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Towards bacterial adhesion-based therapeutics and
detection methods

Ndria Parera Peraand Roland J. Pietéfs

Bacterial adhesion is an important first step tadgabacterial infection and plays a role in
colonization, invasion and biofilm formation. Interence with this process is an intriguing
approach to fight or prevent bacterial infectiotigt should lead to less resistance, as selection
mechanisms are not triggered. The adhesion progesslves in many cases lectin-like
adhesion proteins on the bacteria with binding #pmety for carbohydrates on the tissue
surfaces. Here progress is reported on the dewsdop of new carbohydrate-based adhesio
inhibitors of the human pathogens uropathogdhicoli andPseudomonas aeruginosa and the

pig and zoonotic pathogeBtreprococcus suis. Both monovalent as well as multivalent
carbohydrate ligands have been explored for thip@se. The best systems have been applieu
in vivo with several promising results. The recogniticwgess responsible for adhesion has
also been used for the detection and removal ofébi@c by large multivalent molecules or
nanoparticles.
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Introduction

Bacterial adhesion is the attachment process @ftlaogen to a
tissue cell leading to an infection. The adhegmwacess is
often a required prelude to colonization, to ineasand also to
biofilm formation. It is an important determinawf the

infectivity of pathogens for certain species amnebdbr certain
tissues, called tissue tropism. The adhesion poi® often
mediated by carbohydrate-protein interactibnsnvolving

bacterial proteins and tissue carbohydrates. Thetebal
proteins are called adhesins and they are eitloatdd on the
bacterial surface or are part of bacterial appeeslagch as pili
or fimbriae. The discovery of

inhibitors. This approach aims to interfere witke thery early

stages of an infection, avoiding strategies thihttké pathogens

and lead to selection pressure and antibiotic taasie? Both
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Fig. 1. The bacterial adhesion principle towards infections.

the use as a stand-alone therapy approach or usageBacterial adhesion and carbohydraterecognition

combination with an antibiotic can be foreseen.rtliermore
the use as a prophylactic may also be useful incipe
situations. The protein carbohydrate interactiomst t are
involved in the infection can also be used for depi&g

bacterial detection tools. As such, one wouldeptally be
able to selectively detect harmful bacteria, sitioar binding
specificity is linked to their virulence. Besiddstection, mild
bacterial removal may also be achievable in speaifiustrial
contexts. To this end glyconanoparticles are stgrto play

important rolesGlyconanoparticles contain a large surface aréfeptococcus bacteria.

whose carbohydrates binds tightly to the bacteaidhesins,
making them particularly suitable for the detectitrategy.

This review will give an overview of important catiydrate
binding specificities of relevant pathogens. Ferthore, the
latest developments in the use of carbohydratepaat of
designed monovalent inhibitors and multivalent fritors and

The most widely studied adhesins are those frorpathmgenic
E. coli (UPEC). This bacterium has the ability to adh&re
urothelial cells and to ascend the urinary trdotorder to do so
E. coli strains exist that contain type 1 pili and there those
that contain P-pili. The mannose-specific type ili pre
responsible for the initial colonization of the deer and
posterior cystitis, whereas the galabiose spe&ifjali account
for infection of the kidneys. Another case représethe
Different adhesion speids from
different species have been observed, the most conmones
being sialic acid, and galactose specific (Fig? 2i addition to
host tissues, bacteria adhere to other microbiié @d to
various surfaces. This kind of adhesion is a ppeisate for the
formation of bacterial communities or biofilms. @ptunistic
pathogens likeP. aeruginosa, B. cenocepacia, H. influenza, S.

