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Title: Novel avenues foClostridium difficileinfection drug discovery

Abstract

Introduction: Clostridium difficileis the etiologic agent of nosocomial and commuaiguired
diarrhoea associated with exposure to antibiokias disrupt the normal colonic flora. As
antibacterials currently used for prima@y difficile infections favour recurrences, new agents able
to neutralize the bacterium without affecting the gnicrobiota are badly needed.

Areas covered: The most promising strategies aimed at develoghiatapies with minimal or no
effect on the intestinal flora, such as new narspgetrum antibiotics and antimicrobial peptides,
bacteriophages and phage lysins, virulence-targégictors such as riboswitch ligands and quorum
sensing-interfering factors, bacteriotherapy basegrobiotics and faecal transplant, and toxin-
targeting molecules.

Expert opinion: Beyond the development of new antibiotics, virakemargeting factors or phage
cocktails seem promising strategies, which coutdaee antibiotics avoiding the emergence of
resistant strains and the onsetofdifficile infection (CDI). Until broad-spectrum antimicrolsia
will be in use C. difficile-specific lytic phages could help to prevent CDldbyninatingC. difficile
in patients and in the hospital staff, and forphevention and treatment of recurrences. Phage
therapy is not currently available in Western coest but, in our opinion, it should have a new
chance. Faecal therapy is emerging as a very pieand readily available treatment for
recurrences. The shift is from a standardized, thaged antibacterial therapy toward the
forthcoming less expensive and non-patentable proes of a more personalized medicine. This
will imply profound changes affecting both patigaitysician interactions and the current profit-

oriented approach to the pharmacologic therapwfettions.

Keywords. antibiotics; antimicrobial peptide€jostridium difficile faecal therapy; phage therapy;

probiotics; toxins; virulence factors.



1. Introduction

Clostridium difficileis a Gram-positive anaerobe spore-forming bagciiigch in the late 1970s

was identified as the causative agent of antibiassociated pseudomembranous cdlitisFor a
thorough retrospective review @h difficile infection (CDI), the reader is referred[2gs]. The

spores of the bacterium are transmitted via thealagral route, and since 2001 CDI is emerging as
the leading cause of hospital-acquired diarrhoealints, with an incidence and severity increase
that make<C. difficile one of the most important healthcare-associatdtbgans worldwidés,s].
Furthermore, CDI onset in non-hospitalized patiéhts growing problem, as community-acquired
cases represent, depending on CDI case defin2®50% of all CDI cases identified in the USA,
Canada, and Europ&.

The onset of the disease is associated with thefumetibiotics that disrupt the equilibrium
of the intestinal microflora. The antibiotics mésquently implicated prior to 2000 were
clindamycin and cephalosporins, especially cefot@xand ceftazidime. More recently,
fluoroquinolones emerged as major inducing agent®\dvanced age (over 65), gastrointestinal
surgery, permanence in acute or chronic care fiasiliand temporary or permanent
immunodeficiency of any origin, are significantkigctors.

The increase in CDI frequency and severity islaitad to the spread in Western countries
of the hyper-virulent North American Pulsed fiejgh¢ 1, restriction endonuclease analysis type BI,
and polymerase chain reaction ribotype 027, knosvihe NAP1/BI/027 strain. Unlike historic
strains, the new one is resistant to newer fluaraganes, such as gatifloxacin and moxifloxacin. It
is also highly toxigenia vitro, which accounts for the greater severity of sym@and the high
rates of recurrence and mortaligy. Gene regulation studies suggest that fluoroqoimed could
favourC. difficile 027 infections not only by disrupting the barmeicrobiota, but also by
enhancing the expression©f difficile virulence and colonisation factges. Another hypervirulent

strain, ribotype 078, was identified in the Nethads as the predominant strain in pigs and calves.
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In humans, it causes a disease with a grade ofigesinilar to that of the 027 ribotype, but it
affects a younger population and is more frequesdlymunity-associatedo].

The severity of CDI may range from mild self-linmgj diarrhoea to more serious and
sometimes fatal conditions such as pseudo-membsarailis, sepsis syndrome, toxic megacolon,
and colonic perforatiofi11]. The acute disease is initially manifested by raugomiting, diarrhoea
with mucus and rarely blood in the stool (5% ofesgsabdominal pain, fever, leukocytosis, and
dehydration. These symptoms are due to the pramuofitwo toxins, referred to as TcdA and
TcdB, transcribed from a pathogenicity locus tlahprises five genescdA andtcdB for toxins,
andtcdR tcdE,tcdC, three regulatory genes that encode TcdR, a haldiemscription initiation
factor @ factor), TcdE, a putative holin, and TcdC, an-antactor, respectively. The expression of
tcdAandtcdBis positively regulated by TcdR and negativelyulated by Tcd(12]. In the NAP-
1/027 hypervirulent straing;dC deletion mutations are associated with an incrbgsaeore than a
factor of 10 in A and B toxin productigm]. Some strains also produce a third toxin, whokeirn
CDI pathogenesis is unclear. It is known as birtaxyn and is encoded by tleedA andctdB genes,
which are located outside the pathogenicity lo€as.a thorough and up to date review on the role
of A and B toxins in CDI, seg4].

Major therapeutic challenges concerning the chréorim are: i) the treatment of toxin-
induced colonic inflammation and of ileus, whiclolpngs the permanence of the pathogen and
prevents the diffusion of orally-administered antirabials to the infected areas; ii) the prevention
of recurrences, which occur in ~20%-40% of patigtits percentage varying with the infecting
strain and the drug used. Since 1983, standardpfeelies on metronidazole (Fig. 1, 1) for the
treatment of mild to moderate CDI, and, in the teestade, on vancomycin (Fig. 1, 2) for severe
CDI. Unfortunately, these drugs also behave asrecce-inducing factors, as suggested by the
finding that 40% of recurrences are reinfectionssea by different strains, and as demonstrated by
experiments in hamster infection modgh. TheC. difficile resistance to antimicrobials varies

widely between countries. Whereas most isolatesaseeptible to metronidazole and vancomycin,
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decreased sensitivity against metronidazole has tegorted in Spain and UK, and sporadic cases
of resistance to vancomycin are being reportecblari®l, Spain and Scotlafub]. Bacitracin,
teicoplanin, and fusidic acid were evaluated forl @Batment, but they did not show any advantage
over metronidazole and vancomygin]. In 2011 fidaxomicin (Fig. 1, 3), a new macrocgdRNA
polymerase inhibitor produced Byctinoplanes deccanensisas approved by the US Food and
Drug Administration (FDA) for CDI treatmens]. Fidaxomicin is the last of the four novel
antibiotics that entered the market in the lastdedthe other three being linezolid, daptomycin
and retapamulin). It is administered by the orateaand its efficacy is comparable to that of
vancomycin but, thanks to its narrower spectruraabivity, it has a less disruptive effect on the
intestinal flora, resulting in greater tolerabilapd in lower risk of recurrences, especially among
non-NAP1-associated infections. The major disachgabf fidaxomicin is the cost, as the current
price of a treatment course exceeds 2500 US doligirs

Short-term alternative options for CDI treatmentildaake advantage of some molecules
recently developed for other pathologies. Uncofdgtbtrials and single-case reports suggest that
molecules such as the anti-protozoal agent nitardgaas well as teicoplanin, rifaximin, approved
in the US for traveller’'s diarrhoea, and the brggectrum antibiotic tigecycline, none of which
approved for CDI, might be useful for the treatmefntecurrences or severe complicated casgs

This review deals with the most promising strategigned at the identification and
development of new therapies, and is focused ofotlmving topics: i) new antibiotics; ii)
structurally and functionally different agents,lunting antimicrobial peptides, riboswitch ligands,
guorum sensing-interfering factors, bacteriophagkage lysins, and prebiotics; iii) toxin-targeting

molecules; iv) bacteriotherapy, in the form of potics or faecal transplant.

