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Summary

The development of antimicrobial resistance against multiple antibiotic and
antifungal classes in bacterial and fungal pathogens respectively is of global clinical
concern. With Al ast resorto antibiotics
toxicity issues and with a dryiagp of new antimicrobials in the development pipeline,
(especially for Grammegative organisms}he development of novel therapies is
urgently needed. OligoG G%/20 is a low molecular weight alginate oligosaccharide
that has beeshown to have antimicrobial and abiofilm properties against a range

of multi-drug resistant pathogens.

OligoG CF5/20 was tested against a rangeCaindidaspp., in addition to
being used as a combination therapy withathifungal nystatin. Minimum inhibitory
concentration (MIC) assays and growth curves showed that Oligo&/20F
synergistically enhanced the effect of nystatin against planktonic cells. Furthermore,
confocal laser scanning microscopy (CLSM) and COMSTAalysis showed that it
was also effective at preventing biofilm formati@s well as disrupting established
biofilms. This study demonstrated that OligoG-&B0 can act as a staatbne
treatment againgandidaspp., as well as showing enhanced efiectess when used

as a combination therapy with the antifungal nystatin (P <0.0001).

To investigate the contribution of calcium €Qabinding in its antimicrobial
activity, Gblock (OligoG CF5/20 and an Mblock alginate oligosaccharide
(OligoM) with comparable average size (DPn 19) and contrastirfg I@ading
properties (that of OligoG being greatewere compared. The tailored alginate
OligoM was shown to be comparable to OligoG-®JE0 at reducing planktonic and

biofilm growth of P. aeruginosaalso demonstrating similar reductions in virulence



factor production of pyocyanin (P <0.05), elastase (P <0.0001), and protease (P
<0.0001) when tested at 6%. Compared to OligdNMgoG CF-5/20, exhibited a
significantly stronger inhibitory effect on quorum sensing (QS) signaling, and
displayed increased potentiation of the antibiotic azithromycin in MIC and biofilm
assays. These results with OligoM highlight the fact that the antimicroleat=Hf

alginate oligosaccharidegerenot purely dependent upon £inding.

Colistin is often referred to as the antibiotic of last resort for the treatment of
e.g., carbapenemesistanEnterobacteriaceaeThe discovery of the plasm&hcoded
colistin resistancemcr, and its rapid dissemination into the environment in recent
years heralds the risk of a pa@sttibiotic era. The resistance profiles associated with
themcr-1 andmcr-3 genes were apparent in MIC and minimum biofilm eradication
concentration (MBEC) assays, and the associated fithess castsgésmid carriage
were highlighted in the growth curves witictr-1 strains showing significantly lower
growth rates than those carryimgr-3. A beadbiofilm model was adapted to monitor
the stability ofmcr-1 and mcr-3 genes over timeusing isogenice. coli J53 hosts.
After serial passage (every 2 days for a month)ntbel gene was lost by day 23,
while themcr-3 gene was stably maintained for up to 31 days. CLSM and COMSTAT
analysis demonstrated the antibiofilm effect of OligoGSZF0 againsimcr carrying
E. coli (P <0.05) whilst also showing changes in extracellular polymeric substance

(EPS) such as a reduction of proteins (P <0.05) and the release of eDNA.

These results suggest that OligoG-8&E0 has considerable potential as an
antimicrobial agent, either as a staaldne treatment or in combination with existing
therapies, such as colistin or nystatin, to treat multidrug resistant pathogens that are

respasible for hareto-treat chronic infections.



Published papers fromThesis to date

Powell, L.C.,Adams, J.Y.M., Quoraishi, S., Py, C., Oger, A., Gazze, S.A., Francis,

L.W., von Ruhland, C., Owens, D., Rye, P.D., Hill, K.E., Pritchard, M.F. & Thomas,
D.W. 2022. Alginate oligosaccharides enhance the antifungal activity of nystatin
against candidal biofilmskrontiers in Cellular and Infection Microbiologydoi:

10.3389/fcimb.2023.1122340.

Powell, L.C., Cullen, J.K., Boyle, G.M., Ridder, T.D., Yap, P., Xue, W., Pierce, C. J.,
Pritchard, M.F., Menzies, G.E., Abdulkarim, MAdams, J.Y.M., Stokniene, J.,
Francis, L.W., Gumbleton, M., Johns, J., Hill, K.E., Jones, A.V., Parsons, P.G.,
Reddell, P. & Thomas, D.W. 2022. Topical, immunomodulatory ejiigkanes
induce biofilm disruption and healing in acute and chronic skin wousdgnce

Translational Medicinaloi:10.1126/scitransImed.abn3758

Pritchard MF., Powell, L.C.,Adams, J.Y.M., Menzies, G., Khan, ST@gndervik A.,
Slettg H., Aarstad O., SkjakBrak, G, McKenna S, Buurma NJ, Farnel| D., Rye
P.D, Hill, K.E. & Thomas, D.W.2023 Structureactivity relationships of low
molecular weight alginate oligosaccharide therapy ag&sstidomonas aeruginasa

Biomoleculegloi: 10.3390/biom13091366



3-D

3-0x0-C12-AHL

e M

ABC

AFM

AHLs

Als

ALS
AmB-D
AMR
ANOVA
AQs

ASL
ATCC
ATP

ATR

A.U.

BA

BM2
C4-AHL
C4BP
C12AHL
C. albicans
C. auris

C. glabrata
C. krusei
C. parapsilosis

C. tropicalis

Abbreviations

3-Dimensional
N-(3-oxododecanoy#l-AHL
Micromolar

ATP-Binding Cassette
Atomic Force Microscopy
N-acyl Homoserind_actones
Autoinducers
Agglutinin-Like Sequence
Amphotericin BDeoxycholate
Antimicrobial Resistance
Analysis ofVariance
Alkyl-4-Quinolones

Airway Surface Liquid
American Type Culture Collection
AdenosineTriphosphate
Attenuated Total Reflection
Arbitrary Unit

Blood Agar

Basal Medium 2
N-Butyryl-1-AHL
C4b-Binding Protein
3-Oxo-C12AHL

Candida albicans

Candida auris

Candida glabrata

Candida krusei

Candida parapsilosis

Candida tropicalis



C. violaceum Chromobacterium violaceum

CF Cystic Fibrosis

CFTR Cystic Fibrosis Transmembrane Regulator

CFU ColonyForming Units

CLsSI Clinical and Laboratory Standards Institute

CLSM ConfocalLaserScanningMicroscopy

CMS ColistimethateSodium

COLR Colistin Resistant

covLsen Colistin Sensitive

CSP Competence Stimulating Peptide

CTL C-Type Lectin Receptor

Ccv Crystal Violet

CWPs Cell Wall Proteins

Cyclic di-GMP Cyclic Diguanylate

CYP51 Cytochrome P450DependenEn z y me- 1 4 U
LanosteroDemethylase

dH20 Distilled Water

ddH0 DoubleDistilled Water

DMSO Dimethyl Sulfoxide

DNA DeoxyribonucleicAcid

DPn Degree of Polymerization

E. coli Escherichia coli

eDNA ExtracellularDeoxyribonucleicAcid

EDTA Ethylenediaminnetetraacetwid

EMA European Medicines Agency

ENaC Epithelial Sodium Channel

EPS ExtrapolymericSubstance

ESKAPE Enterococcus faeciumS aureus, Klebsiella

pneumoniae, Acinetobacter baumannii,. P
aeruginosaandEnterobacterspp.

EtOH Ethanol

Vi



EX/Em
FDA
FEV1
Fig
FTIR

g

Gl
GIcNAc
H202

H

HAIs
HCA
HHQ
HPAEGPAD

ICU
IFI

Inc
IPA
IQS
ITC
KO
LB
LPS
LTA

MATE
MBEC
MCR

ExcitationEmission

Food and Drug Administration
ForcedExpiratory Volume in 1 Second
Figure
FourierTransforminfraredSpectroscopy
G-force (g = rpmMx r x 1.118x10)
Gastrointestinal

N-Acetylglucosamine

Hydrogen Peroxide

Hour(s)

HospitatAcquired Infections
Hierarchical Cluster Analysis
2-Heptyk4-quinolone

High-PerformanceAnion-Exchange
Chromatography witlPulsedAmperometric
Detection

Intensive Care Unit

Invasive Fungal Infection
Inner Membrane
Incompatibility

Propan2-ol

Integrated Quorum Sensing
IsothermalTitration Calorimetry
Knockout

Luria-Bertani
Lipopolysaccharide
Lipoteichoic Acids

Molar

Multidrug and Toxin Extrusion
Minimum Biofilm EradicationConcentration

Mobilized Colistin Resistance

Vii



MD
MDR
MFS
MHB
MIC
Mins
mM
MOPS
MRSA
MSD
MurNAc
Mw
NacCl
NaOH
NCAC
Nm
NYS
oD
OM
OMPs
O/N

P. aeruginosa
PABA
PAMP
PBPs
PBS
PCA
PCR
PDR
pEtN

Molecular Dynamics

Multidrug Resistance

Major Facilitator Superfamily
Mueller-Hinton Broth

Minimum Inhibitory Concentration
Minutes

Millimolar
3-[N-Morpholino]Propanesulfoni@cid
Methicillin ResistanStaphylococcus aureus
Minimum Significant Difference
N-Acetylmuramic Acid
MolecularWeight

SodiumChloride

SodiumHydroxide

Non-Candida albican€andida
Nanometer

Nystatin

OpticalDensity

Outer Membrane
OuterMembraneProteins

Overnight

Pseudomonas aeruginosa
P-Aminobenzoic Acid
PathogerAssociatedMolecularPattern
Penicillin-Binding Proteins
Phosphat8ufferedSaline
Phenazinel-CarboxyclicAcid
Polymeras&hain Reaction

PanDrug Resistant

Phosphoethanolamine

viii



PG

pH

Pl

PL
PMB
Pral
PQS
PRR
QS
QSls
QSM
QQs
Ra
RND
ROS
ROUT
rpm
RPMI
RT-qPCR

SAP
SAR
SEM
SCV
SD

SDA
SEM
SMR
Spp.
TEM

Peptidoglycan

Power ofHydrogenConcentration
Propidium lodide
Phospholipase

Polymyxin B
pH-regulatedAntigen 1
PseudomonaQuinoloneSignal
Pattern Recognition Receptor
Quorum Sensing
QuorumSensinglnhibitors
Quorum Sensing Molecule
QuorumQuenchers

Average Roughness
Resistance Nodulation Division
Reactive Oxygen Species
RobustRegression an@utlier Removal
RevolutionsPer Minute

Roswell Park Memorial Institute

RealTime Quantitative Polymerase Chain
Reaction

Secreted Aspartyl Proteinases
Structure Activity Relationship
ScanningelectronMicroscopy
SmallColony Variant
Standardeviation
SabouraudextroseAgar
Standarderror of theMean
Small Multidrug Resistance
Species

Transmission Electron Microscope



TER
TLR
TSA
TSB
uv
UV/Vis
viv
vVvC
WHO
XDR

TAAB Embedding Resin
Toll-Like Receptor
TryptoneSoy Agar
TryptoneSoy Broth
Ultraviolet
UltravioletVisible

% Volume inVolume
VulvovaginalCandidiasis
World Health Organisation

Extensively Resistant



Table of Contents

ACKNOWIEAGMENTS. ... e [
SUMIMEBTY ..ttt erra e e e e e e e e e et e e e e e anenn e e e e e eeaeeeeees li
Published papers from Thesis to date.............ccoovviiiviiiieeee e e \Y
LY o] o] (=3 F= U1 o] o - PP P PP TPRTRPPR v
Table Of CONENTS......uiiiiiiiiiiiiii e enenees Xi
S o T [0 XVi
S 0o ) = o] SRR XXi
CRAPLET L e 1
0 14T [ [ 4T o 2
1.1 Bacterial Cell Wall..........coooii e 2
1.2 The antibiotic development PIPEINE.......cccooeiiiii it 4
1.3 ANEIMICTODIAIS. ... . et e e e e e s e e enens e eeeaeeeeas 6
1.3, DUSCOVETY...cceeeiiiiiiiitieeeet e e e eeemt et e e e e e ettt e e e e s st e e e e e e e a bt bn s e e et e e e e s smmme e e e e e s e nnnnrnnneed 6.
1.3.2 Antibiotic classification and targets.............coovvvviiiiieeeiiiieii e, 6
1.3.2.1 Antibiotics targeting cell wall Synthesis.............covveviiviiiceeeeeeieeeeeeeeeeeeeeeeeeeeendd.
1.3.2.2 Inhibitors of nucleic acid SYNtNESIS...........ccoiiiiiiiiiiei e 9
1.3.2.3 Inhibitors of protein SYNtNESIS...........oiiiiiiiiiie e 10
1.4 Multidrug resistant pathOgenS..........cccoiiiiiiii i 11
1.4.1 IntrinsSic antibIOtiC rESISTANCE. ... ...uueiiiiie e e iciceeee et 12
1.4.2 Acquired antibDiotiC rESISTANCE. .........coeiiiiiiiiiiieeeiiie e e e e e 12
1.5 BIOfIIMS e a e 15
1.5.1 Stages of biofilm development............ooooii e 16
1.5.2.1 Conditioning filIML.......coiiiiiiiieiee e e 16
1.5.1.2 Attachment and adn@SION...........ccooi i i 16
1.5.1.3 Maturation and microcolony formationL..........ccceeeeerreriiimmmreeeiiie e e e e 18
1.5.1.4 Dispersal and reversal to planktonic State..............eeeviiiieemeeeeeiiiiiiiiieeeee e 19
1.5.2 Antibiotic tolerance and resistance of biofilms.............oovvvivie 20
1.5.3 Quorum sensing (QS) SYSIEIMIS. ... uuuu e reer e e e e 21
1.5.4 Experimental biofilm models..............ooo e 22
1.6 FUNQAI INTECHIONS ....ciiiiiiiiiiiit ettt e e e e eemr e e e e e e es 22
1.7 CYSHC fIDIOSIS. ... e e e e e e e e e e e e e e ame— 23
R T = = Tod (o [ (o 11 o 23
1.7.2 Diagnosis and treatMENL...........uuuuuueiiiiiimeeieee e e eeees e a e e e e e e 25

Xi



1.8 AIQINALE OlIJOMELS. ... . i i i i e ettt reee e e e e e e e e e eeaaaaaaaaaaeeaananrernnnes 31

1.9 OlIGOG CFB/20.... . ittt re ettt e et emmme s 31
1.9.1 Initial toxicCity StUIES IN FOUENTS.........euiiiiiiiie e rmmee e 32
1.9.2 HumMan CliNiCal trialS.........ccooiiiiiiiiiieee e 34
1.9.3IN VItrO STUIES. ......veiieiiiieie et e et s 35
IO 0 N S PP PTTPPPOUPPPP 36
CRAPLET 2 ..t e 37
P2 R Lo oo 8o 1o o PP PP PPPPPRPPN 38
2.1.1 Candidal structure and mMOrphoIOgY..........ccooriiiiiirimmmiiiiiiiii e eee e 38
W A O - Vg (o o F= 1<) o o SRRSO 40
2.1.3Candida albIiCANS...........ooiiiiiiiie e 41
2.1.4 NonCandida albicans CandidéNCAQC)...........ccovviriiiirrriiieeeereeeee e eeeen AL
2.1.5 IMMUNE BVASION.......eiiiiiiiii et e e e e e e rmmme e s a bbb r e e e e e e e e s smmne e e e 44
2.1.6 VITUIBINCE ...ttt et e et eenr e e e e s 45
2.1.7 ANTTUNGAIS ...ttt e e e e e e enennb e e e e e as 46
2.1.8 Resistance t0 antifUNQalS............oiiiiiiiiiieeeii et 48
e I AN [ g TS Ta o [ o] o] [=Tex 1)Y= 3SR 50
2.2 Materials and MethOdS..........cooiiiiiiiir e e 51
2.2.1 Microbial strains and growth Media............cooooiiiimmmriiiiiieee e 51
2.2.2 Minimum inhibitory concentration (MIC) @SS@Y..... . uutieeeiiiiriurrirmmiiiirieeeeeeeeenans 53
2.2.3 Candidal growth curve analysSiS............oouviiiiiiiieeeii i 53
2.2.4 ATP Cell VIaDIlIty BSSAY.......uuuvereeeiieeeeiiiiimee sttt e e mmee s r e e e e e e 54
2.2.4.1 BIiOfilm diSTUPLION @SSAY.....cciieiiiiiiiiiiiiiiieeeeiee e e eeee e e e e e 54
2.2.5 Confocal laser scanning microscopy (CLSM)........ccoooieiiiiiiiieeeeeeeeeeeeveevveeeiees 54
2.2.5.1 BiOfilm fOrMationN @SSAY. ... cceeeeeeeee e ettt r e e e e 54
2.2.5.2 BIiOfilm diSTUPLION @SSAY.....ccceeiiiiiiiiiiiiiiieeeieeee e eeer e 55
2.2.5.3 COMSTAT iMage @nalYSIS.......cccuuurriiiiiiieeiaaee e e et e e s s 56
2.2.6 SOIDItOl @SSAY .. .eeeeieiiiiiiiitit e e 56
2.2.7 ErQOSLEIOl @SSAY.......uueiieeiieiiee e e s s ettt e e e s rmmme e e st e e e e e e e s rmmne e 56
2.2.8 GEIMN TUDE BSSAY.......uuuueeeiiiieee it e e rmme et e e e e e e e s rmmne e e 57
2.2.9 PermeabiliSation @SSaY........ccuueeiiiiiiiieiiieee e e 58
2.2.10 Transmission electron microscopy (TEM) imaging of the cell.wall................. 58
2.2.11 StatistiCal aNAIYSIS......cccoeeeiie i e e e e e e e e e e e e e anan— 59
2.3 RESUILS .. a e 60
2.3.1 Antifungal effect of nystatin and OligoG GR20 againsCandidaspp.................... 60

