiella pneumoniae and Pseudomonas
aeruginosa appeared in hospital-acquired
infections. In contrast to the single cellu-
lar membrane of Gram-positive bacteria,
Gram-negative species possess an outer
and an inner membrane reinforcing the
physical barriers against drug treatment.
In addition, a variety of bacterial efflux
pumps remove exogenous compounds
from the bacterial cell and render drugs in-
effective.[2] The development and approval
of new antibiotics has severely slowed in
the last decades, resulting in a relatively
small arsenal against increasingly resistant
bacteria towards existing antibiotics. One
reason is the threat of a rapid development
of resistant strains rendering new drugs
inefficacious, implying a big financial
burden for drug manufacturers. Margaret
Chan, Director General of the WHO re-
cently stated the current threat: “In terms
of new replacement antibiotics, the pipe-
line is virtually dry, especially for Gram-
negative bacteria.”[3]

In recent years, new strategies have
emerged to control infections by targeting
non-essential processes of the pathogen,
which are needed for infection, rather than
targeting its viability by traditional anti-
biotics, called anti-virulence therapy.[4]
Potential drugs with mechanisms of action
that do not interfere with the growth of the
organismare expected to have a significant-
ly lowered selection pressure and therefore
a reduced occurrence of resistant mutants.
The formation of biofilms is often observed
in chronic infections. Biofilms are multi-
cellular assemblies of bacteria embedded
in a complex matrix and localized on im-
plant or host tissue surfaces. In addition

to the intrinsic and acquired resistances
of pathogens which are based, e.g. on the
use of efflux pumps, antibiotic-converting
enzymes, or mutations in target proteins of
the employed antibiotic, bacteria are fur-
ther protected in the biofilm against anti-
biotic treatment and host cell defense and
can therebymaintain chronic infections.[5,6]
The synergistic action of these mecha-
nisms of resistance often render infections
untreatable. Therefore, the inhibition of
biofilm formation, e.g. by interfering with
bacterial communication systems (→ tar-
geting quorum sensing) required for its
assembly, by blocking the biogenesis of
adhesive organelles (→ targeting adhesive
organelles: pilicides) or by dissolution of
the biofilm by interference with the biofilm
architecture (→ targeting carbohydrate
binding adhesins) are discussed (Fig. 1).

Targeting Quorum Sensing

Many Gram-negative bacteria use quo-
rum sensing to stimulate expression of cer-
tain genes. The systemwas first discovered
in Vibrio fischeri, and found responsible
for bioluminescence through activation
of the lux gene cluster. Small molecules
(autoinducer) are constitutively produced
by the bacterium and used as stimulus and
response signals. Once a given concen-
tration threshold is reached due to a high
bacterial density, the autoinducer binds to
its cytoplasmic receptor and subsequently
transcription of genes, including the ones
responsible for synthesis of the autoinduc-
er, is activated and thereby amplified.[7]
Often, quorum sensing results in a switch
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PQS and diminished biofilm formation
in vitro.[16] The Hartmann group also ad-
dressed inhibition of PqsR, the receptor of
PQS, and the nanomolar inhibitor 7 was
discovered, which also showed reduction
of pyocycanin production in the PA14
strain, without reducing extracellular lev-
els of PQS.[17] In a recent fragment-based
approach, various fragments based on
phenylhydroxamic acid (e.g. 8) were stud-
ied and interesting agonistic or antagonis-
tic activities were observed, depending on
the substitution pattern.[18]

In Vibrio spp., a second quorum sens-
ing system was discovered and termed
autoinducer-2 (AI-2). This system is be-
lieved to allow interspecies communica-
tion. The central AI-2 signaling compound
is DPD (9), which spontaneously cyclizes
and reacts with borate to form boronate
esters. Galloway et al.[8] reviewed numer-
ous compounds that interfere with either
LuxS, the synthase of DPD, or with its
receptors. A C-1 analog of DPD, isobutyl-
DPD (10, IC

50
= 54 nM), was reported by

Gamby et al. to completely inhibit AI-2
dependent quorum sensing in E. coli.[19]
Interestingly, the phenyl analog 11 neither
interfered with AI-2 system in E. coli nor
in S. typhimurium, but instead resulted in
a reduction of pyocyanin production in
P. aeruginosa, an organism that does not
produceAI-2 itself. Subsequent analysis of
both compounds in biofilm assays showed
their biofilm-inhibitory activities on E. coli
and P. aeruginosa, respectively.[20]