2. New antibiotics

The search for new antibiotics to be used ag&nsiifficile poses specific problems, linked to the
bacterium and its ecosystem: i) the constitutigstance to a number of in-use antibiotics requires
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the identification of new molecular scaffolds tamal/cross-resistance; ii) the new antibiotic should
have a very narrow spectrum of activity, so to dwmy further disruption of the protective

intestinal microbiota, an event that leaves theepaitnore susceptible to recurrences; iii) it would

be desirable to obtain drugs active against meltigtgets, because single target drugs are likely t
elicit rapid emergence of resistance; iv) to berapgd and have a market, new drugs should at least
not be inferior to, and possibly be less expenthaa, fidaxomicin, which for now is a pretty good
choice. We shall now outline a series of molecthes, at least in part, meet these conditions and
are under advanced development.

CB-183,315 (Fig. 2, 4), by Cubist Pharmaceuticats (Lexington, MA, USA), is an orally
available lipopeptide antibiotic structurally reddtto daptomycin (Fig. 2, 5), with which it shares
the peptide sequence and the ability to alter tambrane potential of target cefts]. CB-183,315
showed good activity against differedt difficile isolates, including those with elevated MICs
against metronidazole, moxifloxacin, and vancomy@€ime lack of activity of CB-183,315 against
Enterobacteriaceaand species of thBacteroides fragiliggroup suggests a low impact, similar to
that of fidaxomicin, on the gut normal floj#]. These properties should result in high cure and |
recurrence rates. CB-183,315, which recently cotagdlphase Il clinical trials and is currently in
phase lll, may therefore be considered a suitadodelidate for further clinical developmemna).

The unrelated compound ramoplanin (Fig. 2, 6), Wh&ezgets lipid-1l, has been in clinical
development for many years and in 2009 it was aeduy Nanotherapeutics Inc. (Alachua, FL,
USA). Ramoplanin is an oral lipoglycodepsipeptidéhwgood activity against Gram-positive, but
not Gram-negative, organisms, and was originallyetigped for the prevention of bloodstream
infections by vancomycin-resistant Enterococci. @ihgy is not absorbed from the gastrointestinal
tract of patients suffering from pseudomembranalisi€ and itsin vitro activity is comparable to
that of vancomycife2]. In a CDI hamster model both vancomycin and ra@agiplreduced the
number ofC. difficile and led to symptom resolution. In iarvitro gut model originally developed

by Mcfarlaneet al [23], ramoplanin, but not vancomycin, achieved almostlete elimination of
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C. difficile sporeg22]. In principle, this sporicidal property should dimsh the number of relapses
caused by the retention of viable spores in theand limit the spreading of infection. Ramoplanin
was evaluated in a phase Il trial for the treatneé@@DI, and was approved by the US Food and
Drug Administration for a Special Protocol Assesstmen-inferiority trial against vancomycin for
phase 1ll[24,25].

Oritavancin (Fig. 3, 7) is an oral semisynthetmoljlycopeptide originally synthesized by
Eli Lilly in an effort to identify vancomycin anals with better pharmacodynamic characteristics
and able to overcome vancomycin resistance. Aéeersl changes of ownership, oritavancin was
acquired by The Medicines Company (ParsippanyU$A), which is currently developing it in
phase Il trials as a 1200-mg single dose for tbatent of acute bacterial skin and skin structure
infections, including those due to methicillin-gsintStaphylococcus aureyss]. The molecule
demonstrated good activity agaistdifficile in anin vitro human gut modegb7). It also has a long
half-life (150 to 300 h, compared with a half-ld&€6 h for vancomycins] and a low propensity
to select resistant strains, probably due to rsefold mechanism of action, which includes
transglycosilation and transpeptidation inhibitaord cell membrane disruptiges).

Replidyne, Inc. (Louisville, CO. USA) began the dwpment of REP3123 (Fig. 3, 8), a
novel diaryldiamine that inhibits th@. difficile methionyl-tRNA synthetase and has a narrow
spectrum of antibacterial activity, being inactagainst many other anaerobes that comprise the
normal intestinal flora, such &ostridium ramosumbifidobacteria, lactobacilli and Gram-
negative anaerob¢m,30]. The molecule has bacteriostatic activity, and jgarad favourably with
vancomycin in inhibitingC. difficile growth and toxin and spore productiarvitro. In a CDI
hamster model, REP3123 was superior to vancomgdine overall animal survival. In the words
of Ochsneeet al [31] REP3123 could be a promising candidate for CDlttneat However, since
the completion of preclinical studies in 2009, finical trials are reported.

A new prototype drug candidate, MBX-500 (Fig. 3,i8)currently developed by

Microbiotix Inc. and GLSynthesis Inc. (both at Wester, MA, USA). MBX-500 is a hybrid



molecule formed by an anilinouracil inhibitor oktkeram-positive replication-specific DNA
polymerase (pol 1lIC), linked to a fluoroquinoloB&A gyrase/DNA topoisomerase 1V inhibitor
[32]. It was developed to treat antibiotic-resistarar@positive aerobic pathogens, but recently it
was shown to be active bathvitro andin vivo against a panel of antibiotic-sensitive and -tasis
C. difficile isolates, including the NAP1/027 ribotys]. The strengths of MBX-500 are: oral
administration, local activity with no systemic alygtion, narrow antibacterial spectrum, and low
probability to select resistant strains, thankgg@bility to target three different bacterial gnes
involved in DNA replication. These characteristicake the molecule an excellent candidate for
further developmeris3].

Novartis (NIBR, Cambridge, MA, USA) is currently\adoping a molecule named LFF571,
obtained by optimization of a macrocyclic natunalguct, a thiopeptide-based secondary
metabolite produced by the rare actinomydédnobispora roseg4]. The drug, which can be
administered by the oral route, is entering a phlas&l to assess the safety and efficacy of
multiple daily dosing in patients with moder&edifficile infections[35].

By the end of December 2012 Actelion Pharmaceuwtictl. (Allschwil, Switzerland)
announced the decision to move forward to phasditlical development of cadazolid (ACT-
179811) in patients suffering fro@. difficile diarrhoed3s]. Cadazolid is a new chimeric antibiotic
with structural elements of the oxazolidinone al a&the quinolone class of antibiotics. It inkgbi
C. difficile protein synthesis leading to strong suppressidoon production and spore formation.
In preclinical studies, cadazolid showed higlvitro activity againstC. difficile clinical isolates
coupled with a low impact on bacteria of the norgnatl microflora. Other strong points of
cadazolid are its low propensity for resistanceettgwment and its negligible absorption, resulting
in high gut lumen concentrations and low systemmosure, even in severe CDI cases, when the

gut wall is severely damaged and permeability tagdrs potentially increasggl].