Xii



2.3.2 Effect of OligoG CF/20 on planktonic growth afandidaspecies...........ccccvuuue. 60

2.3.3 Effect of OligoG Cf5/20 in combination with nystatin on cellular viability.......... 63
2.3.4 Confocal laser scanning microscopy and COMSAT analysis of theraflesdida
biofilm formation and diSTUPLION..............oooii e 65
2.3.5 Germ tube fOrMEALION.......ciiiiiiiiiiiie et e 74
2.3.6 Antifungal mechanism of action of OligoOG-6R20.............cccecvviiiiiiiieeniieeeeeee 76
2.3.7 Permeabilisation @andidaspp. cells by OligoG GB/20............ccccvveeeeiiiiiiennnnns 77
2.2 DISCUSSION......cciiiiiiiiiieeett e e et e e e e e sttt et e e e e s sammt e e e e e e e st b ittt e e e e e e s smmme e e e e e e e nabbeeeees 81
2.5 CONCIUSION. ...ttt ettt e e e e e e et mnns bbbt e e e e e s e s s bbb b ennnssesseeeeeeeeeeand 89
CRAPLET 3 . e 90
10 I [ o1 (o o [T i o PO TOPPPPPPRPPR a1
3.1.1Pseudomonas @€rUQINOSA.........cccoeieiiiiiii e ccee e rmmmr e e e e e e e e e e e e e e eeeeees 91
3.1.2 QUOTUM SENSING.ceceeiiiiiiiiiteeteeeeeeeemt e e e e e s s st e e e e e e s smmme e e e e e s nnbbr s e e e e e e e e e s smmneeeaaae 91
3.1.3 Bacterial VIruleNCe fACLOLS.........cuiiiiiiiiiiiiieeeiiieeeee e e e e e e e e e e 94
3.1.3.1 Bacterial MOtility...........ooooiiiii e 94
3.1.3.2 Additional bacterial faCtQIS...........cc.vuiiiiiiii e 97
3.1.4 Fourier Transform Infrared Spectroscopy (FTIR).......cccuviiiiiiiiiieaceei 99
3.1.5 Properties of @lginates...........coooii i aeeas 99
3.1.6 Effect of alginate oligosaccharide compasition on Pseudomonal cell membrane binding
101

3.1.7 AIMS aNd ODJECHIVES. ...t rmmee e e e e e neeas 103
3.2 Materials and MethOdS..........cviiiiiiiiieeer e eeeees 104
3.2.1 Microbial strains and MaterialS.............cc.uvveiiiiieeeiiieee e 104
3.2.2 Bacterial growth curve analysiS.............ceuueeiiiiiicnniiiiiiiiee e seeee e 106
3.2.3 Smallscale swarming motility assay..........ccooriiiiiiiiiieec 106
3.2.4 Confocal laser scanning microscopy (CLSM)..........coooiiiiiiiiiceciiiiiiiiiiiieiiies 107
3.2.4.1 BiOfilm fOrMation @SSAY........ueeeiiieiiiiiiiiimemiiiiie e e e e e e eeeeirre e e e e e anee 107
3.2.5 Smallscale qUOIUM SENSING ASSAY.......c.iiruurrrrireiieaerereaeeeesssaiirrrreeeeeeeneeeeeeeeeas 107
3.2.5.1 Effect of the alginate oligomers on quorum sensing inhibition..................... 107

3.2.5.2 Effect of the alginate oligomers on cell viability (resazurin control assay)....108

3.2.6 VIrulencCe faCtOr @SSAYS........cccuuuriiiiiiiii ettt e e e 109
3.2.6.1 Effect of the alginate oligomers on pyocyanin production...................ccc-... 109
3.2.6.2 Effect of the alginate oligomers on protease production................ccccccee..... 109
3.2.6.3 Effect of the alginate oligomers on elastase production..............cccccceeeee..... 110
3.2.6.4 Effect of the alginate oligomers on rhamnolipid production......................c... 110

Xiii



3.2.7 FTIR analysis of alginate oligomer interaction with pseudomonal cell surface

01T 0 0] o] = L[ T PP PPP PP 110
3.2.8 ATP Cell VIability @SSAY........cccuureeiiiiieeeii it rmmme e 111
3.2.9 StatistiCal @NAIYSIS.......uuuruuiiiiiiiiiiiiene e e ———— 112
3L RESUILS ... eeiiie ettt et a e e e e e e 113
3.3.1 Effect of oligomers on viability of mucoRkeudomonas aeruginosa................. 113
3.3.2 Effect of alginate oligomers #éseudomonaswarming motility............cccccceeeeennne 113
3.3.3 Effect of alginate oligomers & aeruginosajuorum sensing inhibitian............. 118
3.3.4 Effect of alginate oligomers on cellular viability@firomobacteriunstrains......... 121
3.3.5 Effect of alginate oligomers éh aeruginosairulence factor production............ 125
3.3.6 Effect of oligomers on cell surface binding............cccoovvvvivieeee 130
3.3.7 Potentiation effect of azithromycin with oligomers on cell viahility.................. 130
R 20 I 1= o] 1 =Y [ o R 133
G 7R3 o1 Tox 01 [ o SR 138
(O T o) (= S PSSO 140
g I 1 0T [T 1 PP 141
O I A 011771 0171 T PP OO PO PPPPPPPRPPN 141
4.1.2 MechaniSm Of @CHON..........uiiiiiiiiiii e enes 141
4.1.3 ToxXiCity ISSUES WIth COlISTIN.........uuiiiiiiiiiiiiiiceee e 143
4.1.4 Clinical FormulatioNS............ooviiiiiiiii e ceeeecc e s e eeeaeeeeeeeeereenenen 144
4.1.5 Application Of COLISHIN.......cccooiiiiiiiii e e e e ean 145
4.1.5.1 ANIMAL USE.....iiiiiiiiie ettt e e e e e e e et e e e e e e e e e e s m e e nnreeees 145
4.1.5.2 ClINICAI USE....cci i i e i e e et mrne e e e e e e e e e aaeeeaaeaeeeeeesaanssnnnnnnnes 147
4.1.6 Emerging polymyXin reSIStANCE ..........uuuiiiieeiiiiimere it e e e e smeee e 147
4.1.6.1 Chromosomally mediated resiStancCe..............oovviiiiieeciiiiiiiecee e 147
4.1.6.1.1 EFfIUX PUMS. ...ttt imeee s smmee s e e e e e e e e e s nmnes s 147
4.1.6.1.2L0ss of Lipopolysaccharides (LPS).........ccuueiiiiiiiimmmniiiiieeeeee e eeeenns 148
4.1.6.1.3 LPS MOIfICAtION.......oiiiiiiiieeeeeie et eeeeee e e e eee e e 149
4.1.6.2.1 Discovery and spread of plasirmediated colistin resistance....................... 149
4.1.6.2 Plasmignediated reSiStanCe.............coeeeee i e i e i cceemmme e e e e e 151
4.1.6.2.2 Mechanism Of reSIStanCe...........cooviii i e e e 153
O T B 1 1= ST o L= A 153
4.1.7 AIMS @Nd ODJECLIVES. ... .uuiiieee i ie ettt rree e e e e e e e e e e e e aaaaaaaaaaeaneaes 154
4.2 Materials and MethOdS..........uuiiiiiiiieee e 155
4.2.1 Microbial strains and media used in this StUdY.............uiiiiiiccciiii 155
4.2.2 Minimum inhibitory concentration (MIC) asSay..........ccoevvieeeiiiiieceeiiieiiiieiiiennes 155

Xiv



4.2.3 Minimum biofilm eradication concentration (MBEC) assay............ccccvvvvvveen... 157

4.2.4 Bacterial growth curve analysiS............cceevieiiiiiiccrniiiiiiie e eeee e 157
4.2.5 Evolutionary bead biofilm model.............oooooiii e 158
4.2.6 Reatime quantitative polymerase chain reaction {fACR)............cccccvvvvvvnvnnnienn. 160
4.2.7 Confocal laser scanning microscopy (CLSM)..........ccoooooiiiriiccciiiniiiiiiiinienns 162
4.2.7.1 Biofilm diSTUPLION @SS@Y......uueeiieeeeiiiiiiiiirreiiiriee et e e e e e s e een e e e e e e e e 162
4.2.7.2 Selective staining of matrix EPS components..................coceeiinnnnns 162
4.2.7.2.1 Effect of OligoG GB/20 treatMeNt............uuuviruriiiiiiineeeeeieeeeeeeeeeeeeeeeeesaeenes 162
4.2.7.2.2 Effect of OligoG G5/20 and colistin treatments............ccccvvveveeiieeneeeeenenns 163
4.2.7.3 LIVE/DEADP STAINING.......ccviiitieiieeitie e ieeeee et e eteeeteeeeteeeveemeeseeesveeaeteesnveesaaeas 163
4.2.7.4 COMSTAT iIMAQE ANAIYSIS....uuuuuuuiniiiiiiiiiimeeeeeeee e e eeeeeeeeeereres e e e e e e e e e e 164
4.2.8 StatiStiCal @N@IYSIS........oceiiiiieiie e amnne s 164
B = 2] 1 L 165
4.3.1 Antibacterial effect of colistin agairist colistrains...........cccceevvveiiciiiiiccceeeeeeeeee, 165
4.3.2 Effect of colistin on planktonic growth Bf colistrains.......................cccoieeeinn, 166
4.3.3 Evolutionary pressuresmoicr carryingE. ColiStrains...........ccceeveeeviiiiieenniinene. 166
4.3.4 EPS matrix composition ofcr carryingE. coliStrains..........cccccevviviiiivieeninnnnne. 170
4.3.5 Effect of OligoG C#/20 treatment o&. coli biofilm disruption......................... 172
4.3.6 Effect of OligoG Cf/20 and colistin treatment dh coli biofilm disruption........ 180
I 1= o] 1 =Y [ o 187
v @0 [od 113 (o] 1RO 193
(O T o] (= g TSSO 194
5.1 General diSCUSSION........ccoeei e e e e e mnee e e e e eeeeeaeeeeaeaeeeeeesanannnnns 195
5.2 Limitations and future reSearCh..............eeeevvi o 200
TG T 0] o o] 1111 (o 1P 203
SUPPIEMENTAIY ... e e e e e e e e e e e 204
=] (=] (= o > S 206

XV



List of Figures

Chapter 1

Figure 1.1.Diagrammatic representation of the cell walls of Gyawsitive and Gram
negative bacteria.

Figure 1.2. The mechanism of action of different classes of antibiotic.

Figure 1.3. Mechanisms of antibiotic resistance in bacteria.

Figure 1.4 Diagrammatic representation of the various stages of biofilm formation on
a surface.

Figure 1.5. Schematic diagram showing a functional CFTR protein in healthy
individuals and a mutated CFTR in a cystic fibrosis patient.

Figure 1.6. Symptoms of cystic fibrosis and affected organs.

Figure 1.7. Bacterial colonisation and prevalence in the cystic fibrosis lung with
patient age

Figure1.8. Mol ecul ar dfgubatr wmeé co fDeachurgn@acidand b
(M) components making up OligoG &#20.

Chapter 2

Figure 2.1.Structure of th&€€andida albicangell wall.

Figure 2.2.Growth curves foC. albicansATCC 90028,C. albicansGBJ 13/4A,C.
parapsilosisw23 andC. aurisNCPF 8971

Figure 2.3 ATP cell viability assay for biofilms of thirteebandidaspp.

Figure 2.4. CLSM Z-stack imaging ofC. albicansATCC 90028 biofilms with
LIVE/DEAD® staining.

Figure 2.5. COMSTAT image analysis df. albicansATCC 90028 formation and
disruption assays.

Figure 2.6. CLSM Z-stack imaging ofC. albicans GBJ 13/4A biofilms with
LIVE/DEAD® staining.

Figure 2.7. COMSTAT image analysis of. albicansGBJ 13/4A formation and
disruption assays.

Figure 2.8. CLSM Z-stack imaging ofC. parapsilosis W23 biofilms with
LIVE/DEAD® staining.

XVi



Figure 2.9. COMSTAT image analysis o€. parapsilosisWw23 formation and
disruption assays.

Figure 2.10. CLSM Zstack imaging ofC. auris NCPF 8971 biofilms with
LIVE/DEAD® staining.

Figure 2.11. COMSTAT image analysis o€. auris NCPF 8971 formation and
disruption assays.

Figure 2.12. Percentage dfandidacells producing hyphae for two differédandida
albicansstrains.

Figure 2.13 (A) Fluorescence intensity data derived from PI staining used in the fungal
membrane permeability assay 6f parapsilosisw23. (B) TEM imaging of C.
parapsilosisw?23.

Chapter 3

Figure 3.1. Schematic of the Lasl/LasR, RhlI/RhIR and PQS QS circuit®.in
aeruginosa

Figure 3.2. Schematic diagram showing the three types of bacterial motiliB. in
aeruginosaswimming, swarming and twitching motility.

Figure 3.3.Structure of OligoG C#5/20 and OligoM.

Figure 3.4 Characterization of OligoG G&/20 and OligoM withHigh Performance
Anion-ExchangeChromatography with pulsed amperometric detection

Figure 3.5.Growth curves oP. aeruginosdNH57388A treated with OligoG Gb/20
or OligoM.

Figure 3.6.Biofilm formation assay showing CLSM-&ack imaging oP. aeruginosa
NH57388A biofilms with LIVE/DEALF staining.

Figure 3.7. COMSTAT image analysis &f. aeruginosd\H57388A formation assay
treated with OligoG C#5/20 or OligoM

Figure 3.8.Effect of the alginate oligomers & aeruginos&®AO1 swarming motility
on BM2 agar(A) = OligoG CF5/20; (B) = OligoM after 16 h incubation andgC)
surface area (cfof swarm

Figure 3.9. Effect of alginate oligomers on violacein pigment productionChy
violaceumATCC 31532 after 48 h treatment with OligoG-6R20 or OligoM

XVii



Figure 3.10. Effect of alginate oligomers on violacein pigment productionQby
violaceumCV026 in the presence of exogenousAHL after 48 h treatment with
OligoG CF5/20 or OligoM

Figure 3.11 Inhibition of violacein production irC. violaceumATCC 31532 and
CV026 after 48 h incubation with OligoG &#20 or OligoM

Figure 3.12 Effect of OligoG CF5/20 and OligoM orC. violaceumATCC 31532
cell viability.

Figure 3.13 Effect of OligoG CF5/20 and OligoM onC. violaceumCV026 cell
viability.

Figure 3.14.Percentage inhibition df. violaceumATCC 31532 andC. violaceum
CV026 cell viability, when treated with OligoG Gb/20 or OligoM

Figure 3.15 Pyocyanin production bl. aeruginos@?AOL1 after 24 h treatment with
OligoG CF5/20 or OligoM @A) Overnight celfree culturesupernatants showing
differing extents of pyocyanin production (green pigmentation) after treatnignt; (
optical density measurements at £2D

Figure 3.16.Protease production y. aeruginosaPAO1 after 24 h treatment with
OligoG CF5/20 or OligoM (A) Overnight ceHfree culturesupernatants showing
differing extents of pigmentation after treatmem) ¢ptical density measurements at
ODaso0

Figure 3.17 Elastase production . aeruginosaPAOL after 24 h treatment with
OligoG CF5/20 orOligoM. (A) Overnight ceHfree culturesupernatants showing
differing extents of pigmentation afteeatment; B) optical density measurements at
ODaso0

Figure 3.18.Rhamnolipid production by. aeruginosaPAO1 after 24 h treatment
with OligoG CF5/20 or OligoM (A) Overnight celifree culturesupernatants showing
differing extents opigmentation after treatmen8) optical density measurements at
ODs21

Figure 3.19 Fourier transform infrared spectroscopy (FTIRPoferuginosd?AO1
cells (A) FTIR absorbance spectra showing differential peak positions between
control, 0.5% OligoG, and 0.5% OligoM treated celtdlowing hydrodynamic shear.
(B) Hierarchical cluster analysis (HCA) grouping of the 18 spectra

XViii



Figure 3.20. ATP cell viability for P. aeruginosaPAO1 biofilms grown for 19 h
treated with OligoG C#5/20 or OligoM in the presence of azithromycin (6B
pg/mL).