their use inin vivo experiments will be discussed, followed byureus, and S. pneumoni, have carbohydrate binding adhesiric
detection studies. The focus is on three well-gmidbut very that have been studieddeinfra). The opportunistic pathogen
different pathogens: 1) the fimbriated uropathogefiram B. cenocepacia produces four soluble carbohydrate-binding
negativeE. coli, 2) the Gram negative pathogen and biofilfaroteins and they each contain at least one dore&ited to the

forming Pseudomonas aeruginosa, and 3)Streptococcus suis, a
non-fimbriated, Gram positive pig and zoonotic athn.
Conclusions will be drawn with respect to the fbdisy of an

fucose-binding lectin oPseudomonas aeruginosa, LecB (PA-
IIL, vide infra). The lectins are BC2L-A, -B, -C and -D.
BC2L-A is a dimer with mannose specificity, whileet other

anti-adhesion therapy for each of the pathogens thed three have additional N-terminal domains. Parédyl

feasibility of detection systems based on bacterdflesion. interesting is BC2L-C whose N-terminal domain binds
fucosidest  This protein therefore binds two types of

carbohydrates. The mannose recognition is resplengor
displaying the lectin on the bacterial surfaces nghts flexible
hexameric structure is ideally positioned for aerof linking
bacterial and epithelial cells.

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 2
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HO OH (UPEC) are assembled from 4 subunits: FimA, Fimima;

\)\mk_ Ho% and FimH. The FimH adhesin is present at the fiphe
AcHN HO o OH fimbria and possibly at 100-150 nm intervVaddong the shaft.
% It is formed by two domains that contain a singiebohydrate-

sialic acid HOAS on recognition domain (CRD). The adhesin is respdesitr the

Ho—\HQ galabiose recognition of mannose derivatives of the glycopimot
& HQ OH uroplakin la (UPla), which is located on the urindaladder

D-mannose mucosé Monovalent mannosides were found to inhibit the

NHAC% FimH adhesin albeit with low potenéyNew and greatly

improved monovalent inhibitors were designed int pased on

&; GalNAcp1.4Gal  OH structural information from the crystal structure BmH co-
%OH crystallized with a mannosid@. With the X-ray structure new

NHAG W and valuable information about a hydrophobic ridgéside the

CRD was found, explaining the previously observedepcy

W L-fucose enhancement with hydrophobic aglycons. The compsuvith

Lewis b p-nitrophenyl @) and the umbeliferyl 3) aglycons were

Fig. 2. Common carbohydrate structures to which bacterial pathogens bind. significantly more potent than the correspondinghyleisomer

(1) (Fig. 3)* As a consequence, more hydrophobic mannos.:
Haemophilus influenza, Staphylococcus aureus, Streptococcus — conjugates were synthesized. Studies showed thsimale
pneumonia are opportunistic pathogens of the upper airwayeptyl chain (as i) would bring the potency into the same
and also a common cause of ear infections. Thebagmary range a2 and3, with a 70-140 fold K lowering in comparison
pathogens bind to GalN&d-4Gal structures (Fig.2) as theirto 1.12 Further optimizations led to compoudR= OEt), with
minimal adhesion sequence as part of the gangiesgM and a 6900-fold enhancement over the methyl analognifelalSA
GM.5 H. pylori is a Gram-negative bacterium and thessay. Additional elaboration of the system bypldising the
causative agent of chronic gastritisl. pylori infection is ethoxy group proved counterproductifeHowever also the
associated with the development of gastric and doadulcer nitrogen analog (R= NHEt) lacking the CI provedb® a very
disease and gastric carcinoma. For the adhesith pflori to potent adhesion inhibitor of UPEC adhesion to hugelis!+*°
host gastric epithelium, different adhesins havenbidentified; Ernst and coworkers produced a series of indolylghend
the Lewis-b (Fig. 2) binding BabA, and the two &iahcid indolinylphenyl o-D-mannopyranoside’S. These  were
binding proteins SabA and HP0721. evaluated first in a cell-free binding assay. Amho-chloro