Recent work by Blackwell and co-
workers describes 2-aminobenzimidazole
derivatives as strong inhibitors of P. aeru-
ginosa biofilms. Based on the natural
product bromoageliferin, which inhibits
quorum sensing, 12 was synthesized and

in bacterial lifestyle from single cells to
multicellular assemblies, i.e. biofilms. In
Gram-negative bacteria, the autoinducer
molecules N-acylated l-homoserine lac-
tones (AHL) are synthesized by the in-
ducer synthase (LuxI) and recognized by
their cognate receptors (LuxR), and the
complex then binds to DNA and induces
expression of various genes. In P. aerugi-
nosa, genes under quorum sensing control
are responsible for the production of viru-
lence factors like exotoxin A, pyocyanin,
pyoverdine, cyanides and lectins (LecA,
LecB), antibiotic resistance and biofilm
formation. Interference with the quorum
sensing cascade can reduce the expression
of virulence factors as well as biofilm for-
mation and is therefore a promising anti-
virulence strategy.[8,9]

P. aeruginosa uses several quorum
sensing systems: las, rhl and pqs. The
elastase genes (lasA, lasB) form the las
system with the autoinducer synthase
(LuxI homolog LasI) and the autoinducer
N-(3-oxododecanoyl)-l-homoserine lac-
tone (1, OdDHL, Fig. 2). In the rhl system
(rhlR/rhlI), the autoinducer N-butyroyl-l-
homoserine lactone (2, BHL) is responsi-
ble for the biosynthesis of the biosurfactant
rhamnolipids. Infection with P. aeruginosa
impaired in lasI and rhlI gene expression
resulted in a reduction of the mortality rate
of thermally injured mice below 7% of the
corresponding wild-type strain. Plasmid-
based complementation with lasI and rhlI
restored the mortality rate to 93%, indica-
tive for the importance of these systems
for virulence.[10] Chemical interference
with AHL has been extensively addressed
and was recently reviewed for a number of
organisms by Geske et al.[9] and Galloway
et al.[8] Besides extensive modifications at
the side chain of AHL, various attempts
to replace the lactone ring were reported

by the Spring[8] and Blackwell[9] groups.
For example, the putative LasR antagonist
3 at 200 µM reduced pyocyanin forma-
tion by 93% and simultaneously reduced
elastase expression.[11,12] Furthermore, the
antagonism of quorum sensing with fu-
ranones (e.g. 4), originally isolated from
marine algae with antimicrobial effects,
was studied in a murine infection model
of P. aeruginosa and clearance of the bac-
teria was observed.[13] The pqs system is
unique to P. aeruginosa and uses 2-heptyl-
3-hydroxy-4-quinolone (5, PQS) as signal-
ing molecule.[14] Screening for compounds
interfering with the biosynthesis of PQS,
namely with the acylcarrier protein PqsD,
led to the discovery of 6 (IC

50
= 35 µM).[15]

Recently, inhibitors of PqsD were devel-
oped and showed reduced production of
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Fig. 1. Schematic representation of anti-biofilm targets in Gram-negative bacteria (see body text
for details).
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hesins are carbohydrate binding proteins,
so-called lectins.[34] Carbohydrates usually
display low affinities to their lectin recep-
tors which is overcome in nature through
multivalent display of these ligands, for
example on the glycocalyx of the cellular
envelope. This has inspired chemists to
synthesize multivalent ligands with ex-
ceptionally high affinities for these lectins
(reviewed by Imberty and co-workers[35]).
Although these multivalent compounds
have a high potential against topical infec-
tions, their poor oral bioavailability limits
systemic applications. In addition, selec-
tivity profiles are expected to be broad,
due to the promiscuity of the presented
unmodified saccharides, equally binding
to a variety of host lectins. Therefore, bio-
availability and selectivity for the target
receptor are being investigated.

UropathogenicE. coli (UPEC) have the
two lectins FimH and PapG located at the
tips of fimbriae or pap pili, respectively.
Knock-out strains of the individual adhes-
ins resulted in a strongly reduced virulence,
indicative for an important role of the cor-
responding proteins in infection.[36,37]
FimH binds to mannosylated glycans pres-
ent on the urothelium and therebymediates
host cell adhesion and biofilm formation.
The crystal structure was first disclosed for
its interaction with the chaperone FimC[38]