Chapter 4

Figure 4.1 (A) Structure of colistin A and B. Fatty acidngethyloctanoic acid for colistin A

and 6methylheptanoic acid for colistin BB Structure of polymyxin B

Figure 4.2.Structure of colistimethate sodium (CMS). Fatty acitn&thyloctanoic acid for

colistin A and émethylheptanoic acid for colistin.B

FigureLPS 3modi fication thr oughcotnhpeo nRma P/
system.

Figur®&cHemati c of the evolutionary bead ¢t
Figure 4.5. Growth curves oE. coliJ53, E30, WJ1, J53(pE30) and J53(pWJ1) + 1

pg/mL colistin (COL) for 96 h

Figure 4.6. Biofilm samples: Copies per cell oimcr-1 andmcr-3 genes irE. coli
J53(pE30)ncr-1.1and J53(pWJ1ncr-3.1 biofilms taken from the evolutionary bead

biofilm model

Figure 4.7. Supernatant samples: Copies per cell oimcr-1 andmcr-3 gene inE.

coli J53(pE30)mcr-1.1 and J53(pWJ1)ncr-3.1 taken from the evolutionary bead

model

Figure 48 (ACLSMsZack i magingEof ¢685% 8 epaEngdd 48
J53(pWJ1) biofil ms sttagetmgpad | wistalt chal ¢ a@felsy
9 tafgetingnucl ei ¢ aci ds)targetngp r ¥ REOWMSIATuimage (

analysis showingR) biofilm bio-volume (un¥/um?), (C) roughness coefficient, and

(D) mean thickness (um)

Figure49.Bi of i | m di ssrhowp@ln§Ms @acslyi magi ng of C
5/ 20e&t ed 6B J53(pE3O0O), odamdaodb e dMIA) wt
(targeting polysaccharides)t ai ni ng.

Figure 4.10. COMSTAT image analysis dt. coli J53, J53(E30) and J53(pWJ1)

treated with OligoG (0.5, 2, or 6%nhdstained withc al cof | uor whi t e.
Figure 411 Bi of i | m di sssrhupuwCildgMs&Zsasc&ky | magi ng of
CF5/ 20 e &t edd 63, J53(pE30)hi oa,nmd wsH-TIA p WJ 1)

stai(niamggeti ng. nucl eic acids)

XiX



Figure 4.12. COMSTAT image analysis dt. coli J53, J53(E30) and J53(pWJ1)

treated with OligoG (0.5 or 2%ndstained withS Y T-©.

Figure 413 Bi of i | m di ssshupuCildgMs&Zsasc&ky | magi ng of
CF5/ 20e&tedbBj JS53(pE30p] oh4wiIBNBRBROpWIDbY
(targeting proteinsy t ai. ni ng

Figurie COMITAT i mageE.an@dbBisi 353FE30) and
treated with @hdtgaiGn &@ PRIiOtolm u 2 90)

Figure 4.15. Overviewofbi of i | m di sr & mtddioeSnigaZsascaky | ma gi n
of Ol i §o6B0OEELt eI BB J53(pE30)b,i od,ivd Mm&53 ( p
cal cof | uo r(targeting polgsackhariRles) S YOTt&@geting nucleic acids)

and SYP R®@&getingdroteingd t ai ni ng.

Figure4.16.Bi of i | m di sr upt i onstaasckayi Bahgtvimi®n go fCL
bi of,iwl m$ c al c o(polysaccharides)h i S YBT(cleic acids)a n d
SYPRO ruby (proteins) staining.

Figure 4.17.COMSTAT image analysis dheE. coli J53disruption assayshowing

bio-volume (un¥/um?), roughness coefficient, and mean thickness (um)A)f (
Calcofluor white M2R (polysaccharidesi)(SYTO-9 (nucleic acids) and)) SYPRO

ruby (proteins).

Figure4.18.Bi of i | m di sr upt i onstaasckayi Bagtvmi®n go fCL
biofilms with LIVE/ DEAD staining.

Figure 4.19. Bi of i I m di sruption-saashkyi sfBhgwwiogg o€
J53(pE30) biofil ms wWIOMSTALimageEandlyEisAdbcoBt ai ni |
J53(pE30) disruption assay shows -B@mume (un¥/um?), surface roughness
coefficient and DEAD/LIVE cell ratio

Figure 4.20. Bi of i | m di ssrhuopwiinogn -CalsSeMk yZi Ba gicrod i of
J53(pWJI1) biofil ms WIOMBTAL IimagEdnaySid coit ai ni r
J53(pWJ1) disruption assay shows -b@ume (uni/um?), surface roughness
coefficient and DEAD/LIVE cell ratio

XX



List of Tables

Chapter 2

Table 2.1 Summary ofCandidastrains used in this study.

Table 22. Mi ni mum i nhi bitory ¢]pofmystaiin aloaetando n
with increasing concentrations of OligoG -GR20 after 48 h incubation.

Table 2.3.MIC values (ug/nh) of the antifungal nystatin at indicated OligoG-6R0
concentration in the absenecgdnd presence (+) of sorbitol (0.8 M) again§tahdida
strains.

Table 2.4. MIC values (pg/nh) of the antifungal nystatin at indicated OligoG-CF
5/20 concentration in the absencg &nd presence (+) of ergosterol (400 pigjm

against 4Candidastrains.

Chapter 4

Table 4.1. E. colistrains described in this study, their source, country of origin and
information related to themcr plasmids.

Table 4.2 E. coliJ53 transconjugant strains used in this study with information about
donors, recipients and plasmid carrymgr genes.

Table 4.3. Primers and probe sequences used to idemtifi3, mcrl andmcr-3 genes

in RT-qPCR.

Table 4.4. Minimum inhibitory concentration (MIC) and minimum biofilm
eradication concentration (MBEC) determinations of colistin againgithe € tod ai n s
used i n eg/mi)s study (

Supplementary

Supplementary Table 1.P v al ues o0 fhocampaisod esting of ATP
cellular viability assay

XXi

(M



Chapter 1

General Introduction



1.0Introduction

The exponential rise in antimicrobial resistance (AMR), combined with the
lack of both new antibiotic and asftingal treatments currently in development, poses
a serious global health issue, resulting in high patient mortality and huge cost
implications (Antimicrobial Resistance Collaboratord022) This situation is
compounded by the fact that bacteria in a biofilm state are known to be responsible for
the majority of hareo-treat chronic infections, which confers increased antimicrobial
tolerance, addim another layer of complexity to possible patient treatment options.
Furthermore, current antifungal treatments for invasive fungal infections are limited
by their toxicity, as are <current Al ast
pathogens, thergdimiting their use. Therefore, there is an urgent demand for less
toxic alternatives. This could be achieved through new drug formulations or through
the use of combined therapies which could potentially reduce drug toxicity, as well as

improving the #iciency of treatments currently in clinical u§Bandervik et al. 2014)

1.1 Bacterial cell wall

The bacterial cell wall can be broadly categorised orie of two groups,
Gramypositive and Grarmegative(Figure 1.1). The major cell wall component of
Grampositive bacteria is a thick layer of peptidoglycan; composed of alterrdting
acetylglucosamine (GIcNAc) and-acetylmuramic acid (MurNAc) subunitshich
are cros$ i n k e-d-4)lglycosiaicbonds(Vollmer et al., 2008) Peptidoglycans
essential for a strondut elastic scaffoldprotecing the cell fromstress such as
osmotic pressureand dictaing the shapeof the cell (Scheffers and Pinho 2005)
Attached to this peptidoglycan are accessory moleculsach as carbohydrates,

teichoic and lipoteichoic acidd.ipoteichoic acids a polymer that is linked to the cell
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membrane via a lipid anch@Percy andGrundling 2014) Similar to Grampositive
bacteria, Granmegative bacteria also have a peptidoglycan Jaghough it is
considerably thinngr-3-6 nm thick compared to 140 nm) andies between the inner

and outer lipid membrane in the periplasmic sp&aheffers and Pinho 2005; Egan

et al. 2017)The Gramnegative cell walhas sufficienphysical strength to withstand
turgor pressureand extremepH, and temperaturéBeveridge 1999) It has two
membranes; an inner membrane and an gugnbrangwhile Grampositives have

only one. Situated in the outer membrane of Graegative bacteria are outer
membrane proteins (OMBEsuch as porins, which form pores allowing the uptake of
nutrients and the release of wagkaldiero et al. 2012)These pores are also important

for the emergence of antibiotic resistance in pathogenic strhipspolysaccharides
(LPS) are present on the surface of the outer membrane, as well as being released into
the environment.LPSis made up of three regions: the core pabcharide, an -O
antigen and lipid ALPS causes an overall negative electrostatic charge on the surface
of Gramnegativebacteria, playing a role in adhesion andhe initiation of biofilm
formation(Beveridge 1999)Lipid A varies amongst bacterial species and its structure

stronglydefines the degree of immune activation.

1.2 The antibiotic development pipeline

Although there is an urgent need for new antimicrobials, the number of new
drugs currently in development is actually very low. The WHO has stated (as of
September 2021), thdtere are 217 antimicrobial products in preclinigddase dl11)
stage of developmen{mostly in Western countries with high GDP) and that only 49
of these target t he(WMMHI21/2022a) Bince 20Y7,theat ho g

Food and Drug Administration (FDA) has approved eight new antibiotics, and only a



few new classes of antimicrobials (includiogazolidinone and cyclic lipopeptigg
have been introduced into clinical practice targeting Gpasitive pathogen&oates

et al. 2011; Hutchings et al. 2019; Terreni et al. 2021; Chahine et al. 2022)

Despite the prediction that deaths caused by MDR will surpass eatated
deaths by 2050, many pharmaceutical companies are not focused on antibiotic
development. This is due to financial, economic, and regulatory issues compared to
other more lucratie treatmentsuch as anticancer drugSMR-review.org2015) To
get a new drug to market, the cost to pharmaceutical companies is estimated to be up
to $2.5 billion, taking around 105 years to get through clinical trials and into clinic
use (Plackett D20; Wouters et al. 2020; Brown et al. 2022onsequently, the
financial return in investment for companies developing new antibiotics is poor,
especially in comparison to other treatments. Ideally, any new antimicrobials effective
against MDR pathogens shoul dinglthatthsirausee d a s
should be heavily restricted to ensure that they remain effective, as high prescribing
rates contribute to resistance. However, this is not commercially viable, as limiting

antibiotic prescibing, ultimately limits the likely financial profifLuepke et al. 2017)

The increasing length of time taken for new drugs to get to clinical trial, the
lack of outside investment and high failure risks are all barriers to new product
development. This makes iitcreasinglydifficult for pharmaceutical companies to
recouptheir costs so that antibioticesearch is no longer viewed asprofitable
investment(Nelson 2003) Interestingly however, there are potential alternatives to
antibiotics for treating resistancesuch as bacteriophage therapies and

immunomodulatior{Cook am Wright 2022; WHO 2022a)



1.3 Antimicrobials

1.3.1 Discovery

The discovery of penicillin (the firsh-lactam antibiotic) in 1928 and its

i ntroduction to c¢clinical use i n the 1940

1943 (the first aminoglycoside)yesulted in the greatest decline in mortality by
infectious disease ever witness@deming 1929; Aminov 2017) This started the
Afgol den ageo of antibiotic di scovery,
antimicrobials being discovered within a couple of decadesvever since this initial
momentum of antimiabial discovery and development, there has been a steady
decline in discovery rates and a worrying lack of new antimicrobials in the

devel opment pipeline, r(ealiese0OB®d t o as a

1.3.2 Antibiotic classification and targets

Antibiotics can be described dsaving either narrow or broadpectrum
activity and being either bactericidal (if they kill bacteria) or bacteriostatic (if they
slow down/inhibit their growthFigure 1.2) (Grada and Bunick 2021)Antibiotics
which have a narrow spectrum of activity are specific to certain types of bacteria which
they can kill or inhibit. For example, vancomycin is effective against only Gram
positive bacteria including methicillin resistaédtaphylococcus aureyRSA) and
Clostridium difficile in comparison broadpectrum antibiotigsuch as amoxicillin (a
penicillin derivative) which target a wider range of both Gyawsitive and Gram

negative bacteriéKaur et al. 2011; Alvarez et al. 2016)

Although broaespectrum antibiotics can treat a wider range of pathogens

compared to narrow spectrum antibiotics, which can be beneficial when treating



unknown infections, their widespread use is more likely to select for antibiotic
resistance and allow the spread of multidrug resistant pathgéns g man and P ¢
Srovin 2018; Melander et al. 2018Furthermore, the indiscriminate use of broad
spectrum antibiotics can lead to disruption of the host microbiome, leading to
increased susceptibility to colonisation by pathogens suChdifficile, causing issues

with nutrient absorptiondiarrhoea,and colitis, thereby leading to higher levels of

morbidity and mortality(Sears et al. 2013)

1.3.2.1 Antibiotics targeting cell wall synthesis

Due to the unique composition of the bacterial cell wall, many antimicrobials
are specifically able to target it, disrupting its synthesis. The mechanism of action of
t h dactédm family of antibiotics (including penicillins, carbapenemenobactams
andcephalosporingarges cell wall synthesisultimately leading to cell death, which
occurs via inhibition of the final step of peptidoglycan synth€gimke et al. 2019;
Lima et al. 202Q) Normal peptidoglycan synthesis involves around thirty enzymes,
where typically, penicillifbinding proteins (PBPs) bind to the-dlanytD-alanine
segment of the GIcNAc peptide chain, allowing crlisking by glycine residues
between the glycan chains, which are then incorporated into the growing
peptidoglycan structerforming the cell wal{Sauvage et al. 2008; Bush and Bradford
2016) The antibiotid-lactam ring mimics the falanyl D-alanine segment, so is able
to bind PBPs, interrupting terminal transpeptidation and, effectively terminating the
final steps in the@eptidoglycan synthesis pathw@§apoor et al. 2017)Glycopeptides
(such as vancomycin) similarly also inhibit cell wall synthesis. However, the target

molecule is different tb-lactamsas it binds directly to the falanyl D-alanine
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in the peptidoglycan precursor, forming hydrogen bonds and sequestering it, thereby
shieldingthe peptide fronranspeptidase activifyovetic et al. 2010; Zeng et al. 2016;

Acharya et al. 2022)

Daptomycin is a thirteen amino acid cyclic polypeptide belonging to the
lipopeptide class of antibiotics that also targets the bacterial cell mem{Basie
2012) Both C&" ions and thghospholipidphosphatidylglycerol are essential for
daptomycin activity, with daptomycin complexing with?Cto form micelles. When
these small micelles come into close proximity with the bacterial membrane,
(comprised at least in part of phosphatidylglycensl)structure is altered, allowing
daptomycin to become inged into it(Miller et al. 2016; Kreutzberger et al. 2017)
This insertion into the membrane leads to potassium efflux and rapid membrane

depolarizationresulting in cell deat(iSteenbergen et al. 2005)

Polymyxins such as polymyxin E (colistinalso target the bacterial (Gram
negative) cell membrane. In this case, the cationic peptide region of colistin binds to
the LPS while the hydrophobic fatty acid tail interacts with the lipid A component of
bacterial LPS, displacing divalent cations, leading to outer membrane persatiabili

and subsequent cell deg#indrade et al. 2020)

1.3.2.2 Inhibitors of nucleic acid synthesis

Folate, (the natural form ofitamin B9) is important for many cellular
processes in bacterial cells, including DNA synthesis and methylation, as well as DNA
repair( S o b ¢ zMal@sr& aad Harrington 2018)Sulfonamides are analogues of
p-aminobenzoic acid (PABA)which can competitively inhibitdihydropteroate

synthetasean enzyme essential for dihydropteroic acid production (and similarly



dihydrofolic acid and tetrahydrofolic acid synthesis), Hence, sulfonamides directly
inhibit DNA replication, stopping both cell growth and divisig@vung and

Bhattacharyya 2021)

1.3.2.3 Inhibitors of protein synthesis

Protein synthesis in eukaryotes occurs on ribosomes with 40S and 60S
subunits, while in prokaryotes this occurs on 30S and 50S ribosome subunits.
Tetracyclines ardroadspectrum protein synthesis inhibitors. Thayget the 30S
subunit, preventing binding of aminoacyl tRNA to the acceptor site on the ribosome,
resulting infailure of proteinchain elongation and synthegBShutter and Akhondi
2022) Aminoglycosides similarly bind to the 30S subunit (specifically the A site on
the 16S ribosomal RNA), pnaoting incorrect protein translation and assembly,
resulting in production of faulty proteins which are then released to cause cell damage

(Krause et al. 2016)

The 50S ribosome subunit is also the target of several antibiotic classes
including, ocazolidinoneschloramphenicol and macrolides. Oxazolidinones bind to
the 23S portion of the 50S subunit, preventing protein synthesis at a very early stage,
whilst also preventing formation of the 70S initiation comp{Erti et al. 2021)
Chloramphenicol prevents chain elongation through inhibition of peptide bond
formation (Dinos et al. 2016) Macrolides also bind to the 23S portion of the 50S
subunit, although thegrevent protein synthesis through inhibition of transpeptidation
or the translocation step, leading to premature detachment of incomplete peptide

chains(Uddin et al. 2021)

10



1.4 Multidrug r esistarn pathogens

Antimicrobials are used in many aspects of life, watiimal husbandry
veterinary medicine, and the medical industry each using tonnes of antibiotics each
year(Ventola 2015) The overuse of antibiotics has bedmugecontributing factoto
the observedise in levels of bacterial resistanogith the emergence dVIDR
pathogens such Saphylococcusaureus and Pseudomonaseruginosa becoming

increasinglymore prevalent.