substituent on the phenyl ring adjacent to the ar@roxygen
In the review a few cases are selected, i.e urogathicE. coli and an electron-withdrawing substituent on the lediadoline
with a focus on FimHPseudomonas aeruginoisa with a focus moiety led to the highest affinities as seendarhich was ca.
on lectin LecA and the pig pathogé&ireptococcus suis with a 30 times more potent thahin this assay. This is likely due to
focus on its adhesin SadP. For each of these gatiso then—n stacking with one of the electron rich tyrosinsideies
achieving complete bacterial adhesion inhibitionquiee of the hydrophobic ridge or tyrosine gate. Simitarh large
relatively high concentrations i.e. typically inettmicro- to series of biphenyl derivatives was investigatediltesy in 8
milimolar range. To improve the situation chemicabith a similar affinity as6.1’'® Related optimization studies
modifications of the sugars can and have been nmiadsmme Wwith the biphenyl based inhibitors led to compouBelkl.!20
cases guided by available X-ray structures. Ano#pproach While the potency is hard to compare to other know..
that was used was the design and synthesis of valgiit compounds and the used assays were differentndtable that
inhibitors.  Such a design can lead to a major pote 9 was 1000-fold more potent in a hemaglutinationikithn
enhancement depending on the orientation of theagly of the assay than the corresponding non-substituted bjpreralog.
inhibitor. It also depends on the spatial arrangetmof the Compound®-10 were all studiedn vivo (vide infra).
binding sites within the adhesin or of the relatareangement
of the adhesins themselves on the pathdg&he ultimate goal
of all the efforts to create potent inhibitors lie tdevelopment Compoundl2 resulted from an optimization study of a series or
of anti-adhesive drugs. An important step towahils is thein mannose derivatives with N-linked heterocyclic aglys
vivo evaluation of the most potent compounds. Studies t These were evaluated to inhibit the FimH displayaaferent-
reported on this are discussed. Besides synthetiltivalent invasiveEscherichia coli (AIEC) that induce gut inflammation
scaffold molecules, new multivalent platforms likén patients with Crohn’s disease. Significant paies were
nanoparticles have also been reported that weik msstly for obtained, especially forl2, and solubility issues, often a
detection purposes, i.e. to ultimately provide pidadetection problem for lipophilic mannose derivatives are Igssminent
method as an alternative to time consuming culgurin when using heterocycles.

Uropathogenic E. coli (UPEC) with type | fimbriae displaying
the FimH adhesin.

Monovalent inhibitors. A bacterial pathogen whose adhesion
properties are widely studied is type 1 fimbriatedcoli. It
contains fimbriae or pili, which in uropathogenke. coli

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Fig. 3. Structures of increasingly potent monovalent FimH inhibitors.

B-CD
Fig. 4. Multivalent UPEC inhibitors.

In vivo studies The firstin vivo study was carried out by
Svanborg Edéret al, in the 1980s, where they introduced
monovalent a-D-mannopyranoside in combination with
bacteria and in high concentrations into the bladdemice3°
The results obtained showed that the low affinitfy tbe

Multivalent inhibitors Besides the optimization of monovalenthonovalent mannoside required high mannose coratérts

inhibitors a major effort has been directed towardsgtivalent
inhibitors. The distances between the mannoseirgnsites
are large, as only a single FimH molecule, contgjra single
binding site, resides at the tip of each of thebfime. Multiple
systems have been evaluated over the years as dwrs

for inhibition. More recently, new initiatives havbeen
undertaken. For an orally active therapeutic twagambarriers
need to be passed. The first is the uptake ireobthod form
the intestines. The second is the secretion mmtoutine, since
the UPEC resides in the bladder. The compounddasrive

summarized previousB?. Considering that the distanceg/inmodified in the bladder or at least in a formttis still

between the binding sites are very large, a clwglatype
multivalency effect is unlikely for synthesized ihitors??
Nevertheless major effects due to other mechanisosh as
statistical rebinding, are possible and have int faeen

biologically active. Ernsét al. have systematically studied the
relevant properties for their inhibitors, e.g. camapd6.® They
recommend a log D for the compounds in the rangé tf 2.
This results in good absorption in the intestin€sirthermore,

observed324 It should be kept in mind that the nature of théis range leads to optimal, i.e. slow, clearanmte the urine,

reference compound in this case is very importantsitlering
the extreme sensitivity of FimH binding to the typé the

aglycon, as illustrated above. Enhancements notitrwise
be deceptively large compared ta-methyl mannoside.
Heptavalent 13, whose scaffold originated from &3-

cyclodextrin, was the most potent hemaglutinatiomibitor of

a study being 9-fold per sugar more potent tlarheptyl

mannosidesul® Similarly, heptavalent4 which contains $-

cyclodextrin scaffold, showed nanomolar affinityhile the

scaffold containing only a single ligand arm boundhe low

micromolar rangé® In general the potency increases due
multivalency are modest as also observed for fonalized
dendrimer%’-28and fullereneg’