and a preference for mannosides with li-
pophilic aglycons that are bound by the
lectin’s tyrosine gate was reported.[39] A
number of multivalent mannose-derivative
based inhibitors was described, varying
mainly in their linker motifs (reviewed by
Lindhorst et al.[40]). Based on the initial
discovery of heptyl mannosides opening
the tyrosine gate, biphenyl mannosides[41]
were identified as potent inhibitors.
Subsequent optimization by the Ernst[42,43]
and Hultgren[44,45] labs resulted in the
nanomolar FimH inhibitors 18 and 19,
which are monovalent (and not multiva-
lent) ligands but represent still very potent
lectin antagonists. In both groups, the com-
pounds were tested in a urinary tract in-
fection model in mice and showed efficacy
against infectionwithUPEC. Both intrave-
nous application and the per oral route pri-
or to infection with UPEC led to a decrease
of bacterial counts in the bladder up to 4
orders of magnitude. Pharmacokinetic op-
timization with mouse liver microsomes in
vitro and in vivo studies in mice indicate 18
(K

d
= 3.7 nM, free acid) as a prodrug with

high metabolic stability but low oral avail-
ability.[42,43] By introducing phosphates at
the hydroxy groups of the mannose moi-
ety, the low oral bioavailability could be
overcome by an increased solubility of the
resulting prodrug.[46] Furthermore, squaric
acid derivatives of mannose[47,48] and in-
dolylphenyl derivatives[49] were reported
and selectivity studies[42,50] for FimH an-

found to inhibit biofilm formation and dis-
rupt mature biofilms in vitro (IC

50
= 4 and

92 µM, respectively) and influence both
las and rhl quorum sensing systems.[21]

Targeting Adhesive Organelles:
Pilicides

For initial contact with the host cell,
pathogens adhere to the surface of the host
using adhesive organelles. One strategy to
inhibit adhesion and biofilm formation is
the interference with biogenesis mecha-
nisms of these organelles. Pili and fimbriae
are such rod-like structures bearing adhes-
ins inE. coli, on their outermost position for
binding to host cells and establishing bio-
films. In Gram-negative bacteria, the chap-
erone usher pathway (CUP) is a conserved
mechanism for the assembly of pili and
fimbriae:[22,23] In the bacterial periplasm,
subunits of pili or fimbriae are bound by
a chaperone and transported to the usher,
the site of assembly of the organelle in the
outer membrane. In 2001, the term pilicide
was coined as a compound that interferes
with pilus biogenesis: 2-pyridone deriva-
tives (e.g. 13, Fig. 3) were designedmimet-
ics of the pilus subunit PapG in its interac-
tion with the chaperone PapD with micro-
molar potencies.[24] To improve the poor
solubility of these lipophilic compounds,
amines were introduced into pilicide 13,
resulting in reduced affinity for the chap-
erone and potency in live bacteria, which
was tentatively assigned to a weakened
permeability of the more hydrophilic com-
pound across the bacterial membrane.[25]
Later, the morpholino derivative 14 was
able to disrupt pilus biogenesis of the uro-
pathogenic E. coli strain UTI89 (IC

50
=

180–360 µM) and thereby disrupt adher-
ence to host cells and biofilm formation.[26]
Interestingly, the crystal structure of the
complex of 14 with the chaperone PapD
contradicted the initial hypothesis of 13
as a mimic of PapG binding in the cleft of
PapD: 14 is bound to a remote lipophilic
patch on PapD. This lipophilic patch is part
of the interaction site with the usher for pi-
lus assembly, which led to the conclusion
that pilicides inhibit the polymerization
of pilus subunits and do not disassemble
mature pili. Pilicide 14 was also shown
to disrupt the analogous interaction of the
chaperone/fimbrial subunit pair FimC/
FimH with its usher FimD with an IC

50
of

1.1 mM, supporting the notion of a broad
spectrum anti-virulence compound against
the conserved chaperone-usher pathway.
In further SAR studies, lipophilic substitu-
ents were introduced adjacent to the sulfur
of the thiazole ring[27] and compounds (e.g.
15) with low micromolar pilicide activity
were obtained. An anti-virulence mode of
action without any influence on the viabili-

ty of E. coliwas determined in a growth as-
say in presence of various pilicides at 400
µM.[27] In a subsequent extensive study, the
compounds were further optimized with
16 being the most potent inhibitor of pili-
dependent biofilm formation (EC

50
= 0.4

µM).[28]
Recently, Hultgren and co-workers[29]

also tested pilicides against E. coli curli
production, an amyloid proteinacious fi-
ber[30] that is not assembled via the CUP
pathway. Introduction of a trifluoromethyl
group at the phenyl ring of 13 showed both
inhibition of pilus biogenesis and curli pro-
duction.[29]A urinary tract infection model
was reported: E. coli were pretreated with
the inhibitor in vitro and after removal of
excess of the compound, introduced into
the bladder of mice.[29] Six hours post in-
fection, the total bladder bacterial load and
intracellular bacterial communities were
reduced by a factor of 10 in presence of
the small molecule compared to the control
population. Interestingly, the same com-
pound induced in vitro polymerization of
α-synuclein into amyloid fibers, the path-
ological basis for Parkinson’s disease.[31]
Introduction of an amino group in 3-posi-
tion of the pyridone, however, prevented
polymerization of α-synuclein.[32] Recent
work by Kolter and co-workers describes
the use of an anti-amyloid approach for the
screening of biofilm inhibitors against the
Gram-positive model organism Bacillus
subtilis.[33]