Bacteria can be classed as multidrug resistant (MDR), extensively resistant (XDR)
or pandrug resistant (PDR; i.e. showing resistance to all antibiotic classes). This
creates huge limitations as to which antimicrobial agent can be used for treatment of
specific MDR bacterigMagiorakos et al. 2012)Rapidly emergent MDR pathogens
pose a global thre&d public healthyith a recenggjovernmenteview predicting that
by the year 2050, 10 million people annually will die from antimicrobial resistance
(AMR), at an estimated cost to the economy of $100 tril{@iNeill 2014) There is
thereforea pressing need to develop new antibiotics to keep ahead of the development

of AMR.

The so call ed 0 ESdosoedidfaepuad anreug, Klabsielld
pneumoniae, Acinetobacter baumanniigBruginosaandEnterobactesspp.) display
high levels of MDR, limiting treatment options for patients with ESKAPE pathogen
infections. They are responsible for substantial number$ospitatacquired
infections (HAIs) contributing significantly to patient mortality and morbidity
Hence they have O6prioritydéd status, to whi

urgently targeted. New products in the antibacterial drug pipeline are currently

11



directed againsthe top three pathogensamely, P. aeruginosa S. aureus and

MycobacteriumuberculosigWHO 2021)

1.4.1 Intrinsic antibiotic resistance

Antimicrobial resistance can occur intrinsicalgs part of thenormal
characteristics tt bacteriamay already posseg§igure 1.3). This can be mediated
by the bacterial outer membrar(stopping hydrophobic compounds from entering),
active efflux(transporing the drug out of the Gramegative cell outemembrang or
additional gendgenetic locialready within the host cell whicbontribute to this
phenotypaendering them immune to the mechanism of action of a (Ragenblatt
Farrell 2009; Cox and Wright 2013Pseudomonaspp. are a clinical issue due to
intrinsic resistance that confers protection from antibiotics. Their outer membrane has
low permeability which slows down the age of antibiotics, while they also possess
enzymessuch a-lactamasesvhich inactivate antibiotics and express efflux pumps
which can actively remove antibioti¢alvarezOrtega et al. 2011)This intrinsic
resistance is independent of antibiotic selective pressure and thedefesenot arise

as a consequence of antibiotic overuse.

1.4.2 Acquired antibiotic resistance

Antibiotic resistance caralso be acquired through random mutations in
existing genes leading to the creation of new characteristics (genotypes/phenotypes).
The frequency of spontaneous mutations occurring within the chromosome(islrare
in 1P - 10°) (Silver 2011) This can be caused by several mechanisonsh as point
mutations altering the antibiotic target bacterial inactivation of the antibiotic

through modificationsuch as hydrolysi@Blair et al. 2015)
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Figure 1.3. Mechanisms of antibiotic resistance in bacteria.
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Resistance can also bequiredthrough the transfer of genetic materi&lor
example, mbile genetic elementsuch astransposons or plasmidsan transfer
resistancgenes viadnhorizontal gene exchange to neighbouring bacteria or intleed
whole biofilm populatiorfvan Hoek et al. 2011Plasmidmediated colistin resistance
through mobilised colistin resistanagadr) genes has been noted in recent yeuith
their ability to be disseminated worldwide through horizontal transfer posing a severe

global threat to last resort antibioti¢dussein et al. 2021)

The main mechanisms of horizontal gene transfer are conjugation,
transformation, and transduction. Conjugation requirestaekll contact (for
example through adhesins or a pilubat allows the transfer of plasmid DNA from a
donor to a recipient cell through a formed p¢@af et al. 2019) The transfer
machinery for this to occur is encoded by the conjugative plasmid itself.
Transformatioris the processvhereby a competent cell (a cell that has the ability to
uptake foreign DNA) takes up nak&NA from the surrounding environment and
integrates it into their own chromosome or into its,cell the case of plasmid
recircularization in the new hoston Wintersdorff et al. 2016%reptococcuspp.can
produce a competence stimulating peptide (CSP) encoded bgrntit®E operonand
is released in response to environmental stress and cell density, and aids in inducing
bacteria competent by binding to recept@aig et al. 2021)Streptococcuspp. use
the CSP as a virulence factor, allowing the fation ofMDR persisters and affecting
the formation of biofilms with mutants producing biofilms with a reduced biomass and
less structural architecture compared to wild tyfle=sing et al. 2015; Matsumaoto

Nakano 2018)
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Phagemediated transduction is the transfer of DNA by bacteriophage.
Generalised transduction occurs when DNA has been up taken from a previously
infected host and packaged in the phage capsid before delivering it to a recipient cell
through lysis, with bmologous recombination facilitating the transfer of resistance
and virulence genes into the new host gen(@aavecchio et al. 2017)Specialised
transductions morelimited andis only able to transfer specific sets of gef@&siang

et al. 2019)

1.5Biofilms

A biofilm is a natural state that bacteria can exist in which is didtioicttheir
free-living planktonic lifestyle. It can be described as communities of microbes
attached to a surface and encapsulated in gosmdiuced extracellular polymeric
substance (EPS) matrifMann and Wozniak 2012) Biofilms are found in the
environment on both natur@ivers and streamsnd nosocomial surfaces such as on
domestic appliances, on the teeth as dental plaque, on indwelling medical devices and
on live tissugGdtlen et al. 2010Q) P. aeruginosahas previously been described as
the model organism for biofilm formatioffrigure 1.4) (Mann and Wozniak 2012)
The transition of a planktonic cell to a biofilm state involves the expression of
adhesinsallowing for attachment to a surface and the production of (ER&i et al.
2014) During the formation of a biofilm, bacteria can change their phenotypic and
genotypic characteristics in response to environmental conditi@ssilting in
development ofh mature biofilmwhich can be genetically distinct from its isogenic
planktonic cells Biofilms are often made of heterogeneous species, rarely being
formed fromone species of bacteli@osterton et al. 1995Biofilms often form in the

periodontal pocket leading to inflammation and damage to the surrounding tissue,

15



more than 700 different species of bacteria have been found in the oral(Zgugg
et al. 2010) In polymicrobial chronic wounds it has been found Saaureusnainly
colonises the upper region closer to the surface Wwhikeruginosaolonises deeper

regions(Fazli et al. 2009)

1.5.1Stages obiofilm development

1.5.1.1Conditioning film

The formation of a conditioning film is considered the first step in biofilm
formation. The conditioning film is comprised of organic and inorganic particlés
surface conditions including charge, roughness and hydrophobicity are ,aliezed
the adsorption of molecules onto the substrate which favours bacterial attachment and
allows thestart of biofilm formation(Lorite et al. 2011) This surface conditioning
can occur in the bloodstream when a catheter is insentaad the saliva on dentures
with the particles providing nutrients for the microbial cédsinne 2002; Garrett et

al. 2008) In oral plaque, this is referred to as the acquired pe{tdesh et al. 2016)

1.5.1.2 Attachment and adhesion

When panktonic bacteria are brought into close contact with the target (<1
nm), theyinteract with the conditioning filmThis initial attachment is determined by
weak, norspecific interactions including van der Waals forces and hydrogen bonds.
This attachment ibbose and iseversible by gentle rinsingjthough the presence of
bacterial flagella can greatly improve the chances of successful attachment and
adhesionastheyallow bacteria to come into close proximity, overcoming repulsive

forces of bth the bacterium and the target surféd@enlan 2001; Dunne 2002)
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Figure 1.4. Diagrammatic representation of the varioteyses of biofilm formation a surface.
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Adhesion is an irreversiblattachment step and is mediated through specific
mechanismssuch as pili, flagella, bacterial surface proteins and ligands, which allow
the bacteria to firmly anchor to the surface. It has also been suggested that the
signalling second messenger molecaielic diguanylatécyclic d-GMP), has a role
in bacteria 6stickingd to surfaces and tr
2017). In a biofilm state, higher levels of cyclic@MP are observed which leads to
suppression of flagellar synthesis and increases matrix prody&i@mling et al.

2013).

1.5.1.3Maturation and microcolony formation

Once firmly bound, bacteria replicate, spreading upwards and outwards
forming intricate 3-di mensi onal (3D) A muy stdrmed o m [
microcolonieswi t h a variety of different shapes:s
Acorn cobso with nwhichallow nugients o tneve deeplwghimn e | s |,
a biofilm (Garrett et al. 2008; Zijnge et al. 2013 n increase in the synthesis of EPS,
including extracellular DNA (eDNA), proteingolysaccharidesand glycolipids
(which make up the biofilm matrixyialso seen, which acts as a scaffold for biofilm
formation, keeping cells in close proximity to each other and allowingcekll
interactions(Flemming et al. 2007; Flemming and Wingender 201BXxtracellular
polysaccharides make up a majoritybaicterialEPS, which are specispecific. For
example, P. aeruginosaproduces alginate, an exopolysaccharide which is over
overproduced when thmucAgene is mutated leading to a mucoid phenotysdand
Pslare both required for biofilm formation in nonuid P. aeruginosaencoding a
mannoseanda glucoseich exopolysaccharigeespectively(Ramsey and Wozniak

2005; Price et al. 2020)
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Depending on species compositidtine microcolony can be composed of-75
90% EPS matrix and 1P5% bacterial cells, with the matrix material being densest
closest to the corgCosterton 1999) This EPS coating provides protection of cells in
a biofilm state from disinfeantsand antimicrobial¢Zhao et al. 2016) During this
stage of maturation, other secondary species of bacteria and other planktonic bacteria
can ceaggregate to the biofilrthrough interactions between specific adhesions and

receptorgKerr et al. 2003)

1.5.1.4Dispersal andreversal toplanktonic state

Cells can detach from a biofilm by means of sloughing, seeding or erosion
which are all thought to be passive processes thataoayr due teexternal shear
forces(Faria et al. 2020) Sloughing is the rapid detachment of larger parts of the
biofilm in the later stages of biofilm development, whilst seeding refers to the
hollowing of microcolonies where cells can escape from the interior, with erosion
being the continuous detachmeifitcells from the biofiim(Kaplan 2010) Cells can
also escape throughgteption early in the formation process, reversing the attachment
of the bacteria to a surfa¢Betrova and Sauer 2016\ sub-population of cells can
be dspersedrom the growing biofilm due to quorum sensing signalling molecules, as
well as environmental cugsuch as temperature and nutrient availab{lidyilhen et
al. 2017) Interestingly, hese dispersed cells can possess distinct phenotypes before
reverting back to their planktonic state, with genes which are important for motility
being upregulad while those characteristic of a sessile biofilm lifestyle become
downregulated(McDougald et al. 2012) This allows the cells to become

disseminatedresulting in their spread to secondary sites, therfabiylitating the
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establishment afiewbiofilms in other locations.This has implications in the spread

of infection.

1.5.2Antibiotic toleranceand resistance obiofilms

Bacteria present in a biofilm can be up to 1:06ld more resistant to individual
drug treatment and combination therafiyan when growing in a planktonic state
(Mulcahy et al. 2008) There are several hypotheses for the resistance mechanisms in
biofilms. The first is that the bacterial cells embeddedniicBS actas a physical
barrier slowing down or leading to incomplete penetration or even sequestration of the
antibiotic deep within the biofilnffiMah 2012) The second is that microenvironments
may arise within the biofilm associated with differences in pH or oxygen depletion
which may alter the activity of the antibiot{Stewart 2002) Lastly, nutrient and
oxygen | imitation may cause the <cells
described as a hibernation state with decreased metabolic attantpet 2002) As
most antibiotics act on actively growing cells, they are ineffective againstcsllsh
which are not metabolically activealled persister celldHgiby et al. 2010a) Multi-
species biofilms also allow survival through interspecies interactions increasing the
collective tolerance of the biofilm to treatmelfdr exampleP. aeruginosaan inhibit
the growth ofS. aureus therefore increasing its tolerance against the action of
vancomycin, whileS. aureugpromotes aggregation and alters thefibn structure

providing protection against tobramydidhang and Cheng 2022)

Biofilms can form on indwelling medical devicesuch as implants and
catheters, on teeth as dental plaque, as well as in the luraystiaffibrosis (GF)
sufferers, resulting in persistent chronic infections. These chronic infections persist

despite the host immune response and antimicrobial treatments, contributing to both
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AMR and chronic inflammatio{Chen and Wen 2011) For indwelling medical
devices this ultimately may require removal and replacemelawever, this is not
always possible for all cases of persistent infectiBrofilm resistance increases the
economic burden on healthcare systems, with AMR infections estimated to prolong
hospital stays from 6 12.7 days and could lead to a decrease of up to 3.5% in world

GDP by 2050O'Neill 2014; Ventola 2015)

1.5.3 Quorum sensing (QS) systems

Quorum sensing is a calensity detection system present in bacteria and fungi
that allows for coordinated activity and gene expression of a multicellular group
through cellcell communication and detection of signalling molecMsdler and
Bassler 2001) Bacteria release chemical signalling molecules called autoinducers
( Al s) , whi ch accumul at e as cel | densit
concentration, which causes a change in gene expression and allows bacteria to act in
unison(Ng and Bassler 2009)Granipositive bacteria use small (<10 amino acids in
length) extracellular peptides as Ashile N-acyl homoserine lactones (AHLS) are
the main group of autoinducers released from Gnagative bacterigWaters and
Bassler 2005) The first quorum sesing molecule discovered in eukaryotes was
farnesol. InC. albicansfarnesol stops the switch of yeast into their flamentous form.
The aromatic alcohol, tyrosol, is another quorum sensing molecule (Q@nNth
affects morphogenesis and aids biofilm formation as it promotes germ tube and hyphae
production(Padder et al. 2018Dther QSM have been identified in fupigicluding
tryptophol and phenylethanahat similarly affect morphology, induce apoptosis, and
when in combination with antifungal agent®® to increase the efficacy of the drug

(Wongsuk et al. 2016)
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1.5.4 Experimental biofilm models

The effectiveness of new therapies is often performed using laboratory
experiments with planktonic bacteria. While the results can reflect what may happen
during an acute infection, in many chronic diseaseg.,(CF), where most of the
bacteria are in a sessile biofilm form, a biofilm model may be more representative of
antimicrobial therapiess well as the development and diversity of chronic infections
(Steenackers et al. 201@)ong-term evolutionary models reproduce many of the
characteristics seem iCF patients, with cells being exposed to antibiotic treatment
while allowing the formation, maturation and dispersal of biof{Rwtak and Cooper

2011)

1.6 Fungal infections

The scale of severity in fungal disease can range from common superficial
infectons such as ringwor m andTrieghotphytoesppe ®d f oot
systemic infectionssuch as candidemia or pneumonia. Around 25% (~1.7 billion) of
the world population has been affected by a fungal infection of the skin, hair,.or nail
However these areelativelyeasy to treat and rarely lead to mortalii@Bengomin et
al. 2017) Dermatophytes are the main cause of superficial fungal infections,
colonising keranous tissue which they encounter, with the infection risk increasing if

there are breaks in the sKidavlickova et al. 2008)

Serious invasive fungal infections (IFIs) can occur in those with
predispositionssuch as canceimmunosuppressiorHIV/AIDS, and neutropenia
(Aly and Berger 1996; Viscoli et al. 1999; Eggimann et al. 2008)recent years,

there has been an increase in JF8ch as aspergillosis and candidiasi/hile
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incidence rates are much lower compared to those of superficial infections, the
mortality rate is much higher, despite the availability of antifungal treatments. The
reasons suggested for this increase in IFIs include the udmoafispectrum
antibiotics, immunosuppressajasid the increased use of implanted medical devices
(Enoch et al. 2006)Fungal species have also become frequent biofilm colonisers of
voice prosthesjsreducing the lifespan of the device to arounfl Bionths before

replacement is requird@omogyiGanss et al. 2017)