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

which is useful to keep the therapeutic dose ptegserthe
bladder for a longer period of time. Compowidad a logP of
1.9 and a minimal inhibitory concentration of adbas(MIC
adhesiop Of 0.14pug/ml. Intravenous administration 6fat a dose
of only 0.05 mg/kg in a mouse lead to an 8 h tireeiqu in
which the concentration o6 was above 0.14ug/ml. For
compound? (log D 1.9, MIGdhesion = 0.49 pg/ml), the
availability in the urine extended well beyond 8alh,a higher
dose (1 mg/kg) due to better solubility. Compouhdvas
subsequently used intravenously in a treatmentystatd 1
9/kg in a mouse infected with UPEC. After 3 h teaal
counts in the bladder tissue were reduced by amesspre 3.7
log units, a result similar to an sc dose of 8 rggif
ciprofloxacin, a standard antibiotic treatment. dnseparate
study, compound® was given orally to a mouse (50 mg/kg},
resulting in a 6 h time span in which the urineclewas over 10
MM, i.e. far above the predicted minimum effective
concentration. The related compoutidperformed similarly in
this study with respect to urine levels, albeit taice the
dosage. Compoundl had previously been evaluated in
treatment and infection model using oral admint&ira3!

This journal is © The Royal Society of Chemistry 2012
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First, it was shown that intraperitoneal adminisora (10
mg/kg) resulted in effective compound levels in tiime until
at least 8 h afterwards. Oral administration (190/kg)
yielded three times the intraperitoneal level ateh. Of the
administered drug over 95% reached the bladder angsd
while the remainder was hydrolysed at the glycasiind. In
a chronic mouse cystitis model, a single oral dd$® mg/kg)
resulted in a drop of bacterial levels of 3 logtsnia bigger

Medicinal Chemistry Communications

aggregate the bacteria. Centrifugation was usedoiate the
aggregates and fluorescence to quantify the bacté&rhis way
the method was shown to be able to detect as feviOas
bacteria per mL. Control experiments with Bn coli strain

defective in the FimH or using galactose-coated QWsre

both negative.

Ho~ o oH
Hﬁ’o&’oﬁ oH

drop than was obtained with the administration &k t Q o Sfon
antibiotics trimethoprim-sulfamethoxazole. Thesffiin vivo L\O oj o
studies with multivalent mannosides were recengported o 10 oH

with compoundl4.3> The compound (1QAM) was brought into EANEG Hs sf

the bladder by catheder along with bacteria. A@tdrours the O\AONOwsSwONO\AO
bacterial levels in the bladder tissue were redumneda. 1 log ¢ s mg*'
unit in comparison to the control. The same remeduired ca. Oj HO o

1 mM of a monovalent mannoside, indicating a modest H 10

multivalency effect. A distribution study of a raditive

relative of14 was also performed. Intravenous injection of 60

HUg into a mouse led to a rapid accumulatiortaf20 % in the
bladder followed by a slow but steady subsequegtetion,
likely maintaining therapeutic levels in the bladfte 24 h.

Detection

development of UPEC detection devices. Disratyal,

HQ < © \\\
@g)&of o N
15 e

OH

Fig. 5. Schematic representation of Man-QDs.

Pseudomonas aeruginosa

Multivalency has played an important role in the

synthesized a fluorescent poly(p-phenylene ethyrg)le Pseudomonas aeruginosa is an opportunistic pathogen causing

polymer with appending mannose units which was oy
able to bind to bacteria but was used for detectibising this

method it was possible to detect*lBacteria per mL by
The same group also useceruginosa synthesizes two soluble lectins, LecA (or PA-IL)

fluorescence microscopy.
microarray technology to detect bacteria by disipigyvarious
monosaccharides on the surface of the array. &hteha were
then made visible using a fluorescent dye staitliregbacterial
DNA. Only the mannose containing spots on theyaware
visible and with a detection limit of around 51bacteria per
mL.34

A related approach was reported by the group ofniguavho
used a multivalent presentation of mannosides erstinface of

lethal airway infections in cystic fibrosis (CF) cammmuno-
compromised patients. It binds to the GallgAedGal epitope
using an adhesin that is part of its type IV #iliBesides thi®.

and LecB (or PA-IIL) with binding specificities fgalactosides
and fucosides respectively. These soluble lectingetrameric
and seem to mediate adhesion and are responsiblaofdm
formation. They attach themselves to the bactesiaface
through binding to glycoproteins and to componeoitsthe
airway mucosa.