3. Antimicrobial peptides (AM Ps)



Since the 1990s, AMP development was consideredraiging mining field for new drugs against
multiresistant pathogenss]. Antimicrobials of peptidic nature fall into twdasses: the gene-
encoded, ribosomally synthesized peptides, anddheibosomally synthesized peptide antibiotics,
typically produced by bacteria and fungi. The lattee assembled by multi-enzyme complexes,
contain d-amino acids and other non-proteinogemima acids, and often have a cyclic or
branched structurg9]. The ribosomally synthesized antimicrobials carsbedivided into two

further classes depending on their source: strggbaking, the term “antimicrobial peptides” refers
to peptides of eukaryotic origin, whereas peptaad proteins produced by bacteria are referred to
as bacteriocins. Based on their electrical chaki#s can be divided into anionic and cationic
peptides (AAMPs and CAMPs, respectively). AAMPgyrid in vertebrates, invertebrates and
plants, are active against bacteria, fungi, virusematodes and insects. Whereas AAMPs have so
far received little attention in the literaturer(fmn outline of AAMP characteristics, see the
exhaustive review by Harris et g0]), CAMPs are included among the most promising ichatds

for the development of new biomedical alternatiMes Prokaryotic bacteriocins, which include the
already in use colistin (polymyxin E), daptomyaamd lipopeptides, are attracting renewed interest
both as alternatives to conventional drugs andusecthey are a feature of probiotic bacteria

[42,43]

3.1 Lantibiotics (class| bacteriocins)

Lantibiotics are small (19-39 amino acids), heabsé, post-translationally modified peptides
containing the non-proteinogenic amino acids lamtime or methyl-lanthionine. They are active
against Gram-positive bacteria and some of thesth aa nisin and lacticin, are widely used as
antibacterial agents by the food and agriculturdlstry in more than 50 countrigg,45]. Many
lantibiotics are extremely potent antibacterialragevith minimum inhibitory concentrations (MIC)

in the nanomolar ranges]. Their mode of action involves the binding todipi at a site that is



different from the one affected by vancomycin agldted glycopeptides, so they are also active
against multi-drug resistant strains.

The experimental drug NVB302, which together witergacidine and cinnamycin belongs
to the family of globular type-B lantibiotics, i®ing developed by Novacta Biosystems Ltd.
(Welwyn Garden City, Hertfordshire, UK) with supp&mom a Strategic Award from the Wellcome
Trust. NVB302 is a semi-synthetic, chemically mastifpeptide derived from the parent antibiotic
desoxyactagardine B, produced by the actinomy&etimoplanes liguriag47]. In anin vitro human
gut model, NVB302 was not inferior to vancomycirthe treatment of CDI, but was associated
with faster resolution of thB. fragilis group[48]. Recently, NVB302 successfully completed a
phase I tolerance clinical trial, and it is schedulor phase Il and 11l clinical trials in CDI patits
[49].

Another interesting lantibiotic is mutacin 114@®2Z&amino acid peptide produced by
Streptococcus mutafso]. It is active against a wide range of Gram-posithacteria, including.
difficile, with a mechanism that involves lipid Il bindingcasequestratiofs1]. A synthetic version,
named mutacin 1140-S, developed by Oragenics Trenpa, FL, USA), is concluding preclinical
testing. The molecule possesses a set of good platrtical properties, such as chemical stability,
negligible toxicity, andn vivo efficacy. On the basis of these findings, to whmtdy be added the
lack of resistant and genetically stable spontas@outants, mutacin 1140-S is scheduled for

further development and phase Il and Il trialy.

3.2 Two component bacteriocins (class I 1b bacteriocins)

Bacteriocin production is considered an importeait bf probiotic organisms, and the efficacy of
bacteriocin-producing strains bactobacillus salivariusn the reduction of intestinal infection by
Listeria monocytogenesas unequivocally demonstratedvivo [53]. A two-component lantibiotic

called lacticin 3147, produced by a strairLattococcus lactisriginally isolated from an Irish

kefir grain[54], is active again<t. difficile at low concentrations and physiological 3H5l.
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However, it was subsequently observed that thitebacin has a massive impact, comparable to
that of metronidazole and vancomycin, on the nomgo&imicrobiotg5s6].

In an effort to isolate narrow-spectrum bacterisaiffective against. difficile but with a
low impact on gut microbiota, Red al screened more than 30,000 bacterial isolates faacal
samplegs7]. The screening resulted in the identificationhafricin CD, a new two-component
bacteriocin produced yacillus thuringiensiswhich is a spore-forming Gram-positive organism
used in agriculture to control insects harmfultops. The two peptides that make up the molecule
of thuricin CD (Trne. and Trnp) are active at concentrations ofill and 0.5uM, respectively.
However, the activity is greatly enhanced when Ip&ptides are present, reducing the Bi©
nanomolar values with an optimal 1:2 ratio of Brii+n-B. Following a series ah vitro tests
against a broad range of Gram-positive and Granathagbacteria, thuricin CD showed a spectrum
of activity mainly restricted to a set of sporerfing Gram-positive bacteria including clinically
significant and hyperviruler@. difficile isolates, with a negligible impact on the intestkifhora[56].
In anex vivomodel of the distal colon, thuricin CD comparedywivourably with metronidazole,
suggesting that it could be used in CDI therapgygled that its biological activity is protected
from proteolytic enzymes by encapsulation techne®tp ensure the delivery of biologically
active peptides to the col¢ss]. The posttranslational modifications found in thimr CD are
unusual, and had not previously been associatddtwid-peptide bacteriocins. Tinand Trnp
both possess three intrapeptide sulphurtarbon bridges, an unusual trait resulting froratpo
translational modifications performed by the Trn@ &rnD enzymes. These enzymes belong to the
family of radical S’-adenosylmethionine (SAM) prote, that catalyze unusual reactions involved
in the biosynthesis and degradation pathways of [Pke&ursors, vitamins, cofactors and
antibiotics[59]. Radical SAM protein-encoding genes are rare atdvacin-associated clusters but
anin silico screen for novel thuricin CD-like gene clustersigshe TrnC and TrnD radical SAM

proteins as driver sequences allowed the identificaf fifteen novel thuricin CD-like gene
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clusterg60]. This instance shows the possibilities offeredyjpgomic mining of known operons to

open new horizons in the field of antimicrobialatigery.