1.7 Cysticfibrosis

1.7.1 Background

CF is a rare inheritechutosomal recessivgeneticdisordercharacterised by
mutations irthecystic fibrosis transmembragenductanceegulator (CFTRyene on
chromosome 7, which encodes a chloride abrannelpresenton the surface of
secretory epithelial celig-igure 1.5. The airway surface liquid (ASL) is a thin fluid
layer that spans over two layers; the top mucus layer that trap inhaled particles that can
then be removed and the periciliary layer below that surroundglciia et al. 2016)

The ASL has antimicrobial properties and aids wittary functionandmucociliary
clearance However,in CF patientsthe ASL is dehydrated and significantly more

acidic(Lewis et al. 2019)

CF affecs around 1 in 4000 newborns in the USA dnd 3000in Europe
while around 24% of the populatioarecarriers of the mutated CFTR gdi@orriveau
et al. 2018; Martin and Burgel 2020; Scotet et al. 2020b; NHS 2021Byequres
mutations in both copies of the CFTR géne., a copy from each parent). The CFTR
protein facilitates the transport of chloride and bicarbonate ions, and (with the

epithelial sodium channel) maintains thednceof salts and water in cells
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(Tang et al. 2009; Bell et al. 2020The CFTR proteirwas firstdiscovered in 1989
andis part of the ATFbinding cassette (ABC) transporter famitiiat usesenergy

from ATP binding and hydrolysis to move ions across the membfiéeeem et al.
1989; Liu et al. 2017a) There are oveR000 mutations known to result in a CF
phenotypewhich result in differing extremes of disease/symptonitie mutations

can be split into six classes depending on their phenotype including: Class |, defective
protein synthsis resulting in reduced or completely absent CFTR; Class Il, defective
maturation; Class Ill, defective channel regulation; Class IV, defective conductance;
Class V, reduced quantity of CFTR and Class VI, reduced CFTR stdbfitet al.
2016) The most common f(awlass 1l imatation icausedelly 20 8
phenylalanine deletion at position 508&een in around 90% of CF cases in Europe
and North Americawhichcaugsimpaired folding of CFTR andompromiseglasma
membrane expressigiMall and Hartl 2014) Life expectancyfor CF patientshas
increased dramaticallgver the last 70 yearsvith the average life expectance now
being 34 and 38 in the US and the UK respectivebynpared to the 1950 where
children were not expectedd live past 5 years of ag€ystic Fibrosis Foundation

2022; McBennett et al. 2022; UK Cystic Fibrosis Registry 2022)

1.7.2 Diagnosis and treatment

Screening ohewbornbabiesfor CFis widely implementedvorldwide, with
the heel prick test occurring 5 days after birth in the KIS 2021b) If this test
shows a patient may have cystic fibrosis, the sweat test (chloride concentrations above
60 mmol/L) and genetic testing can be used to look for symptostions and to
confirm diagnosigDe Boeck et al. 2017)These tests haved to the majority of CF

cases now being diagnosed before the patient tmagear of ageand can also be
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used to test older children or adults who did not have the heel prick tesea®arn

(Cystic Fibrosis Foundation 2022)

Mutations in the CFTR protein can cause a diverse array of symptoms (ranging
from malnutrition to infertility) in a wide number of organs, causageredamage to
the lungs, the digestive system and ottvgransin the body(Figure 1.6, Castellani
and Assael 2017; Naehrig et al. 2017Yhe mutated CFTR protein affects the
consistency of mucus within the CF lunvgth epithelial cells unable to regulate Cl
secretiongMall and Galietta 2015Without this flow of chloride and other anions,
the movement of water is reducéelading to accumulation of lrardto-clear,thick
mucus causingairway obstruction andhronicbacterial infectionn the lungs, which
is responsible for morbidity and mortality in up to 95% of CF patiéstsltz et al.
2015) Normal mucus is mostly comprised of water (-®8%0) with 25% mucin and
other materials making up the rest of its gasition, however,in CF patients the
mucin to water ratio is much higher, with mucin levels bekid3old higher(Bansil
and Turner 2018; Morrison et al. 2019; Okuda et al. 2@®plent cationssuch as
C&* and Md*, can be found irsignificantly higher concentrations in the sputum of
CF patient§102 and 30 mg/L respectively) compared to 45 and 4 mg/L respectively
in healthy patients. This discreparnisythoughtto arise asa result of tissue damage
within the lungcausing the release of meias from immune cellé§Smith et al. 2014)
Magnesium has been shown to be protective against the disruption of established
biofilms, while the presence of calcium is thought to enhance cellular adhesion leading

to bacterial biofilms being &ast 16fold thicker(Wang et al. 2019a)

Early diagnosis allows disease symptoms to be monitored and prophylactic

measures or treatments to begin so¢8eotet et al. 2020a)Thereis currently no
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Figure 1.6. Symptoms of cystic fibrosis and affected organs.
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cure forCF, althoughthere are treatments available to managaptons, preventing
complications arising and helping to improve quality of [&/mptoms of CF patients
with chronicP. aeruginos@an be maintained with inhaled antibiotjsachas colistin,
tobramycin and aztreonapgimingto prevent acute pulmonary exacerbationkile
mucus thinners can help clear excess mucus buil(dagretti et al. 2021)Patients
may also require daily physiotherapy to prevent the khypldf lung mucus.Other
treatments include modulatattsat target the causative dysfunctional CFTR protein;
correcting CFTR processing and facilitating ion delivery to the cell surface or
potentiating ion flow through the CFTR prote{pe Boeck and Amaral 2016)
Orkambf (lumacaftor/ivacaftor) SymkevP (tezacaftor/ivacaftor and Kalydec
(ivacaftor),all targetingsdF508mutationarecurrently available on the NHS. Kaftfip

a triple therapy composed of two CFTR modulators, elexacaftor and tezaegitos
&F508 by increasing availability of the
(a chloride channel openet)as shown promisingn vivo efficacy (Aspinall et al.

2022)

The microbiome in CF patients is dynamic and can affect the progress of
diseaseKigure 1.7). Lung infection inpatients can occdrom infancy, with species
such asS. aureus (and clinically important methicillin resistar§. aureuy and
Haemophilus influenzaeolonising epithelial surfacg$o0ss and Muhlebach 2011)

As the child grows older, a shift is seen in the colonising spetitsP. aeruginosa
becoming dominant by the time the patient enters early adul{ioocios 2020) The
CF lung is polymicrobialwith fungi such a®\spergillusfumigatusand C. albicans
commonly foundas co-colonises with bacteria in up tdb7% and 70%of cases
respectivelyKing et al.2016; Haiko et al. 20197 his fungal colonisation is of clinical

relevance due tis link with adecline inpatientlung function and the development
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of pulmonary diseaséLiu et al. 2013) Specific microbemicrobe interactions
betweerP. aeruginosandC. albicanshave been noted, wit. aeruginosgroducing
guorum sensingubstanes which can modulate the growth 6f albicans(Delhaes
et al. 2012; Méar et al. 2013Farnesol produced bgandidacan also affecP.

aeruginosa inhibiting virulence factors and reducing swarmingFn aeruginosa

PAO(Li et al. 2020b)

In CF patientsincreased toleranagf P. aeruginosdo antibiotics occurslue
to bacteriabiofilm development in the CF lurend the high doses of antibiotics used
daily, with growthand infectiorfacilitated due tahethick CF muauspolymer matrix.
P. aeruginosan the CF lungcan mutate from a nomucoid bacterial morphology
(which predominates in earlier childhood infections) to a mucoid one (more common
in older patients) Mucoid P. aeruginosahave the ability toovemproduce mucoid
exopolysacchare which hasdistinct roles inthe evasion of host defences aird
protection from antibiotichreas (Hengzhuang et al. 2011; Goltermann dradker-
Nielsen 2017) Mucoid, alginate producing. aeruginosaare responsible forthe
chronic lung infections seen inhégh proportion of CHpatients andhave been linked
to a poorelong-term clinicalprognosisexemplified by declining lung function and
increased mortalitygHaiby et al. 2010b)Other phenotypes &f. aeruginosdhat have
been recogniseith the CF lungare small colony variants (SCVsyhicharecolonies
1-3 mm in diametethat can auto aggregate. SCVs have beded to the use of
inhaled antibiotics and contribute to poor lung functemgmentingnflammationand
displayingstrong attachment to surfacéiserebyenhancingbiofilm-forming ability

and persistence in CF patie(kalone 2015; Pestrak et al. 2018)
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1.8 Alginate oligomers

Alginates are a family of linear polysaccharides which can be harvested from
brown algaeor are produced byacteria such asPseudomonasnd Azotobacter
species as an exopolysaccharide, the main component of their bidfidms and Oda
2014) Alginates consist of-4 | i ALkyeud ull oni ¢ aDemachurgni&) and
acid (M) residues, with the monomers arranged imbonopolymericregions of
mannuronate residues (M blocks), guluronate residues (G blocks) or alternating
residues (MG blocks) Alginatecomposition vaesbetween aldaspeciesas well as
tissue type (leaves, steratc), growth conditions, plant age, all of which directly

affects their physal propertiegDonati and Paoletti 2009; Fertah 2017)

The genes involved in alginate synthesis are similar betReemdomonaand
Azotobacterwith twelve (out of 13) genes making up tilg operon with one gene
(algd) present elsewhere on the chromosoffeesvag et al. 2017) Alginates
produced byPseudomonaspp. are characterised by a lack of continuous G residues,
with alginates initially being synthesised as polymannuronic acid, before being
modified by acetylation and epimsation (Remminghorst and Rehm 2006)
Alginates are commonly used as gellisbilising, and thickening agents in the food
industry, often added to provide extra nutrients well asbeing usedin the

pharmaceutical industry as a wound dressiagerial(Rashedy et ak021)

1.90ligoG CF-5/20

OligoG CF5/20 (OligoG) is an alginate oligosaccharide prepared from the
stem of the brown seaweddyminaria hyperborega species known for having a high

guluronic acid content. Following purification and fractionatitow molecular
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weightoligomers are prepardchean Mn 3200 fgnol' 1), with >85% of the monomer
residues being G residuebBigure 1.8). Charcoal filters were used in the final
purification step, followed by spray drying to create a dry powder fd@iigoG is
solublein waterup to around 15%, with an increase in viscosigenat higher
concentrationgKhan et al. 2012) Tailored alginate oligosaccharides can be created
through epimerisation technologgllowing the engineering of alginates with known
M:G composition and degree of polymerization (DPif)e repeat &locks bind to

C&* ions forming structures which represent eggs in an eggHmxever, Mblocks
cannot form the characteristic gels that G blocks do when binding to divalent cations

sudh as C&' (Lee and Mooney 2012; Borgogna et al. 2013)

1.9.1 Initial toxicity studies in rodents

Preclinical studies in rats showed that the majority of OligoG (82.6%) was
eliminated by th@astrointestinal@l) tract in 24 h of being administered orally. This
study showed that both formulations were tolerated, although the dry powder
formulation demonstrated higher whole lung deposition (38.6% cf. 17aléfp with
lower deposition (11.3% cf. 19.9%) in the exn@lmonary region (i.e., the stomach
and oropharyngeal)compared to the nebulised solutigRritchard et al. 2016)
Furthermore, when lalel with tritium OligoG CF5/20 showed excretion in faeces
when administered orally and in the urine when administered intravendisgliiaying
no toxicity. Following inhalation studiesiang aerosolized OligoG over fourteen days
before rats were screened for pathological, biochemical, and clinical changes. To
compare the nebulized formulation with the dry powder formulation, rats were dosed

with OligoG in dry powder formulation daily for foureeks with
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histopathology, toxicokinetic, condition, food consumption, urinalysis and body

weight analysed.

1.9.2 Human clinical trials

OligoG CF5/20 hasto date completed multipleclinical trials in humans
(AlgiPharma 202Q) The firstin 2009 was arandomised, phase | tritd determine
the safety, tolerability and efficacy of OligoG as an inhadetulisedtherapyin 26
healthy individuals over three consecutive dafdinicaltrials.gov identifier:
NCT00970346) The study demonstrated that concentratigmso 10% were safe to
use and working concentrations210%were, therefore, used subsequerdgtudies
investigatinghein vitro properties of OligoGKhan et al. 2012; Tgndervik et al. 2014;

Pritchard et al. 2017a; Pritchard et al. 2017c¢)

A phase Ila human clinical triébllowed in 2013 tcevaluatedosingwith 6%
OligoG CF5/20in water(compared to a saline placglmyver 28 days in patients with
CFandchronicP. aeruginosanfections This studyfurther showed that Oligo@as
safe in humans amdas well toleratedfter multiple doses (clinicaltrials.gov identifier:
NCT01465529) Inhaled OligoG demonstrated no adverse effects or significant
changes in urinalysis, vital signbiochemistry,or haematology(Pritchard et al.

2017c)

A study used Gamma Scintigraphy to investigate lung deposition of
radiolabelled OligoG was performed in 2014 (clinicaltrials.gov identifier:
NCT01991028). The dose administered to patients was 186 mg OligoG over two
doses, compared to previous studies which used 540 mgfahywhach showed that

the treatment was well tolerated, with no reported adverse issues. For this study,
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OligoG was developed in a dry powder formulation, allowing administration using a

more practical inhaler instead of a nebuliser.

Two more recent phase IIb clinical trials in 2017 involved dry powder OligoG
as an inhalation therapy for CF patief@S patienty or CF patientsvith Burkholderia
spp. colonisation (15 patients) to check efficacy after multiple doses, measured by
forced expiratory volume in 1 second (FEV1) and efficacy at reducing microbial load
(clinicaltrials.gov identifier: NCT021579220r NCT02453789 respectivgly No
significant improvement in FEV1 was noted, although a decrease in microbial load of
Burkholderia cepaciavas noted after treatment, along with improved quality of life
scores(van Koningsbruggerietschel et al. 2020; Weiser et al. 2021; Fischer et al.

2022)

1.9.3In vitro studies

Previous researdnvestigatingthe in vitro properties of OligoGCF5/20 has
shownit to be effective at significantly inhibiting the growth ofultiple Gram
negativebacterialand fungalspecies (Khan et al. 2012)Furthermorejt has been
shown to inhibit theability of biofilm formation as well as promoting biofilm
disruptionas a stan@lone treatmenwith the mechanism of action thought to be due
to the chelaton of calcium ionsand the subsequeBPS modificationPowell et al.
2013; Pritchard et al. 2023%tudies have investigated the effects of OligoG5Z0
as a combination therapwith potentiation effects seen when combined with
treatments which are currently limited by either toxicity and growing antimicrobial
resistanceKhan et al (2012) showed Oligo@creased the efficacy of conventional

antibioticsby up to 512fold in minimum concentration assays.
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1.10 Aims

The main objectives of this project were to further investigate the use and
effectiveness of the alginate oligosaccharide, OligoG5@B, as an antibiofilm
treatment and to look at potentiation when used in combination with current therapies

which are linited by the development of multidrug resistance and toxicity.
Specific aimof the study were

1 Toinvestigate the effect of OligoG €720 on planktoniand biofimCandida
spp.in combination with nystatirand o further elucidateits antifungal mode
of action

1 To investigate the effect of OligoG €320 andtailored OligoM alginate
oligomerson mucoid and nommucoid P. aeruginosabiofilms, and compare
their effects (similarities and differences) on bacteriallenceand quorum
sensingsignalling.

f To characterisecolistin resistant (C8) Escherichia coli mcr strains by
assesingtheir stability and fitness in an evolutionary model ardminng the

effect of OligoG CF5/20 on biofilm disruption
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Chapter 2

Characterising the ability of

OligoG CF-5/20 to enhance the effect of
nystatin
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2.1 Introduction

2.1.1 Candidalstructure and morphology

Fungi such aLCandidge xi st as either fAyeast |
hyphal form, which is linked to its viruleng&taniszewska et al. 2012pseude
hyphae and hyphae are both filamentous form€arididathat grow in a polarised
manner. Hyphae form either from other hyphae or from a mother yeast cell. This
occurs when a germ tube protrudes from the yeast cell and elongates from the tip
forming hyphae with parallel sided walls along its whole ler{§iidbery 2011) In
contrast, pseudhyphae are the result of incomplete budding. These cells remain
elongated and attached to yeast cells or hyphae, and due to this, they have constrictions

at septal junctionThompson et al. 2011)

Fungal species which are restricted to either yeast or filamentous forms have
been shown to have attenuated virulence compared to strains which exhibit
dimorphism(Cheng et al. 2012)Several environmental cues can indGesdidato
switch between its dimorphic states. For exam@kndida albicansat low pH (pH
<6), temperatures 30°C, and high cell densities tends to favour the yeast form, while
hyphal growth is induced at pH >7, low cell densities and temperatu@¥’ G

(Sudbery et al. 2004; Mayer @&t 2013)

The cell wall ofC. albicansis composed of an outer and inner lay€gqre
2.1 . The inner skel et aglucah. arkisiga giyasmadea d e
of -(18) €1r6) libkages of glucose, which provides a strong scaffold and
represents the structural component of the walich can withstand pressure exerted

on the wall(Gow et al. 2017) The outer layer is made up of high levels of mannans,
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Figure 2.1.Structure of th&€€andida albicansell wall.
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linear G and branched Ninked mannose polymersaking up 40% and 20% of the

dry weight of the cell wall respective(zow et al. 2012) Cell wall proteins (CWPSs)
have roles in interacting with the environment, adherence and in disguising the cell
from recognition by phagocytes. However, many of the proteins in the cell wall are
not found in humans, making them desirable targets fduagals and triggers of the

host immune respong€haffin 2008; Hall and Gow 2013)

2.1.2Candidaspp.