Monovalent inhibitors The GalNA@1-4Gal epitope has been
modified in order to optimize potenéy. Introduction of a

magnetic nanoparticlés. The use of magnetic particles has thBOPYloxy group at C(2) vyielded a ten-fold potency

distinct advantage that the bacteria bound to #régbe can be
separated from unbound matter with a simple magnét.
proved possible to capture up to 88% of the batgrésent in
solution, clearly showing the potential use for @@amination.
The new glyconanoparticles had an average diamétEd nm,
and were therefore much smaller than the bactexiaof-

enhancement. Far more optimizations have takepepfar
galactosyl ligands for LecA. This resulted in thieservation
that the p-nitrophenyl aglycon asif (Kq14.1uM), led to a 6-
fold potency increase relative to freegalactose (K87.5uM)
and even a 21-fold increase fof (K4 4.2 uM), both based on
ITC measurement&*® X-ray structures of both these

shapecE. coli is ca. 2000 nm long), leading to the attachmeRPMPOuUNds in complex with LecA identified a T-stawkedge

of numerous particles per bacterium.
as a visualization technique with a detection liwfit10* per
mL. The non-magnetic nanodiamonds also

Fluoreseamas used © face interaction between the aryl part of th&y@mne and

His50 as the likely cause of the potency enhancem®&milar

show@lservations about aromatic aglycons being beméfitor

decontamination potentidl. Bacterial agglutinates are formed?Nding were also reported by Vidat al.* Compound18

in the presence of the nanodiamonds that can tieesfil off.

More groups have been interested in the use of atagn

bound LecA with a Kof 5.8 uM, which is 12-fold more potent
than B-GalOMe. Reymondtt al. studied the stabilization in

particles for detection of bacteria. lyer al, used the much more detail and found further confirmations of theshaped

larger magnetic microparticles conjugated

to maanostacking motif in other derivatives such &3 (K4 4.2 pM),

derivatives via a streptavidin-biotin linkagfe . The method was &/though no additional affinity enhancements webeamed:

shown to be more sensitive in comparison with thaenes
particles displaying specific antibodies.

Other techniques based on a multivalent presentatid
mannose for the binding to FimH have been repdreeskd on
Quarz Crystal Microbalance (QCRtor quantum dots (QDSY.
The Man-QDs had a diameter of ca. 15 nm and wele tab

This journal is © The Royal Society of Chemistry 2012

The results were largely confirmed in a recent regescribing
the thioglycoside version dB (K¢6.3 uM).46

The close relative of LecA of. aeruginosa, LecB, binds
strongly to L-fucose (K3 pM). The protein binds to fucosides,
but a microarray study showed the Lewis a sequ&ras the
strongest binder, and its disaccharide substructuFeid31-

J. Name., 2012, 00, 1-3 | 5
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4GIcNAc was identified as a lead structure for Hert

Page 6 of 10

and protein. The study underscores the potertdiakélective

optimizations!” Compound0 emerged as the strongest bindenultivalent inhibitors and its low valency alsodly does not

(Kda 290 nM) with a similar potency as Lewis ad(KLO0 nM).
Recently the cross reactivity of this type of intobs with DC-
SIGN was identified as a potential problémStarting from the
observation that LecB binds to mannosidess @kmethyl
mannoside 71puM), new ligands were developed.
elaborating the C6 carbon, new contacts to theeprotvere
introduced leading t@1 and22 with Kq's of 3.3 and 18.uM
respectively. The new contacts may lead to
selectivity relative to other fucoside-specific tias,
important feature for therapeutic application.
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Fig. 6. Monovalent Inhibitors of LecA (16-19 and LecB (20-22).