3.3 Host defence peptides (HDPs)
HDPs are components of the host innate defencastgaathogens. In mammals, they also
participate in the modulation of the specific imrauesponse. Among HDPs, the cationic, cysteine-
rich defensins constitute one of the most thoropghlestigated families, which includes many
structurally related peptides found in vertebratesgi, plants and insects0]. In humans, defensins
contribute to maintain a stable commensal micr@biotthe intestinal tract, preventing bacterial
overgrowth. It is hypothesized that reduced defensncentrations compromise host defence and
predispose to inflammatory bowel diseggg. Many mammalian HDPs modulate cytokine
production and lower the local inflammatory respohyg sequestering bacterial lipopolysaccharides
and lipoteichoic acids, so preventing their intéacwith the Toll-like receptorg2].
Humana-defensins can affect CDI severity by inhibiti@gdifficile toxin B activity. The
humana-defensins HNP-1, HNP-3, and HD-5 prevent the optiateffects of toxin B in the
intestinal epithelial cells and in a large arraytifer cell type$3s]. It has been estimated that HD-
5, a defensin produced by Paneth cells, might bsgmt in the lumen of small intestine at
concentrations of 50-250 pg/mL, which would be isight to block the action of toxin B. Whether
the low virulence o€ difficile in the small intestine is related to the occureeoictoxin-
inactivating peptides remains to be clarifiegl. However, for now the development of human
defensins for therapeutic use has been hindergudaluction difficulties, cellular toxicity, and
concerns about the possible dysregulation of theygokine milieu[64,65].
A cDNA encoding coprisin, a defensin-like peptidas identified in a bacteria-immunized
dung beetleCopris tripartitus by using differential dot blot hybridizatiges]. The core structure
of invertebrate defensins is composed ofidrelical domain linked to a two-stranded antipadall

B-sheet with three or four disulphide bonds formting so-called cysteine-stabilizeehelix f-sheet

12



motif. Defensin bacterial killing is mediated by mierane disorganization, which takes seconds to
minutes, and/or by the binding to intracellulagets, which takes more time (3-5 hours). Neither of
the two mechanisms is receptor-based, consisténttia finding that D-peptides are generally as
active as L-peptidegs7]. The analysis of the natural coprisin peptide ststing of 43 amino acids,
showed that the antibacterial activity residesewthelical domain of the molecule. Since D-
enantiomeric peptides are known to be extremelgtags to proteases, both D- and L-enantiomeric
analogues based on this domain were synthefgedin vitro antibacterial assays demonstrated
that both enantiomers were almost as active asovaywin againsC. difficile, but, unlike
vancomycin, they did not inhibitactobacillusandBifidobacteriumspecies. The activity of

coprisin consists in a selective alteration offiteesma membrane @. difficile but not of
LactobacillusandBifidobacteriumcells, resulting in a significant inhibition @f. difficile growthin
vitro.

These results, together with the observation thatmouse CDI model the oral
administration of a coprisin analogue improved sahrates and diminished inflammatory
responses and weight loss, suggest that coprisiogunes could be useful agaistdifficile. The
observation that the coprisin analogue did not @mnéinflammation caused by the injection of
purified toxin A into the ileal lumen suggests thtia¢ coprisin anti-inflammatory activity observed
in vivois associated witle. difficile growth inhibition rather than with toxin inhibitqes].

It is worth noting that a genetic locus responsibleresistance to AMPs was identified in
C. difficile by selecting the CD1352 mutant, which is resistamtisin[69]. The mutation involves
thecprK gene, which encodes a histidine kinase regulatingarby putative ABC transporter
operon namedprABC These genes share similar sequences with thbitam immunity systems
found in lantibiotic-producing bacteria, suggestihgt resistance to CAMPs is accomplished
through the export of the peptides by the ABC tpanter. The finding is quite unusual, for at least
two reasons: i) the mutant strain is resistantigsmrand gallidermin and, to a lesser extent, to

polymyxin B, whereas typically lantibiotic immunitgechanisms are highly specific for individual
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peptides; ii) theC. difficile cprABCandcprK genes are not associated with a lantibiotic sygishe
gene cluster. A homology search for tpEABCoperon revealed homologs of these genes in all of
the othelC. difficile isolates sequenced to date, suggesting thatpki®o encodes a universal
mechanism of CAMP resistance for the species. Trgt®nal analysis of the ABC transporter
genes revealed that this operon was upregulateéttipresence of nisin in wild-type cells and was
more highly expressed in the CD1352 strain. Resiitained with &prABGdisrupted mutant
suggest that other yet unidentified CAMP resistaneehanisms must be presenCindifficile [69].

As a whole, these data offer new insights intoctiaplex net of interactions betwe€ndifficile

and the other bacteria comprising the gut micr@hinamely lantibiotic-producing strains, and open

unexpected fields of investigation in terms of rtavgets for therapeutic interventions.

4. Riboswitch and quorum sensing targeting

4.1 Riboswitch-mediated modulation of gene expression

Riboswitches, usually located in theulitranslated regions of mMRNAs, are RNA sequericas t
include two functionally distinct domains: the aptx, and the expression platform. Following the
interaction of the aptamer with a specific ligatigk expression platform undergoes a structural
change that affects the expression of the adjaxqmatt reading frame (ORF), usually by
transcription attenuation and/or ribosome bindiig GRBS) sequestratigmo]. Thanks to the
complexity of the aptamer, whose secondary anghtgrstructure can be compared to that of the
proteins, the aptamer-ligand interaction is cham@td by a high grade of specificity.

To date, at least 20 distinct classes of riboswetdat recognize small-molecule
metabolites, divalent cations, or second messeragenseportedr1]. Metabolite-sensing
riboswitches control gene expression in most begtplants, and fungr2]. In many bacteria
riboswitches are the receptorial component of dldaek mechanism that regulates the expression
of genes involved in metabolite biosynthesis angport. When a metabolite is present at a
sufficiently high concentration, its binding to taptamer represses the ORF expressigin
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In the past few years, computational virtual scregmethods based on information about
RNA-ligand interactions yielded new RNA binding 8olls. Since riboswitches evolved as small
molecule receptors and are present almost exclysiveacteria, they are considered good targets
[74]. Indeed, the elucidation of the previously unknonwechanisms of action of some
antimicrobials such as roseoflavin, pyrithiaminearhinoethylcysteine and DL-4-oxalysine,
showed that these molecules are riboswitch-targetompound$74]. The potential of riboswitches
as drug targets is highlighted by a recent pajen féteret al, who demonstrate the effectiveness
of a guanine riboswitch ligand analogue in a mad&. aureusexperimental mastitis in cowss].

Riboswitches binding the bacterial second messengdic di-guanosyl-smonophosphate
(c-di-GMP) (Fig. 4, 10) control the expression ehgs involved in bacterial pathways affecting
virulence, competence, biofilm formation, and swsik of flagella. An allosteric ribozyme
consisting of a c-di-GMP-sensing riboswitch and@ug | self-splicing ribozyme was recently
identified inC. difficile 630[72]. The proximity of this allosteric ribozyme to te®32460RF
suggests that the coenzyme-mediated regulatioplicfrey controls the expression of this ggra.