Candidacolonise most mucosal surfacegch as the gastrointestinal (Gl) tract
of humans, as well as the skin, and is currently the most common cause of fungal and
yeast infections worldwidéBrown et al. 2012) While found as a commensal
organism, Candida can cause opportunistic infections in those who are
immunosuppressed or when the mucosal membrane has become compromised. The
use of antibiotics can promote the presenc€arididg leading to overgrowth of the
fungal microflora, while suppressing the growth of the commensal bacterial Tibis
can lead to infectionsuch as vulvovaginal candidiasis (VV.@hich is predicted to
affect 75% of women at least once during their life, with480%6 experiencing it at
least twice, with predisposing factors ranging from hormones and pregnancy to
contraceptiorfAchkar and Fries 2010)AlthoughCandidaspp. are present in the oral
cavity of up to 60% of the population, most people will experience no adverse effects.
However, host factorsuch as diet, age, dentwse,and use of inhaled corticesoids

can lead to oral candidiagiBankhurst 2009)
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2.1.3Candida albicans

I n t h eCardi@dealbidamsvas responsible for over two thirds@andida
infections, but has since declined to around 50%, with @hedidaspecies recently
becoming more prevale(i¥laschmeyer 2006; Cuené&sstrella et al. 2008) This may
partly be due to better identification of different speciesswell as the increased use
of immunosuppressive theraffyilva et al. 2009) As already state@andida albicans
is dimorphic, with the ability to switch between filamentous (pseudo)hyphae and
unicellular budding yeast forms. Generally, dimorphic fungi exist in the environment
in their filamentous form, and switch to their yeast form in diseased tissue, where they
can replicate and become disseminated in
switcho is responsible for thigegdaibange i
of virulence factors, allowing colonisation of new environmental niches and the ability
to evade the immune systéBudbery et al. 2004; Luo et al. 2018)early, therefore,
the hyphal form of growth provides a distinct fithess advantage, facilitiinge
damage and invasion, as well as access to the blood stBathery 2011)This
switch can be induced by changes in environmental condisoich as temperature,
pH, and nutrient availability (e.g., serum addition), as well as the cell dens@ty of
albicans which is regulated via quorum sensing signall{iMplero et al. 1998;

Sudbery et al. 2004)

2.1.4 NonCandida albicans CandidéNCAC)

In the last 20 years, there has been a clear epidemiological shiftGrom
albicans to nonCandida albicans CandiddNCAC) species such asCandida
tropicalis, Candida glabrata Candida kruseand Candida parapsilosisas the key

aetiological agents of human diseg@ldajjeh et al. 2004; Silva et al. 2012)his shift
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may be due to resistance to treatment being more common in NCAC .thtcans

giving these species an advantage when part of a heterogenous infection.

Compared to the otheCandida species,C. glabratais a haploid, non
dimorphic yeast, which lacks the ability to form pseingphae(Fidel et al. 1999)
Importantly, C. glabrata is intrinsically less susceptible to the azole class of
antifungals, giving it an evolutionary advantage over andilaadidaspp. Molecular
reasons for decreased azole resistance include increased ergosterol production; drug
sequestration; mutations leading to decreased affinity to the target enzyme, as well as
decreased drug amawulation due to an enhanced efflux pump system caused by gene
upregulation(Sanguinetti et al. 2005; Xiang et al. 2013yonsequentlL. glabrata
now has a mortality rate much higher (~49%) than those of other NCAC spp.

(Maschmeyer 2006; Deorukhkar et al. 2014a)

Candida auriswas first isolated in 2009 from the ear canal of a hospitalised
patient in Tokyo, JapafBatoh et al. 2009)Since then, it has become an increasingly
clinically relevant pathogen due to strains often being multidrug resistant, with some
resistant to all three main antifungal classes: azoles, echinocandins and polyenes
(Arendrup and Patterson 2017Combined with the previous misidentification@f
auris infections, and its ability to cause serious invasive fungal infections (IFIs)
associatd with high mortality, it poses an emerging threat to public health, and has
already caused severe invasive infections in nosocomial settings across five continents

(JefferySmith et al. 2018; Cdc 2019; Du et al. 2020)

Candida dubliniensisvas first identified as a novel species in 1995, being
isolated from a HIV patient with oral candidiasis attending Dublin Dental Hospital

(Sullivan et al. 1995) C. dubliniensiss very closely related to and shares similar
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characteristics t&. albicans such as the production of germ tubes, often leading to
its previous misidentification aS. albicansin samples dating back as far as 1957

(Sullivan et al. 1993; Coleman et al. 1997)

Although widely distributed around the glol§g, tropicalisis more prevalent
in countries with tropical climatdse., increased humidity and temperatiNegri et
al. 2012) It possesses many virulence factors which aids invasion into host tissues
such as formation of true hyphae (like albicansand C. dubliniensi¥ and the
production of enzymesuch as proteasédnn Chai et al. 2010; Deorukhkar et al.
2014b) These factors all contribute to the ability ©f tropicalisto form strong

biofilms and increase the pathogenesis of candidiasis.

C. parapsilosigunlike C. albicansandC. tropicalig is unable to produce true
hyphae, existing in either a yeast or psebgphal form(Trofa et al. 2008) Before
2005, C. parapsilosisvas divided into three stedroups (I to 1) but has since been
reclassified into three distinct species due to clear genetic differences at the sequence
level: C. parapsilosig(l), Candida orthopsilosigll) and Candica metapsilosiglll)
(Tavanti et al. 2005) The clinical importance o€. parapsilosisinfections has
increased in recent years due to their ability to form biofilms on indwelling medical
devices such as catheters, as well as spreading easily through nosocomial settings
leaving neonates and those in intensive care units (ICU) vulnerable to inf&itian

et al. 2012; Téth et al. 2019)

The importance tha&andidapose to public health and the need for antifungal
treatments has been highlighted by the recent World Health Organisation (WHO) list
of fungal priority pathogens which were categorised into three groups; critical, high

and medium(WHO 2022b) C. aurisandC. albicanswer e cat egori sed
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t hreat 6 p &£tphrapgilesisS. glabratg &andC. tropicalis classed as being

a high priority.

2.1.5 Immune evasion

Pat hogens and hosts are in a constant
gain a reproductive advantage. As a re€idndidahas evolved a myriad of immune
evasion strategies to avoid host innate and adaptive immunity. Host pattern
recognition recept échrost @PRR)yamesodmieder ¢ m
associated molecular patteyAMPS, which triggers the innate immune response
via cytokine and chemokine production, inflammation, phagocytosis and complement
activation. There are manyARIPs in theCandidac e | | wa | -glycangand®h as b
linked mannan, which are recognised by their respective PRRs, namely-Deaciih
the macrophage mannose receptspectivelyNetea et al. 2010; Cheng et al. 2012)
However,Candidahas adapted t o mask PAMPRgucahr om r ¢
in the cell wall can be shielded from Deelirby an outer layer of mannoproteins and
mannan, which has been shown to promote invasiweivo, as well as an extracellular
exoglucanase, Xogl, being expressed twvhichas been shoglacant o s h
(Gow et al. 2017; Pradhan et al. 2019; Childers et al. 2020}hermoreCandida
cells can escape macrophages (and neutrophils) following phagocytosis. Hyphae
formed inside the immune cells can puncture the cell wall from inside, leading to the

immune escape @andida(Mayer et al. 2013)

Once activated, the complement system causes a cascade of proteins to be
generated which can opsonise pathogens, marking them for phagocytosis. This also
increases recognition by the immune system, degranulation of mast cells, as well as

cytolysis. The pHegulated antigen 1 (Pral) is a surface protein found on both forms
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of C. albicans which can regulate complement activation through binding to the
inhibitor C4bbinding protein (C4BP). However, it is also a ligand recognised by the
host CR3 receptor, and as such, can trigger phagocyZagis! et al. 2011; Cheng et

al. 2012)

2.1.6 Virulence

C. albicandgs a commensal organism found in healthy hosts with the ability to
become an opportunistic pathogen in a diverse array of situations. For colonisation to
occur, the initial event needed is adhesion. Receptor ligands as adhesins and
invasing expressed on the surface@dndidaplay a vital role in primary attachment
onto biotic and abiotic surfaces. The agglutilike sequence (ALS) gene family was
first identified inC. albicans of which eight glycoproteins (ALST and ALS9) have
now been describeHoyer et al. 2008; Hoyer and Cota 2016h) ALS3 knockout
mutants, a reduction in epithelial adhesion was observed alongside a decreased pro
inflammatory cytokine response (a marker of epithelial activation), demonstrating that

ALS3 plays a vital role in host interaction andasion(Murciano et al. 2012)

The invasion of host cells bZandida spp. occurs via two contrasting
mechanisms: namely, induced endocytosis and active peneifdtaa et al. 2017)
An additional function of the ALS3 adhesin is its ability to bind to the host surface
proteins E-cadherin and Madherinvia its Niterminal region, mimicking the action
of host cadherins and triggering induced endocy{®ian et al. 2007)Alternatively,
C. albicanshyphae exert pressure as the tip begins to extend, penetrating epithelial
cells or albwing growth between them, which is aided by the presence of hydrolytic
enzymes, thereby facilitating further tissue invasidiaglik et al. 2011) On

connection with the epithelium, hyphassociated genes includidg.S3 pral, and

45



hwp, have been shown to be upregulated, suggesting they may be pivotal to cell
penetratior{Cheng et al. 2012)Hydrolytic enzymes are important for multiple stages

of the infection process, and contribute to both superficial mucosal and systemic
infections; their presence greatly enhancing the pathogenicit¢aoidida spp.
Candidapossess several families of hydrolytic enzymesluding phospholipases
(PLs), which are further broken down into four classesDAand secreted aspartyl
proteinases (SAPgMayer et al. 2013) PLs can degrade the cell membrane of the
host, hydrolysing phospholipids into fatty acids and exposing expressed surface
receptors, whictCandidais able to exploit for adhesidie Bernardis et al. 1999)
There are currently ten genes in the SAP enzyme family (S8R vhich have been
observed irC. albicans as well being found in several NCAC speciasluding C.
tropicalisandC. parapsilosiswhich are thought to express at least four and three SAP
genes respectively(Calderoneand Fonzi 2001; Silva et al. 2012)SAPs1-8 are
secreted, while SAPs 20 remain surface bour{tllaglik et al. 2011) SAP enzymes
contribute to tissue damage, degrading molecules in the extracellular, rsathixas
keratin and collagen, while evading immune system components by degrading

complement and cathepsin(Naglik et al. 2003)

2.1.7 Antifungals

The treatment of fungal infections is more complex than bacterial infections
due to the eukaryotic nature of fungal cells. This means that therapeutic targets for
yeasts are often shared with those in human @#mpoy and Adrio 2017Yhere are
four commonly used classes of antifungals: polyenes, azoles, echinocandins and

allylamines. Polyenes, azolaisd echinocandins are used intravenouslyically,and
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orally for infections, while allylamines are mainly used for treating superficial

infections caused by dermatophy(€ampoy and Adrio 2017)

Polyenes, azolesand allylamines all interact with ergosterol, a major
component found in the cell membrane of fungi, either by interrupting its synthesis or
by directly interacting with it(Ghannoum and Rice 1999) Polyenes such as
amphotericin B and nystatin (NY3)ind to ergosterol, forming a complex able to form
pores in the membrane, thereby causing leakage of the cytoplasm contents and fungal
death(Odds et al. 2003)The polyengamphotericin B deoxycholate (AmB), has
broad spectrum antifungactivity and has been considered the gold standard for
severe and systemiEls (severe and systemifilahnAst et al. 201Q) However due
to the common occurrence of sidéects such as nephrotoxicity in 580% of cases,
other antifungals such as azoles and echinocandins with reduced toxicity are often used

as alternativegEnoch et al. 2006)

The polyene, nystatin, is obtained frddtreptomyces nourseand was first
discovered in 1951 and is the most frequently used treatment for voice prosthesis
failures caused b€andidaspp, and is often prescribed for oral candidig@auters
et al. 2002; Ameye et al. 2005; Gar€aesta et al. 2014; Quindds et al. 2019has
additional benefitsincluding low cost and high efficacwhich is beneficial in low
economic countriessat can be prescribed to pregnant and breastfeeding mothers and
i t 6 8shdwe that through autooxidation further cell damage can ¢Qcimdos et
al. 2019) Allergy and intolerances to nystatin are rak@e to poor absorption through
the skin and GI trac{Martinez et al. 2007; Scheibler et al. 201However,

amphotericin B has immunomodulatory responses that can lead to increased levels of
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cytokines, prostaglandins and chemokjnekich have shown to be associated with

toxic side effect§MesaArango et al. 2012; Faustino and Pinheiro 2020)

Azoles can be divided into two groups namely, triazoles and imidazoles,
depending on whether they hayvgespgettivelg.e or
Triazoles such as fluconazolehave replacedmidazoles anddisplay a broader
spectrum of antifungal activity against superficial infections and IFls, being deemed
safer for use due to their greater affinity for fungal (as opposed to mammalian)
cytochrome P450 enzyméSheehan et al. 1999Fluconazole is used for prophylaxis,
as well as being prescribed for clinical casesCaindidg although it remains
ineffective against filamentous fungEnoch et al. 2006) Azoles inhibit the
cytochrome P45@ependent enzymel 4-ldnosterol demethylase (CYP51). This
results in inhibition of lanosterol to ergosterol conversion, thereby interrupting

synthesis of the cell membra(mi et al. 2008)

Echinocandi ns act as i nhi-b3D-ghucas of
synt hase, pr ev e nt-{1-8)glucanhiretheell avdllu (Eanutmamd o f
Rodero 2002). This leads to a weaker cell wall and cell death through lysis (Denning
2003). They are sed for the treatment of invasive infections and for patients with

neutropenidGrover 2010)

2.1.8 Resistance to antifungals

The treatment of fungal infections is becoming increasingly difficlue to
the development of resistance to antifungal therapies. Resistance to azoles can occur
through mutations or overexpression of BRG11gene that encodes for the enzyme,

cytochrome P4 5 0 | a n o-demethylaséEliopotilak et al. 2002)This can lead
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to modifications in the quantity of the enzyme produced, the affinity of drug binding,

as well as access of the drug to the target. The presence and overexpression of drug
efflux pumps can also lead to an intracellular reduction of the en@ghsnoum and

Rice 1999) Resistance to polyenes such as ADBNnd nystatin are less common

than azole resistance, partly due to their associated toxicity, although they are often
used for shorter treatments, suggesting that resistance may emerge from cells which
possess resistance naturalfghannoum and Rice 1999; Lupetti et al. 200R)is
suggested that these naturally resistant cells have a lower affinity for polgeads

them producing modified sterol8nderson et al. 2014)

The use of a combination of antifungal therapies can often overcome some of
the limitations of using individual antifungals and may improve treatment outcomes.
They can broaden the spectrum of antifungal activity, prevent emergence of resistance
to antifungals, as well as increase potency, meaning that doses of individual
antifungals can be reduced, thereby minimising any toxic side e{eatiklley and

Poppas 2005)
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2.1.9 Aims and objectives

The hypothesis of this study was that OligoG-®EO is a suitable and
effective alternative treatment for fungal infections, particularly in combination with

the antifungal nystatin.

The specific aims of this study were:

1 To investigate the effect of OligoG €20 on planktonic growth d@andida
spp, using growth curves and minimum inhibitory concentration (MICs)
assays.

1 To examine the effect of OligoG €720 on biofilm formation and biofilm
disruption ofCandidaspp, using confocal laser scanning microsc¢giLSM)
and COMSTAT image analysis.

1 To determine whether cell permeabilisation is the antifungal mode of action
for OligoG CF5/20 using sorbitol and ergosterol assaysd transmission

electron microscopy.
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2.2 Materials andmethods

2.2.1 Microbial strains and growth media

A total of thirteenCandidastrains were selected; eight of which w€andida
albicansand five norCandida albicangCandida(NCAC), as shown inTable 2.1
However, for several assays, a selected four str&@nslpicansATCC 90028,C.
albicansGBJ13/4A,C. parapsilosisN23, andC. aurisNCPF 8971)were used due
to labour intensivéechniques being useds well as being of great clinical concern
with them being |isted in the AqQWHO i cal 0o
2022b) Strains were stored at80AC using Microbank bead vials (Rt@b
Diagnostics) until required. The identification of théandidaspecies used in this

study was confirmed using MALBTOF mass spectrometry.