Multivalent inhibitors Multivalent inhibitors were synthesized
based on the GalNAd,4Gal sequence yielding good inhibitio
but modest multivalency enhancemefitdMultivalency played
an important role in the binding of LecA to galastb
conjugates as for example has been demonstrateddogarray
studies?® The reason for this is that two of the four birglin
sites of the tetramer are spaced closely together, the
distance is 26 A, making chelation possibléd large number
of glycoconjugates have been synthesized usingivaldhcy
as the design principle and major potency enhanotmeave
been observed. Here only a small selection willshewn,
other recent summaries are availadfle.

A calixarene scaffold proved to be suitable fordgmg the
binding sites. Compoun@3 (Kda = 90 nM) with a relative
potency of 1138 (285-fold per sugar) when compaogdst the
monovalent 'arm' molecufé. Linking 12 galactosides to a

fullerene @4) resulted in very high potencies, with the most

striking result being an 65 of 40 nM in an ELLA experiment,
representing a relative potency per sugar of 45%®-foThe
cyclic tetraglucosamine core scaffold5 containing four
attached galactoside ligands was recently repoded an
effective LecA inhibitor. It combines a potent aratic
aglycon moiety in the spacer arm with a suitablaffedd
structure. The result is asdf 79 nM.
a divalent system specifically to bridge the 26 &pdetween

In an attempt to design

lead to counterproductive bacterial aggregationicivisystems
of higher valency are more likely to induce.

In vivo studies The number ofn vivo studies is very limited so

Byfar even though the arsenal of potent inhibitoos,foth LecA

and LecB has recently become large. An imporiantivo
study was undertaken to study both the effects efA_and

impdovéecB on P. aeruginosa pathogenicity and the effect of LecA

and LecB inhibitor$3 Bacterial counts of the lungs were ca. 4
log units lower when mutants not expressing LecALecB
were compared with the wild type. A situation tkcauld be
recreated by taking wild type bacteria and co-adstriating it
with Me-a-Gal and Mea Fuc (15 mM each). Similarly,
bacterial dissemination was also reduced due tanthigitors.
However, the pathogenicity d¢f. aeruginosa is multifactorial,
and LecA and LecB only affect the early stages.is & also
indicated by the result that no significant diffece was
observed in survival in a 7 day murine model usiilgl type
strains or LecA and LecB deletion mutants. Newdghs the
early stages, combined with effects of inihibors infilm
formation does indicate that LecA and LecA can b&iable
therapeutic targets. Both Le¥B® and lecA? inhibitors were
shown to block formation d®. aeruginosa biofilms or facilitate

r1he|r dispersion.

—N

O
OH

HO OH OH
HO o =N \
P N oH/,,

the binding sites, we explore a well-defined madggdrspacer Fig. 7. Ligands of P. aeruginosa lectin LecA

composed of alternating glucose and triazole (5. This

design was intended to be a straight bridge betwleeinding Detection  Pseudomonas aeruginosa detection experiments
sites. The best potency was obtained with comp@inghich were undertaken by immobilizing glycans on a swefdry
showed an 16 in an ELISA type assay of 2.7 nM, a potencphotolitography and microcontact printify. Exposure of the
enhancement of ca. 7500 fold, while it's Was determined to surfaces to the bacteria resulted in patterns terte best
be 28 nM. The shorte26) and longer 28) analogs were far detected by dark field microscopy using a Fourigrage

less potent with 1&'s of 3.5uM and 0.84uM respectively, transformation. Two were usec:
supporting the notion that optimizing a design @sgible with
the glucose-triazole units. Molecular modeling faomed both
the ‘effective’ spacer lengths of members of thpacer family
and also indicated a good spatial match betweeaetiv ligand

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

glycans
GalNAdB1,4Gap1,4Glc presumably binding to the lectin
present of the type IV piff and Fual,2Gapi1,4Glc,
presumably binding to LecB. Detection with the ni@r
sequence was more reliable and led to a detedtiuih df 10°