The knowledge of virulence factors involvedGndifficile adaptation to the intestinal
environment, toxin production, and resistance tmaarobials is still scarce. Available data
support the hypothesis th@t difficile production of flagella contributes to pathogeni¢ib,77].
Observations made by Sudarsdral [78] suggest that. difficile uses a Cd1 riboswitch to regulate
transcription of the flagellar protein operon tatrol motility in response to c-di-GMP signalling.
Moreover, a number of conserved genes encodingipsoinvolved in the synthesis, degradation,
or sensing of c-di-GMP were identified in t6e difficile genome. This discovery highlights the
importance of c-di-GMP signalling in the lifecyadéthis pathogei9]. To determine the functions
of c-di-GMP IinC. difficile, Purcellet al [76] ectopically expressed an active c-di-GMP synthetase
or phosphodiesterase to increase or decreasedhtiac c-di-GMP, respectively. Results
demonstrate that i@. difficile 630 intracellular levels of c-di-GMP are inversetjyated to motility,

and suggest that relatively small changes in cddiPGan alter motility. The recent finding that
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toxin production is regulated by the flagellar rieguadds complexity to the system and supports
the importance of further investigation on thisiesggo]. Elevated c-di-GMP levels also inducéd
difficile clumpingin vitro, suggesting that. difficile can form biofilms in the ho$te]. These data
are worthy of further investigation, because nathgnknown orC. difficile biofilm formation in
humans. In a recent paper Ethapal [77] report that biofilm formation b¢. difficile has been
obtainedn vitro. These authors found that the process is compiéxraultifactorial, and suggest
that it might be a crucial mechanism for clostiigiarsistence in the host. Other authors, who
investigated thén vitro biofilm formation byC. difficile, found that bacterial aggregation increases
when a mixed flora is presest]. The possibility of a biofilm-like growth that cloumaintain long-
term colonization in the bowel is suggested byfitnding of large aggregates 6f difficile cells,
described as exaggerated mats, in experimentddgted mices2]. Biofilm formation could be
linked to resistance to antibiotics and occurrerfoelapses. The ability of c-di-GMP to regulé&te
difficile motility and aggregation makes this molecule apdayer in CDI pathogenesis and a good
starting point to design riboswitch-targeting drugecently, riboswitches derived from the
pathogenic bacteridibrio choleraeandC. difficile were used to characterize c-di-GMP analogues.
Early findings support the possibility to desigrvabcompounds that target c-di-GMP riboswitches

[83].

4.2 Quorum sensing inhibition

Quorum sensing (QS) is a term used to describadhddidensity-dependent bacterial inter-cellular
communication based on the constitutive productioth secretion of small chemical pheromones
also defined quorum sensors or autoinducers (Ahelthe Al concentration reaches a critical
detection threshold that depends upon bacteriallppn density (quorum), the Al interaction with
species-specific receptors triggers a signal tnactsoh cascade leading to an alteration in gene
expression. Such multicellular coordination is eiséfor successful colonization/infection of the

host by many pathogenic bacteria, because it leatlie expression of virulence factors, or biofilm
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formation, or boths4]. In Gram-negative bacteria the prototype Al isdydhomoserine lactone
(AHL) (Fig. 5, 11), typically synthesized by enzysigelonging to the LuxI family, whereas in
Gram-positive bacteria the Al are often small gostislationally modified peptides. In the late
1990s a novel autoinducer, Al-2, was identified/ibrio harveyicultures, and its production was
successively detected in a number of both Gramitivegand -positive bacterias]. The Al-2
results from the activity of theixSgene, whose homologues were identified in aboettbind of
the bacterial genomes so far sequenced, includirdifficile [86]. Al-2-containing cell-free
supernatants from mid-log phaSedifficile upregulated the transcript levels of tcdA, tcdig a
tcdE in early-log phase grow@ difficile. However, Al-2 did not significantly increase the
production of toxin A protein in early-l0@. difficile. These results suggest that LuxScd-dependent
signalling regulates virulence gene expressiohatranscriptional level i€. difficile [87]. In their
study onC. difficile biofilm formation, Ethapa et al. observed th&txs mutant strain, contrary to
the biofilm-producer wild type strain, was unald€drm even a bacterial monolayer]. These
results strengthen the hypothesis thatlifficile possesseslaxSmediated QS system, which may
have a role in biofilm formation.

In 2004 Kaufmanret al [88] discovered that an Al produced Bgeudomonas aerugingsa
i.e. the N-(3-oxododecanoyl) homoserine lactong.(bj 12), and its tetramic acid degradation
product, 3-(1-hydroxydecylidene)-5-(2-hydroxyetipylyrolidine-2,4-dione (Fig. 5, 13), are potent
antibacterial agents active against a set of Grasitige bacteria in the ng/ml range. Starting from
this observation, Uedat al [89] investigated the activity of N-(3-oxododecanoy)oserine
lactone and of tetramic acid derivatives agathdifficile. Their results highlight a correlation
between the antibacterial activity and the lendtthe acyl side chain of tetramic acid. These
molecules can be considered potent (effective &BQAM), fast acting (30 min exposure)
compounds, whose action likely involves membrarstatelization. However, since they are
inhibited by metal cations, their potential in Cibérapy requires confirmation by experiments

performed inn vivo CDI models.
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5. Phage therapy

5.1 Bacteriophages

In the 1910s, d’Herelle realized the viral naturéacteriophages and promoted their use in the
treatment of bacterial infectiof®]. In Russia and Georgia, phage therapy became enoom
treatment for a wide range of infections, and wagen abandoned. Phage cocktail preparations, at
present mainly produced by Microgen, are availablgharmacies as over-the-counter products,
mostly used for diarrheal diseases and pyogengciimins[91]. In Poland, phage therapy is
considered an ‘Experimental Treatment’, which carubed when other therapeutic options do not
exist. In France, made-to-order phage preparafrons the Institut Pasteur were used until the
beginning of the ninetig92]. In other Western countries, phage therapy wakngekin the 1940s
and its development was abandoned after World Wardinly because of the success and
availability of antibiotics, but also because @atment failures due to the poor understanding of
phage biology and the lack of adequate qualityrcbprocedures.

The global emergence of resistance to antibictind, the low number of drugs based on
new molecular scaffolds currently under developnigrpharmaceutical firms evoke the spectre of
a post-antibiotic erp3]. Despite the wide-ranging debate and persistéiatreint opinions, the
development of phage therapy, together with antdsead vaccines, immunostimulants, and
antivirulence therapies is by now considered a piggrity approach worthy of research and
developmenpo4]. The number of papers that support the use ofgtiegapy reporting controlled
trials on animals and humans is significant anddigpncreasing9s-104} Exhaustive reviews of
the clinical experience with phage therapy at thava institute of Tiblisi (Georgia ) and at the
Hirszfeld Institute of Wroclaw (Poland) are now gafle in English105,107]

To get an idea of the pros and cons of phage thehegpreader is referred to the up to date
report by Briissoe1] on the debates held at recent international centers on the subject, and to
[108]. Based on the experience gained in Eastern ceanbyest results can be achieved by using
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customized cocktails of phages selected among thlasgto grow on bacteria isolated from the
patient. Phage therapy centres in Georgia and &&kaep collections of phages, which are
constantly updated every six months by selectintanta that are more active. The quality-
controlled procedure for the production of a baofdrage cocktail to be used in clinical trials has
been described in detgdb]. Phage suspensions can be standardized and plt@miecan undergo
the validation process based on preclinical amdadl trials. Custom phage preparations may also
be developed on request for a single patient,rbtliis case the product cannot be patented oidteste
before use and it is not compatible with the curlieensing rules. In order to make phage therapy
research and development more attractive to phautiaal firms, and to allow its exploitation at

its best, new regulatory frameworks are needed indBurope and in the U[$09,110]

Today, in Western countries the field of phagedpgifor CDI has yet to be explored. To
our knowledge, only two experimental studies warelighed on the direct action of Iytic
bacteriophages d@. difficile: the first one, that goes back to 1999, reportexperiments
performed in a model of hamster infection, wheiaake second one, published in 2010jran
vitro batch fermentation model ofG difficile colonised system was usgd1,112] The results of
both studies concur to indicate that phages migtdrbexcellent option for CDI treatment and
prevention.