For all assaysCandidaspp. were grown on Sabouraud Dextrose (SAB; Lab
M) agar at 37°C and Roswell Park Memorial Institute (RPMI 1640; Sighidrich),
buffered with 0.165 mol/L MOPS {BN-morpholino] propanesulfonic acid; Sigma
Aldrich) for overnight (O/N) liquid culture. Unless otherwise stated, strains were
grown at 372C (120 rpm shaking) and adjusted with RPMI 1640 to a standardised cell
suspension of 5xP@ells/mL, as determined by an Q& absorbance reading of 0.37
for all experiments. All RPMI 1640 medium was filterilised and stored atAC

prior to use.

The antifungal nystatin (Sigraldrich) was prepared in dimethyl sulfoxide
(DMSO) at a stock concentration of 5 md/nand aliquots were stored-&0 AC until
required. When using nystatin within an assay, plates were wrapped in tinfoil to
prevent exposure to light. OligoG €320 was obtained from AlgiPharma AS and

prepared, purified, and characterisas previously describd&han et al. 2012)
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Table 2.1.Summary ofCandidastrains used in this study.

Isolate Isolation Source MALDI -TOF ID Score? Reference
C. albicansATCC 90028 Blood 2.21
C. albicansGBJ 13/4A Failed tracheoesophageal prosthes 2.27 (Elving et al. 2000)
C. albicansSC5314 Clinical specimen (human) 2.24
C. albicansCCUG 39343 Human faeces 2.3
C. albicans480/00 SCC, oral mucosa 2.06 (Bartie et al. 2004)
C. albicansPB1/93 Normal oral mucosa 1.96 (Bartie et al. 2004)
C. albicansLR1/93 Normal oral mucosa 1.98 (Bartie et al. 2004)
C. albicansPtr/94 CHC, buccal mucosa 2.19 (Bartie et al. 2004)
C. parapsilosian23 Clinical specimen (human, oral) 2.09 (Powell et al. 2023)
C. aurisNCPF8971 Wound swab 1.99
C. tropicalis519468 Urinary tract 2.25 (Silva et al. 2009)
C. glabrataATCC 2001 Faeces 2.14
C. dubliniensist0/0P PMC, palate 2.03 (Bartie et al. 2004)

CHC; chronic hyperplasticandidosis, SCC; squamous cell carcinoma, PMC; pseudomembranous candidosis, ATCC; American Type
Culture Collection, NCPF; The National Collection of Pathogenic Fungi; CCUG; Culture Collection University of Gothenburg.
dascore value 02 indicates species identification; avasecore val
<1.7 indicates no identificatiohFormally known a<C. albicans40/01
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Clinical grade silicone sheets of the samegerial used in the manufacture of Provox

tracheeesophageal prostheses were obtained from Atos Medical.

2.2.2 Minimum inhibitory concentration (MIC) assay

MIC assays foCandidastrains were performedccording to the Clinical and
Laboratory Standards Institute (CLSI, 2008) guidelines. In a sterildydteamed 96
well microtiter plate$100 piL/well), two-fold serial dilutions of nystatin were prepared
in RPMI-1640 + OligoG CF5/20 (0.5, 1, 2, 4, and 6%With a starting concentration
of 16 ug/mL. Five colonies of eaclandidastrain were taken from a freshly sub
cultured SAB plate and adjustéa phosphate buffered saline (PBt®) an optical
density (ORoo between 0.08.1 (0.5 McFarland standard ~1%1€blony forming
units; CFU/n). The adjusted culture was further diluted 1:50 in PBS and then diluted
again 1:1 in RPML640 medium.A 5 pL inoculum of the adjusted cultures was then
added to each well and plates were incubated statically for 48 h°@t @#3). The
MIC values were determined as the modal value of the lowest concentaatidrich

there was no visible growth.

2.2.3 Candidal growth curve analysis

To study the effect of antifungals in combination with OligoG-%ZZ0 on
planktonic Candidg growth curves were set up in a sterile-battomed 96éwell
microtiter plate (200 W/well). Liquid overnight cultures d. albicansATCC 90028,
GBJ 13/4A,parapsilosisW23 andauris NCPF 8971 were adjusted in RPI¥640
medium to 120° cells/nmi, before being diluted at @atio of 1:10 in RPM{1640 +
OligoG CF5/20 (0.5, 1, 2, 4, 6%) + % MIC nystatin of the respective straia (1

pg/mL). The absorbance measurensanere taken hourly at @y using a FLUOstar
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Omega plate reader (BMG Labtech) after shaking the plate at 200 rpm for 3 seconds.
Each growth curve was performed in triplicate and results presented as mean values
for 48 h at 37AC. The minimumsignificant difference (MSD) was calculated using

the TukeyKramer methodusing Minitab 17.2.1 (Minitab Inc, Stateollege, PA,

USA).

2.2.4 ATP cell viability assay

2.2.41 Biofilm disruption assay

Adjusted (5x16 cells/mL) overnight cultures (n=3\vere added to a sterile
black walled flat-bottomed 96well plate, followed by prevarmed (37AC) RPMI
1640, in a 1:10 ratio (200LAwell) and incubated for 45 mé at 372C, with 20 rpm
rocking. After incubation, the resultant biofilms were gently washed witivprened
RPMI-1640 (x3), before adding a further 200 pf fresh medium and reincubating
for 24 h (37°C, 20 rpm). Half of the well supernatant was removed and replaced with
fresh RPM#1640 + 4% OligoG C#/20 (v/v) £ MIC nystatin for each respective
strain (v/v;x4 pg/mL), followed by a further 24 h incubation (3C, 20 rpm). To
assess biofilm disruption, the BacT#8to™ Microbial Cell Viability Assay
(Promegawas used according to tfdi€andidatouf act u
determine luminescence (600 nm) as a measure of viable bacterial cell number using

a FLUOstar Omega plate reader.

2.2.5 Confocal laser scanning microscopy (CLSM)

2.2.5.1 Biofilm formation assay

Adjusted O/NC. albicansATCC 90028, GBJ 13/4Aparapsilosisw23 and

auris NCPF 8971 culturegsx1(® cells/mL) were incubated in a sterile black, glass
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bottomed 96well plate (Greiner) for 45 ms at 37°C with 20 rpm rockingwith
prewarmed RPMIL640 medium in a 1:4 ratio. After incubation, biofilms were gently
washed with prewarmed RPMB40 (x3), all medium was then removed from wells
before adding fresh RPMI640 £ 4% OligoG C#/20 + MIC nystatin (1 pg/in) and

the plate was rencubated for 24 h (37C, 20 rpm). After biofilm formation, all the
supernatant was gently removed, and biofilms were stained with 7 pl of LIVE/BEAD
stain (BacLightV Bacterial Viability kit; Invitrogen; diluted (1:1) using 2 SYTO

9 and 2 L propidium iodide in InL phosphate buffered salif@BS) for 3 minutes.
Samples were covered in foil to prevent exposure to light. A furthelL 48 PBS
was added to prevent the biofilms from dryimgt before imaging by CLSMrhe
green SYTO 9 stain was used to visualise LIVE g@igitation/emission 480/500
nm), while red propidium iodide (excitation/emission 490/635 nm) was used to

visualize dead/dying cells.

2.2.5.2 Biofilm disruption assay

C. albicansATCC 90028, GBJ 13/4AjarapsilosisN23 andaurisNCPF 8971
OIN cultureswere adjusted to 5xf®Ccells/mi and incubatedas described above
(Section 2.2.5.1. After incubation, alsupernatants were gently removed and well
contents were replaced with 200 fresh RPM#1640 medium and incubated for 24 h
(37°C, 20 rpm). After incubation, half of well volume was removed and replaced with
100 L of fresh RPM#1640 * 4% OligoG CF/20 (v/v) £ 2xMIC nystatin (2 pg/ix
vlv), and the plate was reincubated for a further 24 @720 rpm; n=3). After 24
h, all the supernatant was gently removed, and biofilms were stained witho¥ p
LIVE/DEAD® stain as described abov&éction 2.2.5.), before imaging by CLSM

using a Leica TCS SP5 CLSM.
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2.2.5.3 COMSTAT image analysis

Experiments were performed in triplicate with fivestack images taken of
each sample using a Leica SP5 CLSM on x63 magnification oil lens, resolution of 512
x 512, zoom X1, line average of 1 and step size of 0.67 um and step number50. Las
X software wa used for exporting images as well as processing data. CLSKtK
images were analysed using COMSTAT software for quantification of Eheidfilm
structure (biomass volume, thickness, surface roughness and LIVE/DEAD biomass

ratio) (Heydorn et al. 200).

2.26 Sorbitol assay

Sorbitol acts as a cell wall osmotic protective agent, so that in its presence,
osmotic pressure in the cell is maintained, allowing biosynthesis of the ce(Fneat
et al. 1995) Sorbitol (SigmaAldrich) was added and dissolved in RRMI40
medium (to a working concentration of 0.8 M), and the assay was set up similarly to
the MIC assaysSection 2.2.2, with MIC values compared to a control assay
(performed without sorbitol). Plates were set upGomlbicansATCC 90028, GBJ
13/4A, parapsilosisw23 andauris NCPF 8971before beingncubated at 37C, and
readings were taken after 1, 2, and 7 days (n=3). Due to the protective effects of
sorbitol, an increase in MIC in the presence of added sorbitoltivexefore taken as
indicative that the mechanism of action for the test agent was linked to disruption of

the cell wall.

2.27 Ergosterol assay

This assay was used to determine OligoG3ZZ0 binding to ergosterol present

in the fungal cell wall. A positive interaction showing binding to exogenous ergosterol
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present in the medium was denoted by an observed increase in MIC compared to the

no ergosterol controfLeite et al. 2015)C. albicansATCC 90028, GBJ 13/4A,
parapsilosisw23 andauris NCPF 8971 overnightultureswer e adj usted an
aper f dromeMd B 8 s (®ecton2.2.2 Can dMIid@s wer e repeate
presence and alb&esnpataot degestemigIigen#la@ribh) 8 )

was dissolved in DMSO (with 1% Tween,&lgmaAldrich, prior to being diluted to

a final concentration o400 ug/mL in RPMI-1640). Plates were read after 1, 2, and 7

days of incubation at 37C (n=3). The antifungal amphotericin B was used as a

positive control (starting concentration#8ug/mL).

2.28 Germ tube assay

Overnight cultures of. albicansATCC 90028, GBJ 13/4/arapsilosisn23
andaurisNCPF 897were set up in SAB brothCandidacells were then wash€g2)
with PBS and the resulting pellet wasswespended in 500 Luof PBS (~5x16
CFU/mL) (Tendervik et al. 2014) Then 1 mL of donor horse serum (ThermoFisher
Scientific) + 4% OligoG CF/20 = 1 ug/nh nystatin was inoculated with 10Q pof
the washed candidal suspensions, and incubated for 2 K@t 3¥ter incubation, the
suspension was washed with 0.8adium Chloride NaCl) (x3) to remove OligoG
CF5/20 and resuspended in 200RBS. The percentage number of cells with hyphal
growth was calculated using a Neubauer haemocytometeler phase contrast
microscopy. C. glabrata(ATCC 2001) was used as a negative contlok to its

inability to form germ tubes.
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2.29 Permeabilisationassay

Adjusted O/Ncultures ofC. parapsilosisv23 (1x10 cells/m.) was first added
to a sterile glasbottomed 96éwell plate (Greiner)followed by prewarmed RPM
1640at aratioof 1:10 and incubated shaking for 24 h at 20 rpm &C3200 |L/well).
After incubation, each well was washed with,@Hafter which 200 p of RPMI-1640
* OligoG CF5/20 (4%) + nystatin (1 pg/) was added to each well and incubated
for 3 h at 37°C (n=3). Samples were then washed and exposed to propidium iodide
(PI, 1 mgmL) for 15 min at 37C, washed and mounted using Vectasig\dector
Laboratories) prior to examination by Leica TCS SP5 CLSM microscopy. Fungal
membrane permeability was assessed through measuring the fluorescence intensity of
propidium iodide from CLSM Ztack imaging using IMARIS softwar@/ith thanks

to Dr. Lydia Powell for set up and imaging.

2.2.10 Transmission electron microscopy (TEM) imaging of the cell wall

An adjustedCO/ Nac a2 (¥Bseol)s /wer e gr owt
on The™mamase»s cover s | S isen(tTiHng rcanaoveld ¢ het e
mi crotiter pl & 20spmfooking).4ARer incubatson, bidilmhs were
gently washed with prewarmed RPI640 (x3), before removing all medium and
adding 2 mb of RPMI-1640+ 4% OligoG CF5/20 £nystatin (1ug/mL). Plates were
thenreincubated on a rocker for 243 PC, 20 rpm), after which, the supernatant was
removed, and cells were fixed with 1% glutaraldehyde for 1 h before replacing the
fixative with PBS.

Cells were fixed and imaged by Dr. Christopher Von Ruthlgixed cells were
centrifuged at 10@ for 10 mins before the pellet was mixed with 4% molten agarose

in equal volumes and was cooled to room temperature. The blocks were cut into 1 mm
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cubes and washed in double distilled water (ga)Hfor 10 mins before being
processed into resin in a rotary mixer at room temperature by the following steps: post
fixed for 1 h in 2% (w/v) osmium tetroxide in de®, 10 min wash in dd#D (x3),

block stained for 1 h in 2% uranium acetate in gdHLO min wash in dd#D (x3), 15
minsin 50% (v/v) propas2-ol (IPA) in ddHO, 15 mhsin 70% (v/v) IPA in ddHO,

15 mirsin 90% (v/v) IPA in ddHO, 15 mirsin IPA (x2), 30 mnsin 50% (v/v) hard
grade TAAB EmbeddingResin (TER) in IPA, 1 h in TER (x4). Blocks were
transferred into truncated polypropylene BEEM capsules, and the capsules filled with
fresh TER resin. Capsules were placed in &&0ven and curing allowed to proceed

for 24 h. Semthin (0.35 mm thick) sections were cut with glass knives on an Ultracut
E ultramicrotome (Leica Microsystems), placed on droplets of water on a glass slide
and dried on a hot plate. Sections were staméd 1% toluidine blue, washed in tap
water, dried, asNeutral®Mountane Thin (200rh thi€kusectiods
were cut with a diamond knife on an Ultracut E ultramicrotome, collected onto 300
mesh copper grids and all owed to air dry
citrate for 15 mis, washed in ddkO for 1 min (x3) and allowed to air dry. Samples
were examined in &litachi HT7800 TEM (Hitachi High Tech Ltd) at 100 kV and

images capturedith Radius software (EMSIS GmbH).

2.2.11 Statistical analysis

GraphPad Prisfhwas used for all data analysis. Any outliers were identified
and removed by the robust regression and outlier removal (ROUT) method, with the
Q coefficient set to betweer1D%. Oneway analysis of variance (ANOVA) test was
used to calculate any sigraéint changes between treatments (n,*allpwed by the

Tukey multiple comparison test. For analysi€otlbicansATCC 90028 (formation
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assay) mean thickness COMSTAT data @ndlbicansGBJ 13/4A (formation assay)
roughness coefficient COMSTAT data, group wise comparisons were analysed using
KruskatWallis nonparametric oneay analysis of varianceC. albicansGBJ 13/4A
(formation assay) biovolume COMSTAT data was transformed to be normally

distributed using Y=cos(Y). A P <0.05 was considered significant.

2.3 Results

2.3.1 Antifungal effect of nystatin and OligoG CF5/20 againstCandidaspp.

The combination treatment of OligoG &#R20 with nystatin was shown to
increase the antimicrobial effect of nystatin against a rangGaindidaspecies Table
2.2). The greatest dostependent effect was seen @rdubliniensit0/01, showing
a five-fold dilution decrease in MIC valyavhen nystatin was used in combination
with 6% OligoG CF5/20. In contrastC. albicansATCC 90028 andC. parapsilosis
W23 showed a twdold change, two straingC( auris8971 andC. albicansPtr/94)
showed no change, and all other strains showed only aigoificant (onefold)

reduction in MIC value between 0% and 6% OligoG%ZEO.

2.3.2 Effect of OligoG CF5/20 on planktonic growth ofCandidaspecies

The growth curves d€andidastrains revealed that OligoG €320 (tested at
0 and 6%) showed a significant doskependent inhibition of growth fo€. auris
NCPF 8971 an@. parapsilosidvV23 (MSD=0.12 and 0.20 respectively), although this
was not evident fo€. albicansATCC 90028 orC. albicansGBJ 13/4A (MSD=0.12
and 0.32 respectively}{gure 2.2) Untreated controls showedB5-h lag phase is

seen before an exponential phasé bfforC. albicansATCC 90028, 8 h foC.
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Table 2.2. Minimum inhibitory concentration (MICgg/mL]) of nystatin alone and with increasing concentrations of Oligos26 after 48

h incubation.