Targeting Carbohydrate Binding
Adhesins

Besides the targeting of the biogenesis
mechanisms of adhesive organelles, direct
inhibition of the adhesins is pursued as an
anti-biofilm strategy. Inhibiting extracellu-
lar adhesins circumvents the disadvantage
of intracellular targets with their necessity
to overcome the bacterial membrane and
resist its efflux pumps. Many bacterial ad-
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tagonists revealed a preference of designed
inhibitors for FimH over a set of host man-
nose-binding lectins. In vitro studies using
confocal microscopy demonstrated the
potency of mannosylated biphenyl amides
(e.g. 19) to disrupt preformed biofilms and
the in vivo efficacy against urinary tract in-
fection was shown in chronically infected
mice.[44] The pilus lectin PapG mediates
adhesion to the galabiose (Gal-α-1,4-Gal,
20) moiety of P-antigen globotetraosyl ce-
ramide present on kidney epithelium, and
although its structure[51] was described in
2001, PapG has attracted little attention as
a target for medicinal chemistry. However,
one report[52] describes galabiosides with
affinities in the low micromolar range (21:
IC

50
= 11 µM, 22: IC

50
= 4.1 µM).

P. aeruginosa expresses two soluble
homotetrameric lectins, LecA and LecB,
with specificity for galactose and mannose
or fucose, respectively.[53] Both adhesins
are virulence factors, controlled by quorum
sensing[54] and necessary for biofilm for-
mation.[55,56] Inhalation of a galactose- and
fucose-containing aerosol reduced airway
infection with P. aeruginosa in humans.[57]
Furthermore, it was shown in vitro that bio-
films can be disintegrated by application
of LecA-[55] or LecB-directed[58] inhibi-

tors. Similar to FimH, a number of potent
multivalent inhibitors for LecA and LecB
with varying linking motifs were synthe-
sized (reviewed by Imberty et al.[35]). The
crystal structure of LecA was determined
and revealed the basis for the high affinity
of β-galactosides with lipophilic aglycon
due to the presence of a lipophilic patch
on the protein surface.[59,60] Consequently,
a number of O-, S- and C-β-galactosides
were synthesized and evaluation in com-
petitive binding assays with LecA revealed
mid to low micromolar affinities (e.g. 24,
25).[61–63] Pieters et al. reported bivalent ga-
lactosides which are thought to bind simul-
taneously to two of the four carbohydrate
binding sites of LecA as concluded from
the high potency (IC

50
= 220 nM).[64] LecB

displays an unusually strong affinity for
α-fucosides in the high nanomolar range,
which could be explained by the crystal
structure of the complex:[65] the presence of
two calcium ions in the binding site and an
additional lipophilic contact of the methyl
group contribute to the strong binding. The
blood group antigen Lewisa (26), bearing a
terminalα-fucoside, is thebestknownmon-
ovalent ligand of LecB (K

d
= 220 nM).[66]

Consequently, α-fucosides with various
aglycons were synthesized, but all deriva-

tives exhibited lower affinities than the par-
ent Lewisa or methyl α-fucoside (27).[67,68]
This lack in potency increase can be ex-
plained by the solvent directed exposure of
these substituents upon binding to LecB.
Therefore, we used the low affinity ligand
methyl α-mannoside (28, K

d
= 71 µM) as

a lead structure for LecB inhibitors. By
introducing amide or sulfonamide sub-
stituents in position 6 of mannose, potent
inhibitors of LecB (e.g. 29, K

d
= 3.3 µM)

and LecB-mediated bacterial adhesion
could be obtained.[69] Due to this terminal
capping of mannose, a beneficial selectiv-
ity profile of these drug-like molecules for
the pathogenic lectin over host lectins rec-
ognizing terminal mannosides was antici-
pated. Both classes of compounds differ
in their binding mode to LecB, paving the
way for two classes of novel lead structures
for the treatment of chronic P. aeruginosa
infections.

In conclusion, various targets to fight
chronic infections by blocking biofilm
formation or by disintegrating mature bio-
films were recently addressed by medici-
nal chemists. Promising results, especially
from interference with quorum sensing
and adhesins, must now be further translat-
ed into early clinical phases to prevent the
aforementioned scenarios of untreatable
infections with Gram-negative bacteria.
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