Currently, Novolytics Ltd. (Warrington, UK), a compy whose mission is to exploit phage
technology to overcome resistance to antibiotesgeveloping topical formulations of a
bacteriophage cocktail against MRSA, and has a cantial collaboration with a leading UK
university to design a new phage cocktail targett&@l difficile[113]. In Bangladesh, Nestlé is
currently recruiting for a clinical trial to assesfety, tolerability and efficacy of the oral
administration of T4 phages in young children vdtarrhoea due to enterotoxigenic and/or
enteropathogenikE. coliinfections[35].

In Western countries, the adoption of phage therafiywarted by safety concerns, because

of the lack of formal and well-controlled large-kcalinical trials. These concerns are mainly
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related to three aspects: i) bacterial, pyrogetoxin contamination of phage preparations; ii) the
possible manifestation of the Herxheimer effect tduthe rapid and massive phage-induced
bacteriolysis; iii) the transfer of bacterial gemexoding virulence factors or antibiotic resis&nc
by generalised transducti¢a10]. These concerns can be overcome, consideringribaérn
purification and control techniques make the redezdoxic preparations highly unlikely, the
release of endotoxin can be prevented by apprepatteriophage engineeripg4], and the
emergence of phage-resistant strains with increasel@nce is an extremely unlikely event.

On the other hand, phage therapy has propertiegtbar view make it particularly suitable
for CDI treatment and prevention: i) the extremadyrow spectrum of action; ii) the lack of
adverse effects on the host and the possibilibetased in patients allergic to classic antibigtics
iii) the fact that a single oral dose may be sigfit; iv) the rapidity of action. Moreover, the kaaf
interference with antibiotics makes phages goodliciates for combination therapies, and the oral
administration removes concerns regarding systémic side effects.

To achieve the best results with phage therapy ntandatory to isolate the causative agent
of the primary infection and to screenntvitro against a library of phages to select the most
effective. The isolation of. difficile from infected subjects is more difficult than toxletection,
but the availability of new culture media that allbacterial detection in 24 hours with high
sensitivity is going to facilitate the tagki5]. Given the low overall impact on patients, phage
therapy might be used not only for the therapywaroCDI, but also for the prevention of CDI

onset and recurrences.

5.2 Endolysins

Bacteriophage endolysins (lysins) are two-domagatgins that perform two basic functions:
substrate recognition and enzymatic hydrolysisaaftérial peptidoglycan. The N-terminal domain
harbours the enzymatic activity, whilst the cellivmanding domain located at the C-terminal

directs the enzyme to its substrgtes]. Lysins were originally developed to control musou
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membrane infections, on the assumption that theyyse Gram-positive bacteria from the outside,
whereas the outer membrane of Gram-negative bagisvents their direct interaction with
peptidoglycan117,118} Lysins have a short half-life (15-20 min), bugithaction is so rapid that
vitro nanogram quantities kill sensitive Gram-positiageteria in seconds after contdatvivo
experiments, performed on a murine model of nasgplgaal pneumococcal colonization, showed
that five hours after the local treatment with aifeed lysin the number 0. pneumonia€FU
recovered from infected animals was reduced to simodetectable levels19]. Moreover, lysins
areper senon-toxic and, unexpectedly, not easily inactiddtg antibodie$120]. Since the
peptidoglycan, which is the lysin target, is nagg@nt in eukaryotic cells, it can be expected that
lysins will be well tolerated by humans.

The potential of lysins as therapeutic tools agaii3l was investigated at the Institute of
Food Research (Norwich, UK) by researchers of tlagévi group, who identified and characterized
an endolysin, called CD27L, derived fronCadifficile-infecting bacteriophage21]. Subsequently,
a structure-activity analysis of CD27L demonstrdtedt molecular modifications affect the level of
activity and/or host randge22]. These results provide a sound basis for furteeeldpments,
considering that the lysin approach may be moradive to pharmaceutical firms than the whole-

phage approach, in terms of better marketing atehfiag opportunities.

6. Probiotics, prebiotics and faecal biotherapy

6.1 Probiotics

Probiotics are defined as “live bacteria havingaddicial effect on the host when consumed in
adequate amountgl23]. They act by modulating the gut microbiota, by m@ning the integrity of
the gut barrier, and by modulating the local immtespons¢124]. These effects are supposed to
rely on various mechanisms such as bacteriocinymtazh, competition for available nutrients, and
modulation of the gut cytokine production. Prolsatonsumption is considered generally safe, and
complications rare. A review on probiotic safetydences that, although cases of bacteremia and
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endocarditis as well as cases of funger8iabpulardi) are described in the literature, there is no
overall increase in population risk based on ustga{125]. However, a placebo controlled study

on the effect of a multispecies probiotic includsig different strains of freeze-dried, viable

bacteria Lactobacillus acidophilus, Lactobacillus casel, t@wacillus salivarius, Lactococcus

lactis, Bifidobacterium bifidungndBifidobacterium lactiy administered to severe acute
pancreatitis patients, showed that mortality inghabiotic-treated group was about twice as high as
in the placebo group, with a higher incidence otemteric ischemig26]. Although to date this is

the only trial to infer such a relationship, iteisough to suggest that probiotics should be avdided
critically ill patients. A recent study commissiahley the U.S. Agency for Healthcare Research and
Quiality reiterates the apparent safety of probsotwhen used to prevent or treat diseases but
acknowledges limited safety reporting of existihgdges. Accordingly, a recent position paper
issued by the U.S. FDA clarifies that its limiteeeesight of probiotics as a “food” applies only to
the ingestion of these agents by healthy indivisit@imaintain gastrointestinal health. This
document also asserts that the use of probiotipsetieent, treat, or mitigate disease would classify
these agents as “drugs” and would require the sanmgent approval process as any
pharmaceutical product or devige7]. Probiotics are not recommended for CDI in the@®01
SHEA/IDSA treatment guidelines. [128] However, agabo-controlled clinical trial assessed the
efficacy ofLactobacillus acidophilus L. caseicapsules in the prophylaxis of both antibiotic-
associated diarrhoea a@d difficile-associated diarrhog¢ee9.