This journal is © The Royal Society of Chemistry 2012
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cfu/mL, whereas the lecB based detection was nemsitive to e s

e . H H‘m HO
the conditions. It was suggested that the quoremsiag N~ Hol 008 on
. - B . . o] e
machinery is responsible for variable lecB expm@ssand @ HO&&O
subsequent detection. it \CLOMe "o Oom

29 30

Streptococcus suis

H H HO OH
. - . . . N S
Streptococcus suis is Gram positive bacterium and an |mportantR°/\/ 70(\/ XSWNwOR o
. .. . . . (o] HO
pathogen that can cause meningitis, septicemiapaadmonia /\/Hj(\/s SWH\A R= OéH&
in pigs, but it is also zoonotic, i.e. capable aftising human *° ° 31 ° OR HOA—T-0

disease8’ HumansS. suis infections are quite uncommon but
potentially life-threatening and the pathogen is eanerging

public health concern. Of the numerous serotypas ékist,S. o/ "

suis serotype 2 is considered the most virulent, alsmionosis. 3 30R= " Ho b on

Only recently the adhesion protein responsibletergalabiose o/ o\ Homo\/\/n B
specificity has been identified and characterizeadP? The weoc s:: " EA"AC”,
adhesin is a ca. 200 kDa protein with specificity only o\ o/ Ho PN

Gala1,4Gal, and not for related sequences such asskctdhe 4 3MR= hHo N

adhesion sequence contains and LPXTG motif for arich ° o N=N )
the protein to the cell surface. S ”O%OWNM/

Fig. 8. Inhibitors of Streprococcus suis
Monovalent inhibitors Inhibition studies have found the
disaccharide Galabiose (®Aal4Gal) to be a very specific
inhibitor for the bacterium. Deleting of individu®H’s of Invivo Compound3l was tested in am vivo model®® The
galabiose and evaluating the compounds as inh$bitvealed study involved a peritonitis mouse model. Althougit overall
that the 2-, 3-, 4'-, and 6’-hydroxyxls were essnin the significant, notable effects were observed with thaterial
recognition®® Interestingly, this is a different subset than ievels in the liver, lungs and spleen despite the Hose (ca.
recognized byE. coli’'s PapG adhesin, also galabiose specifiz.5 mg/kg). The variable results between experimeamtre
Nilsson and co-workers have since then createdga haariety attributed to varying capsule expression or thatietly long
of derivatives, that indeed can benefit from substn on time between dosing and bacterial evaluation.
C(2) and C(3")% This resulted in inhibitor&9 and 30 (Fig.
8), with 1Gso's for a hemagglutination inhibition assay of 3Metection Streptococcus suis detection was explored using
and 50 nM, respectively, ca. one order of magnituéeagnetic particles with a diameter of 250 nm thatrev
improvement over de parent p-methoxyphenyl galai@8GCso decorated with streptavidin units. The particlesavdecorated
310 nM). with biotin-linked galabiose, and incubated with ryiag
amounts ofS. suis. Magnetic capture and quantification by
Multivalency has also been a benefit for the inhibition andetermining ATP-linked luminescence gave a detadiimit of
detection of this bacterium. Already in 1997 Magson and 10*bacteria/mLS6
coworkers showed the benefits of multivalency bykimg a
series of multivalent compounds. The best of trmsapounds Conclusions

was 31, with an I1Go for a hemaglutination inhibition asséyr - ] o )
two strains of 2 nM considerably lower than monovalent! N€ specific adhesive capabilities of bacteriahpgens have

reference compounds with 4€5 of 300-1300 nM! We certainly inspired a lot of scientists among whik increasing
explored the limits of the effect by making a largeries of numbers of carbohydrate chemists to design andhegize
compound$263 We noticed that a valency of 4 was sufficieninibitory molecules.  The appeal is strong to klohe
as shown by a surface plasmon resonance assagatingi32 pathogenicity rather than Kkill the pathogen andefabe
as the most potent compound per sugar (64-fold).n Anevitable resistance build-up. If the pathogentates, it
octavalent PAMAM derivative was the most potent an should no longer be infective as the same recagnjtrocess is
hemaglutiunation inhibition assay @C= 0.3 nM). Varying the the foundation for both processes, i.e the adhgsioteins are