Several bacterial and fungal species were studi@gleocurrently under study to determine
their efficacy against CDI either as single proigi@gents or in combination with other agents.
These agents includgaccharomyces boulardind severdlactobacillus, Clostridium,
StreptococcusandBifidobacteriumspeciesS. boulardiiandLactobacillus rhamnosusG are two
of the best characterized probiotic organisms $& in CDI. A meta-analysis of the efficacySf
boulardii performed in 2010 points out that this yeast mayeha favourable impact on CDI

prevention, based on the following evidence: praduces a serine protease that directly degrades
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C. difficile toxins; ii) it destroys the colonic receptor dibe C. difficile; iii) it upmodulates the
immune response to toxin A and B. Furthermorefristment withS. boulardiiwas effective in
several experimental models of CDI in hamsterstagiotic mice, rats, and turkeys3o]. However,
the usefulness @&. boulardiiin CDI is still debated. In a review of the avaikliterature published
in 2009, Miller concluded that probioticS, boulardiiincluded, do not have a role in CDI
prevention or therapjy32]. However, since 1989, sporadic human cases ol sasa series reports
concur to the view th&. boulardiishows promise for CDI prevention, and a recenepby
Johnsoret al suggests that the primary prevention of CDI witbbiotics may be achievaljlesi).

In conclusion, most authors state that more cliriréas of sufficient size and with rigorous desig
are needed to confirm these findings and to devetmgistent treatment protocols.

In 2011, Cartman advocated the development of reevemgtion of probiotics based on
Clostridiumspecieg133]. In fact, since 1985 it is known that intestinalanization with a
nontoxigenicC. difficile strain protects hamsters against a challengetaxilgenicC. difficile [134].
Similar experiments performed in 2009 in the hamstedel showed that colonisation by non-
toxigenicC. difficile during antibiotic administration is an effectiveepention strategy against
infection with toxigenic straing35].

The mechanism by which nontoxigenic strains preeetdnization by toxigeni€. difficile strains
has not been elucidated, but the use of nontoxedgendifficile spores to prevent primary or

recurrent CDI is an attractive stratggys].

In a controlled study, the co-administration of igsoofClostridium butyricumMIYAIRI,
commonly sold in Japan as tablets for balancingrttestinal flora, significantly reduced the
incidence of antibiotic-associated diarrhoea indrken [137]. Recently, ViroPharma Inc. (Exton,

PA, USA) completed a phase I clinical trial showthgt the administration of an oral suspension of

spores of the nontoxigente. difficile strain M3 (VP20621) is well tolerated and effeetvinduces
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the colonization of the gastrointestinal tract wbjects pretreated with vancomy¢iasg]. The

preparation is now scheduled for a phase Il trial.

6.2 Prebiotics

Since the late 1990s, the word prebiotic has beed to indicate “dietary substances that by
inducing specific changes in the composition andftivity of the gastrointestinal microbiota
confer benefits upon host healih39]. Today, prebiotics are considered potentially ustefals to
manipulate the microbiota composition. Non-digdstidigosaccharides like the chicory fructans
reach the caecum without undergoing structural gagnbut they are not found in the stools, being
metabolized by the colonic flora. Their abilityitewrease the number of bifidobacteria and lower
the intraluminal pH interferes with the engraftmehincoming pathogenic germs. In addition to
this properly demonstrated effect, other less entifienctions of prebiotics affect the bioavailatyili
of minerals and the metabolism of lipids, resultimgpotential subtle benefits on a variety of
pathological conditions including intestinal infeets, cardiovascular disease, type Il diabetes,
obesity, osteoporosis and canpan,141} A study performed on normal and antibiotic-tréate
faecal microbiotag vitro showed that the addition of nondigestible oligabacides enhanced
resistance again€l. difficile colonization in antibiotic-free, but not in clindgcin-treated cultures
[142]. In a randomized study on 72 infants, the adnriatisin of fructo-oligosaccharides had no
significant impact on intestinal flora a difficile counts or toxin detection in faedea3]. These

results indicate that the research in this fielstils at a very basic level.

6.3 Faecal biotherapy

The rationale of faecal biotherapy, or faecal tpdaustation (FT), relies on the observation that
normal colonic flora control€. difficile overgrowth. The transplant of the entire faecalkgstem
obtained from a healthy donor is highly effectigehieving 73-100% clinical resolution rates in

recurrent or refractory CDI 140,14144,145] The transplant can be delivered by nasogastoi, tu
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colonoscopy or retention enema. The last methogdbthe less expensive and the less likely to
cause injuries to patientst6]. Given the by now widely recognized effectivenesBT, the major
concerns on its use relate to the possible tranfeathogens, especially viruses. Indeed, the dono
screening is perhaps the most expensive part girtieedure. This problem could be overcome by
the collection of multiple donations, which coule &tored frozen, from a small number of
thoroughly screened donors. The feasibility of #sl of procedure is supported by a recent paper
by Jorup-Ronstrom et gh47).

The main possible evolution of faecal transplamtststs in bacteriotherapy, i. e. a treatment
based on defined bacterial cocktails able to redtue physiological microbiota and to displé&te
difficile from the gut. In 1989, Tvede and RaskMadsen reddHat a mixture of ten different
facultative aerobic and anaerobic bacteria wastahlesolveC. difficile infection in a small
number of human patiens48]. Perhaps the importance of this finding was nbby fappreciated at
the time, and there were no further developmentsvd¥er, recently Lawlegt al, working with a
CDI mouse model, demonstrated the effectivenedéixd, a mixture of six intestinal bacteria
including three previously described spect&sphylococcus warneiEnterococcus hirae
Lactobacillus reutetiand three novel speciésaerostipesp. nov.Bacteroidetesp. nov. and
Enterorhabdusp. nov., in the resolution of intestinal diseasd contagiousne§s49]. The
protocol that was used to identify the six actiaetierial species is rather complex and can be
performed more easily in an animal model, but wosk lays the conceptual and practical
foundations for the development of bacteriotherdjys approach overcomes the concerns about
the psychological impact on patients, and is méracive to the pharma industry, because

bacterial cocktails could be patented.

7. Toxin inhibition

In principle, virulence factor targeting has theidie@ advantage of avoiding the selection of
resistant strains and the disruption of normal abmta. The pathogenic effect Gf difficile is
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mediated by toxins A and B, that share 45% sequsinuéarity and have four conserved regions:

an N-terminal enzymatic region, a protease donafterminal receptor-binding region, and a
translocation region. Following endocytosis by ¢tle#s of the intestinal mucosa, the toxins undergo
a complex process in which the autocatalytic astiof the protease domain releases the enzymatic
N-terminal region into the cytosol. This enzymewuersibly glucosylates the RhoA family of small
GTPases inducing cell apoptogiso].

Various strategies have been explored to achidvauminal neutralization of. difficile
toxins, mainly by using antibodies or binding ageior an exhaustive review of this issue, the
reader is referred fa36]. Passive immunity with intravenous monoclonal laodies targeting both
toxins seem a promising approach [ 151 Gerding R@d2act, in a phase Il clinical trial the
administration of monoclonal antibodies agaf@stifficile toxin A and B by i.v. infusion
significantly reduced the rate of recurrenp@g]. The active immunity option is also being actively
investigated, and phase | trials demonstratedrtigemicity of toxoid-based vaccings3s).

Toxin-binding agents such as cholestyramine aneistiplol or tolevamer showed poor
efficacy both inin vitro models of human gut and in phase Il clinicall&rjas4]. A different
approach involves the identification of moleculbtedo selectively inhibit the enzymatic activities
of the two toxins, i.e. the autocatalytic proteasd the cytotoxic effector domairss). In this field,
the identification of inhibitors of the cysteineopgase of the B toxif155] is a promising starting
point, which support the validity of the approacid as worthy of further development. A problem
that could arise with this category of drugs ig #ilenost all of the protease inhibitors currently
approved for anti-HIV therapy cause diarrhoea aypkHipidemia[156]. Whereas hyperlipidemia
may be a small concern, due to the short duratic®Dd therapy, drug-induced diarrhoea could
exacerbate the symptoms of the patients. Theretuseproblem should be taken into account in

the development of protease inhibitors.

8. Expert opinion
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The strategies to solve the CDI problem must copte tive multiple challenges posed by the
bacterium. Sinc€. difficile is commonly found in wild and domestic animals,gpores are
destined to remain in the environment indefinitalyd the eradication of the species is not feasible
Toxoid-based vaccines are being developed, and sbthem are in phase | clinical trighs]. One
problem of strategy based on vaccines is to defiagre-emptive or therapeutic use of the vaccine,
and the choice of subjects that should be vacahatmsidering that CDI has an incidence of 20-
30/100,000 in Western countries. The focused, geeric administration of anti-toxin monoclonal
antibodies, currently in phase Il clinical trialgpuld probably be less expensive.

CDI onset could be prevented by the developmenipaopler use of narrow-spectrum
antibiotics, which should substitute the broad-spea drugs currently in use for common
infections. However, huge advances in this fieklamlikely, mainly because of low marketing
opportunities. Specific an@- difficile narrow-spectrum antibiotics based on new molecular
scaffolds and non inferior to fidaxomicin are bedeyeloped. In the next future, they should be
able to lower the rate of recurrences and to oveectihe problem of resistance,which by now is
sporadically occurring against vancomycin and nmettazole.

More ambitious strategies aim to replace antibadsewith virulence-targeting factors. The
research on molecules that target riboswitchesds still at a very basic level, whereas thelfiel
of AMPs is rapidly developing and bacteriocin reshacould profitably merge with probiotic
optimization studies. Probiotics can be added assadts to antibiotic therapy, but after more than
ten years of use their utility is still debated.

In our view, phage therapy constitutes a tool thatorthy of a second chance in Western
countries. It has the advantage of short term abgitty and does not require huge investments,
thanks to the wide experience gained in Francaratite East Europe countries. The isolation of
Iytic phages targetin@. difficile should not be a problem, considering that recentiyent phages
againstC. perfringensvere easily isolated and characteriged]. The association of phage therapy

with antibiotics gives synergic results, but thignshte goal should be to use antibiotics as the las
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option, instead of the first, with positive outcaran the resistance problem. For phage therapy to
work at its best, the ideal clinical setting wouldlude the possibility to rapidly identify and roht
the infecting bacterium to large phage bank datdda order to achieve this result, the
interdisciplinary cooperation of bioinformaticistgalth care professionals, and phage researchers
is needed158]. The adoption of this approach in Western countsiesld require the modification
of some regulatory guidelines in Western Europeianbte U.S., and, equally important, a change
in the way of thinking of physicians and healthippdecision-makers. This should involve a shift
from the standard-oriented therapeutic approaclatdsva more personalized medicine in which
specific products (i.e. phages or phage cocktars)specially prepared for the treatment of an
individual patient. Whereas the medical and sdientbommunity is becoming aware of the
problem of antibiotic resistance, in Western caestthe knowledge of the possibilities of phage
therapy is rather poor.

The situation, which in some respects resembledithieulties that hindered the
introduction of the first vaccines, is approprigtdlustrated by a recent event: in 2011, Germany
experienced the largest epidemic ever recordedal8iga toxin-producing. coli. The genome
sequences of the pathogen revealed a food-bornal@atbreak due to the enteroaggregaiive
coli 0104:H4 strain. In these infections, the admiatgtn of antibiotics is counter-indicated
because they can activate toxin expression. Irtiaddthe epidemic strain was highly resistant to
antibiotics, which left few options beyond suppegtiherapy. A total of 3,842 cases were reported,
with 18 deaths due 6. coli gastroenteritis and 35 deaths due to haemolygigiar syndrom¢159].
Phages and phage cocktails targeting the O1041dih stere available at the Nestlé Research
Center (NRC, Lausanne, Switzerland), at the Paststitute in Paris and at the Eliava Institute
(Tiblisi, Georgia). Neither the medical communityrthe public health authorities inquired about
or asked for these phages during the outbreak|abid about two months, and the offer of phages

by NRC was not considered by the German publicthegictof91]. We can attribute this kind of
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reaction to the poor knowledge about phage theraghe West, and assume that in Russia, in
Poland or in France the emergency would have baedl&d with a different approach.

Severe refractory CDI and repeated recurrencesl dmriefit from toxin neutralization, a
possibility that needs further investigation. Tlestand already available option for the treatment
of these often severe and otherwise hopeless eomslis FT. Despite the difficulties of
psychological order, for now FT remains the mostessful treatment for recurrences. It is
technically less challenging and less risky thaodltransfusion, and there are no major obstacles
to its adoption.

Finally, we must say that both phage therapy andr€Ttherapeutic procedures inherently
not suitable for patenting: as such, they do nohettinvestments for development and refining, and
their implementation requires the commitment oflmlyfunded institutions, national reference

centres and hospital laboratories.

Article highlights

* Infectivologists are facing a world-wide increageotibiotic-associated sevege difficile
enteric infections, whose management is curreatlyrbm satisfactory.

* New antibiotic-like molecules or antimicrobial pel&s like thuricin CD, which has a very
narrow spectrum of action and can selectively ta@gelifficile without disrupting the
normal gut microbiota, are under development.

* More ambitious and long-term alternative strategigslve the development of non-
antimicrobial molecules targeting the expressiomiaflence factors by acting on
riboswitches or quorum sensing.

* Phage therapy could be an excellent alternatiantibiotics for both CDI prevention and

treatment. It deserves a second chance in Westenirees, where it is little known.
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* Probiotic co-administration with antimicrobials miayit the incidence of CDI. However,
their usefulness is still debated and they arevaldated for the treatment of established
CDI. The development of non-toxiger@c difficile strains looks promising.

» Faecal therapy is emerging as the most successéiirtent for severe refractory CDI and
relapses. Standardized mixtures of faecal bacadi@to reconstitute the normal intestinal

microbiota are under development.
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Figure legends

Fig. 1. Chemical structures of drugs approved t.C

Fig. 2. Chemical structures of antibacterial moleswactive against. difficile currently under
development.

Fig. 3. Chemical structures of antibacterial moleswactive against. difficile currently under
development.

Fig. 4. Chemical structure of the riboswitch liganytlic di-guanosyl-smonophosphate.

Fig. 5. Chemical structures of QS inhibitors.
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