linker but keeping the length the same resulted gompound Mmmutable. While  potentially applicable to  numerous
32 with similar potency 1.4 pathogens, here has been a distinct focus on et selmber of

bacteria. The focus has been on UPBCaeruginosa and S.
suis. For each of these the recognition process hamdis
features. For UPEC the monovalent recognition isll w
understood and highly potent ligands have been neadk
studied bothin vitro and in vivo. For UPEC major
advancements have been made in recent years. rilptiro
achieving very strondn vitro inhibitors but also in gaining
insights into the absorption and excretion proceissse
compounds need to go through in order to be thetape
Therapeutidn vivo results are promising, although the resul.z

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7
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of different labs cannot always be directly comparckie to
different approaches, such as oral, IP, or intrausn 2 Department of Medicinal Chemistry and Chemical Biy. Utrecht
administration of the compounds. Nevertheless lincases Institute for Pharmaceutical Sciences, Utrecht Brsity, P.O. Box
reduction of bacteria either in the urine or in tadder tissue 80082, 3508 TB Utrecht, The Netherlands, Fax: (+B8-2536655, Tel:
have been determined. The results indicate tila¢rapeutic is +31 620293387; E-maiR.J.Pieters@uu.nl
a possibility. The situation for multivalent compuals is less
far advanced. In part this is due to the relayivahall affinity
benefits that are obtained by this and furtherntbeeincreased
complexity for in vivo applications, e.g. with respect to
pharmacokinetics.  Nevertheless also here positesults
indicate that there is potential there. For the edtn,
multivalency is a necessary feature to bind andgregate
bacteria to enable detection. Several methodsega@rted, but
the use of magnetic particles seem to have the pmsntial
for easy application. FdP. aeruginosa most of the recent
activity has been on the inhibition of both LecAddrecB. For
LecA a distinct T-shaped aryl-CH interaction haserbe
identified, enhancing monovalent affinities. Howethe most
striking advances have been made in the desigrsanithesis
of numerous multivalent systems. Affinities in tHew
nanomolar range have now been reported. The dgalaow
lies in translating these results to ihevivo situation, although
peptidodendrimers were already shown to block ostrdg
biofilms induced by LecA and LecB. For LecB, theosh
advances were made in the monovalent optimization.

The pig and zoonotic pathogeh suis has seen constructive
monovalent ligand optimization and also proved sabjto
major multivalent enhancement by low multivalengsgtems.
Thein vivo results were inconclusive but do offer hope, while
detection based dasuis adhesion has clearly shown promise.
Based on the covered literature is not possiblgive a general
answer with regards to the feasibility of anti-asilie therapy
or detection methods. For each pathogen the Eituateds to
be evaluated. Clearly monovalent ligand optimaatiis
always possible, especially when X-ray structunes axound.
This can be a good step to vivo studies if potencies are
sufficient. If they are not, multivalency can hétpmendously
if multiple binding sites are present. However tivalent
ligands are rarely drug-like structures, so addaiohurdles
towards application have to be overcome. It ismrcthat more
scientists are willing to go this route and depagdin the type
and area of application this has distinct possiedifor success.
General challenges for therapeutic applicationsude phase
variation, i.e. the variability of expression ofethadhesion
proteins as a function of the circumstances. Rerflais is no
problem for UPEC as these bacteria will always rteéedability
to adhere to survive. However, for others the autimeabilities
may vary with numerous factors, possibly limitirtgetapeutic
possibilities.  Biofilm blocking or destruction see a very
promising application, where multivalency seemsb® an
important feature of effective compounds. For dite
purposes, the demands are less strict than forapketic
applications and clearly detection systems can ée=ldped.
However PCR-based methods may be hard to beatsutiies
adhesion-based methods provide additional viruldrased
information. The adhesion-based method, besidesgbeéry
fast, has the potential to detect only the virulpathogens.
This, has yet to be demonstrated, but is a distiestsibility.
Using bacterial adhesion properties for selectivectérial
removal is also a distinct possibility, yet thisliwiave to be
demonstrated by a stirring practical application.

8| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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