Candidastrains Nystatin MIC (eg/mL) at indicated OligoG CF5/20 concentration (%)
0.5 1 2 4 6

C. albicansATCC 90028
C. albicansGBJ 13/4A
C. albicansSC5314
C. albicansCCUG 39343
C. albicans480/00
C. albicansPB1/93
C. albicansL.r1/93
C. albicansPtr/94
C. parapsilosisn23
C. aurisNCPF8971
C. tropicalis519468
C. glabrataATCC 2001

C. dubliniensigt0/01 2
Shaded areas represent decrease in MIC (nystatin potentiation) with increasing Oli§éfh €Céncentration.

A DN DN BB DNMNEDNNDN

A NN AN EFP NMNMNDNMNDNPEPDNDNO
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Figure 2.2 Growth curves folC. albicansATCC 90028,C. albicansGBJ 13/4A,C. parapsilosisw23 andC. aurisNCPF 8971 and
treated with Y2 MIC nystatin (2 pg/mL) with increasing concentrations of OligoG -GR20 (0, 0.5, 1, 2, 4, 6 %) and OligoG -GR20
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albicansATCC 90028 (MSD=0.12)C. albicansGBJ 13/4A (MSD=0.32)C. parapsilosisN23 (MSD= 0.20); anc. aurisNCPF 8971
(MSD=0.12).



albicansGBJ 13/4A, 15 h fo€. parapsilosiaN23, and 13 h fo€. aurisNCPF 8971.
Between 24 and 48 h, onl\C. parapsilosiaN23 showed significardecreases for all
treatmentscompared to the untreated control. Over the same p&ialyrisNCPF

8971 demonstrated a significant decreagganvth for 6% OligoG CF/20 alone, 4%
OligoG CF5/20 andnystatin and 6% OligoG GB/20 and nystatin treatments
resulting in prolonged laghase and reducing overall growth at 48 h. For sti@ins
albicansATCC 90028 and GBJ 13/4A, the observed decreases in growth were not

significant.

2.33 Effect of OligoG CF-5/20 in combination with nystatin on cellular viability

ATP viability assays showed that the combination therapy of 4% OligoG CF
5/20 and nystatin at the MIC value significantly reduced the cellular viability ef pre
established biofiimsompared to untreated controls for twelve of@@mdidastrains
tested including all C. albicansstrains and four of the five NCAC strain€.(
dubliniensis40/01 being the exceptiofrigure 2.3. Interestingly OligoG CF5/20
showed to significantly reduce cell viability within an established biofilm for all
thirteen strainsgompared to only eight of the thirteen strains when treated with NYS
only, with was only significant at reducing 1 out of 5 of the NCAC stréinglabrata
ATCC 2001). Furthermore, comparison of NYS with combination treatment and NYS
with OligoG CF5/20 showed significant reductions for all stra{Ssipplementary

Table 1).
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Figure 2.3. ATP cell viability assay for biofilms of thirtee@andidaspp. grown for 24 h prior to treatment with £ 4% OligoG-®Z0
+ nystatin (NYS; at MIC, 4 ¢ Ig) foma further 24 Ishowing mearx S.D (n=3). Group wise comparisons were analysed using one

way ANOVA f ol | owattebty * Pk0.€5ecgmpared o arsuhtreated control. (All P values are si®wpplementary
Table 1).
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2.34 Confocal laser scanning microscopy and COMSAT analysis of therapies on
Candidabiofilm formation and disruption

CLSM imaging and COMSTAT image analysis following treatment with
OligoG CF5/20 and/or nystatimere performed on fouCandidastrains of clinical
importancenamelyC. albicansATCC 90028C. albicangGBJ 13/4A C. parapsilosis
W23, andC. aurisNCPF 8971 Figures 2.4 to 2.1). In the biofilm formation assay,
COMSTAT analysis showed that the combination treatment (4% Olige&/ZFand
nystatin atMIC value [1 eg/mL]) demonstrateda significant reduction in both
biovolume and the biofilm thicknesBigures 2.5, 2.7, 2.9 and 2.},1in addition to
significant increases in roughness coefficient and ratio of DEAD cells (red) to LIVE
(green) cellscompared to the untreated congrahd nystatin only treatmesor all
four Candidastrains. The inhibitory effects on strai@salbicansGBJ 13/4A andC.
parapsilosisW?23 were particularly striking, with almost no biofilm formation having
occurred Figures 2.7 and 2.9 Interestingly, OligoG Cf5/20 when used as a stand
alone treatment was highly effective agai@stauris NCPF 8971, demonstrating
disrupted biofilm formation, with COMSTAT analysis revealing significant reductions
in biofilm biomass and thicknesss well as an increase in biofilm roughness and ratio

of DEAD to LIVE cells Figure 2.17).

In the biofilm disruption assay, confocal imaging showed that combination
therapy of 4% OligoG CB/20 and Zg/mL nystatin (twefold MIC) visibly altered
the architecture of the biofilms formed by @landidaspp, causing a more porous
structure to formKigures 2.4, 2.6, 2.8 and 2.)J0However, COMSTAT analysis did
not show any significant structural alterations in biovoluymieen compared to an
untreated control. OligoG G&/20 treatment alone @. albicansATCC 90028 did

show a significant decreaseboth biofilm biovolume and mean thickness, with a
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C. albicans ATCC 90028
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Figure 2.5.COMSTAT image analysis df. albicansATCC 90028 formation and disruption assayg(re 2.4), showing bievolume
(um3um?), roughnessoefficient, DEAD/LIVE cell ratio and mean thickness (um) + S.D; n=15. Group wise comparisons were analysed
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C. parapsilosis W23
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Figure 2.9. COMSTAT image analysis of. parapsilosisw23 formation and disruption assaysgure 2.8, showing bievolume
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C. auris NCPF 8971
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Figure 2.11.COMSTAT image analysis of. aurisNCPF 8971 formation and disruption assdysgre 2.10, showing bievolume
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simultaneous significant increase in surface roughness. Combination treatment
showed a significant decrease in biofilm thickness, while also displaying a significant
increase in surface roughnessigire 2.5. Similarly, when treated with the
combination therapyC. albicansGBJ 13/4A showed a marked increase in the

roughness coefficient, DEAD/LIVE cell ratio with a significant reduction in the mean

biofilm thicknesscompared to the untreated conttdbwever this was not significant
when compared to the nystatin only treatmehigre 2.7). Interestingly, C.
parapsilosisWw23 showed no significant changes in biofilm disruption compared to
the untreated controF{gure 2.9. OligoG CF5/20 showed significant effects @h
auris NCPF 8971 biofilm disruption with increased levels of DEAD to LIVE cells,
indicating that this treatment had ahtofilm effects (on biofilm formation and

disruption) when usedlone Figure 2.17).

2.35 Germ tube formation

Light microscopy showed that of fivetrains tested only twoC( albicans
ATCC 90028 andC. albicansGBJ13/4A) formed germ tubes, with. aurisNCPF
8971 andC. parapsilosisWw23 not found to form any under the conditions used
(Figure 2.12). C. glabrataATCC 2001 was the negative control for this assay. For
the two Candida albicansstrains, all treatments were shown to reduce hyphal
production compared to the untreated control, although this was not significant. The
percentage of cells with germ tubes produced in the untreated control evas tsh
vary considerably between these two strains, with the majori@; afbicansATCC
90028 producing hyphaeompared taC. albicansGBJ 13/4A which had very low

numbers in comparison.
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Figure 2.12. Percentage ofandidacells producing hyphae i@. albicans; C. aurilNCPF 8971 anc. parapsilosisN23 (data not shown)
were also tested, but also did not form hyphae.
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2.36 Antifungal mechanism of action of OligoG CF5/20

The MICs of fourCandida strains were performed with and without the
presence of 0.8 M sorbitol and read at day 1, degnd day 7(Leite et al. 2015)
(Table 2.3. At day 7, (except for one readingp significant changes in MIC were
observed, regardless of the presence or absence of sorbitol, in this case, suggesting that
the cell wall was not one of the possible anicrobial cell targets for nystatin and
OligoG CF5/20. To assess if thenhancement of nystatin by Oligd@3~5/20is due
to ergosterol binding, MICs were also performed with and without exogenous
ergosterol Table 2.4). In contrast to the sorbitol assay, for three out of four strains
(apart fromC. parapsilosiaN23), the ergosterol assay showed a slight increase (two
fold dilution maximum) in MIC with the addition of ergosterol to the culture medium
compared to the no ergosterol control. A -bold change was taken t@present
experimental error and not an actual increas#IC. In comparison, the positive
control amphotericin B, demonstrated an increase in MIC for 3/4 of the strains from
<0.065 pg/m. to 16 pg/ni (equivalent to an -&old increase)in the presence of
ergosterol. Hence, nystatin demonstrated low interaction with ergogigrding to
fungal membrane sterolsilthough this was far less than that observed for
amphotericin B (us e dg/mal),whachwas muctehmghertldah i o n ¢
the concentr at i onsy/mu)sEndcorcentration pf ©OligaG GFn ( O1
5/20 used in the assay had a minimal effect on the MICs obtained, similar to those
observed earlier where many strains showed only aane/o-fold change in MIC at
6% OligoG CF5/20 (Table 2.2. Furthermore, if OligoG Ci5/20 enhanced the
affinity of nystatin for ergosterol binding, the presence of exogenous ergosterol in

these assays should minimize changes in the MIC value of the combineditonent
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in comparison to nystatin only (plus ergosterol) treatment. However, this was not the
case, as the MIC of the combination treatment (6% Oligo&R6 plus nystatin) in

the presence of additional ergosterol demonstrated a decrease (up ilthree
compared to the nystatonly (plus ergosterol) treatment. This data suggests that a
secondary mechanism of action, (other than ergosterol binding), contributes to the

antifungal effect of the combination treatment of OligoGRZZ0 and nystatin.

2.3.7 Permeabilisation of Candidaspp. cells by OligoG CF5/20

The fungal membr ane permeability asssa
treatment signipercmaamabiwhienaceamppgdedet b ar
control. A significant difference in cell
the combination Cb/2anthenty sbht Ohi go.Gt he u
However, no significant di fference was
treat ment to the (rFy gtuadAei T.hleg *atmexudl tad owme
in TEM i maging, wi Chnddecalalgame mlartamer @b s g
treated with nystatin onl yCFbR0aan dc onnybsit naat ti |
(Figae3B) . This structural reorganisation v

CF5/20t r e @8 p dd a@lal s .

77



Table 2.3.MIC values (pg/nk) of the antifungal nystatin at indicated OligoG-6R20 concentration in the abseneeand presence (+) of
sorbitol (0.8 M) against €andidastrains measured after (D1), 2 (D2) and #days (D7) incubation.

|l sol at e Anti fungegllmaMl G n(di ¢ aGFSRO0COIniceean® r at i on (
0 0.5 1 2 4 6
- + - + - + - + - + - +
C. para D1 1 0.5 1 0.5 1 0.5 0 0.5 0. 0.5 0.%! 0.2
W2 3
D2 4 2 4 2 4 2 4 2 4 2 2 2
D7 4 2 4 2 4 2 4 2 4 2 2 2
C. albi D1 1 <0.0 1 <0.0 1 <0.00.2<0.00.:¢<0.00.1<0.0
GBJ13/ .
D2 2 1 2 2 2 2 2 1 1 1 0.! 0.2
D7 8 1 2 8 4 4 4 4 4 2 2 2
C. albi D1 2 1 2 1 2 1 2 0.5 1 0.5 1 0.2
ATCC 90
D2 4 2 4 2 4 2 4 2 2 1 2 1
D7 4 4 8 4 8 4 8 4 8 4 4 2
C. a\NCaPRF D1 2 2 2 2 2 2 2 2 2 2 2 2
8971
D2 4 4 4 4 4 4 4 2 4 2 2 2
D7 4 4 8 4 4 4 4 4 4 4 4 4

Shaded area represents an increase in MIC with sqrtmiolpared to the no sorbitol control.
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Table 2.4. MIC values (ug/nh) of the antifungal nystatin at indicated OligoG-6R0 concentration in the abseneeandpresence (+) of
ergosterol (400 pg/in) against 4Candidastrains measured after (D1), 2 (D2) and #days (D7) incubation.

|l sol at e Anti fungeglLpMlaG (i ndi CB520Bo0®OtegbGati on (
0 0.5 1 2 4 6 Amphot el
- + - + - + - + - + - + - +
C. par aM@s3 D1 1 1 1 1 1 1 o.!0.!'0.!9"0.580. 0.1<0.0<0.0
D2 4 4 4 4 4 4 4 4 4 4 2 2 <0.0 2
D7 8 16 16 16 16 16 16 16 16 16 8 16 0.5 4
C. al bi D1 1 4 1 2 1 1 0.20.!0.2 0.t0.10.0c3<0.0 4
GBJ13/ 4
D2 2 8 2 8 2 8 2 8 0 4 0. 1 <0.0 16
D7 8 8 2 8 4 8 4 16 4 8 2 2 <0.0 16
C. al bi D1 2 8 2 8 2 4 2 2 1 0.t 1 0.Et<0.0 16
ATCC 90C
D2 4 8 4 8 4 8 4 8 2 2 2 2 <0.0 16
D7 4 16 8 16 8 16 8 16 8 8 4 8 <0.0 16
C. auri D1 2 8 2 8 2 8 2 8 2 4 2 4 <0.0 16
NCPF 89
D2 4 16 4 16 4 16 4 16 4 8 2 4 <0.0 16
D7 4 16 8 16 4 16 4 16 4 8 4 8 <0.0 16

Shaded area representsignificantincrease in MIC with ergosteraompared to the no ergosterol control.
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Figure 2.13 (A) Fluorescence intensity data derived from Pl staining used in the fungal membrane permeability@spayapisilosidN23
treated £ 4% OligoG&F5/20+ 1 pg/mL nystatin (NYS; n=3)(B) TEM imaging ofC. parapsilosisN23 treated + 4% Oligo@F5/20+ 1

pg/mL nystatin: scale bar 100 nm (n=1) *<0.05. Group wise comparisons were analysed usivey dOVA, followed byTu k ey 6 s p o s
hoc testgP < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001
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2.4 Discussion

Biofilm -related infections in a clinical setting pose a significant challenge to
treatment. With up to 65% of all chronic infections likely to be associated with the
presence of biofilms and AMR levels continuing to rise, it is perhaps unsurprising that
current therapies often lead to treatment failure and recurrence of inf@ataloott
and Ehrlich 2008) Serious IFIs have increased in recent years, especially in a clinical
setting, due to the overuse of antifungals, invasive surgery, and the greatar us
immunosuppressive drugs and indwelling medical deviggsch et al. 2006)
Patients with underlying health conditions have increased risk of fungal infections
caused by andidaspp. They are responsible for arounédds of IFIs in healthcare
associated infections, being ranked as the fourth most common pathogen in
bloodstream infections in the U@®elaloye and Calandra 2014)IFIs such as
candidemia have a mortality rate of around 50% depending on the population and
Candidaspecies involve@Muiozet al. 2011) Hence, there is a critical need for new

and effective antifungal treatments.

Treatment of fungal infections has been made more complicated due to the
emergence of resistance to many of the currently used antifungals. The increase of
mucosal infections in patients with a suppressed immune system has been attributed
to the emergenaceaf azole resistand@godrigues et al. 2017)Resistance to azoles can
occur through defective ergosterol biosynthesis, most commonly in the edSBR@Giall
gene whi ch enc aesatgas(Bilvaetat 2082) oER @D, Gonverts
methylated steo | s i nt emethylergosta,24(28%dign-3 b ,-dsolU during
biosynthesis, inactivation of ERG3nherefore results in suppressed toxicity and

resistance to azoles as cells bypass the toxic stendhermoreit confers resistance

81



to polyenessuch as nystatjras the cells are devoid of ergostefdale-Silva et al.

2012) Additionally, mutations iINnERG11 or ERG6 can also lead to polyene
resistance, some of which have been note@.iglabratastrains(Vandeputte et al.

2007) ERGl1gene encodes for t he Alemosterol t ar g e
demethylase, this can be mutated to upregulate the gene or mutated to reduce the
affinity towards azolegMorio et al. 2012) Intrinsic and acquired resistance to
antifungals may be responsible for the observed shift in the more recently recorded
cause of nosocomial infections moving fra albicansto NCACs such asC.

glabrata andC. tropicalis(Eliopoulos et al. 2002)

The biofilm matrix restricts the access of antimicrobials into the 3D structures
of the biofilm extracellular polymeric substance (EPS), with studies showing
treatments using 2fold the MIC value being inefficient at clearing. albicans
biofilms (Baillie and Douglas 1998) It has been shown th&KSJ], the gene
r es p o n s-l,B dgluean yathasebis needed for resistance to triazole drugs when
in a biofilm state though not when in a planktonic state, through radio labelling of
fluconazole it is showrhit resistance occurs via sequestration by the(NB% et al.
2010a) -gluéan present in the matrix allows the drug to be absorbed, preventing its
initial target from being reached and allowing cells to evade exposure to high levels of
antifungal agentsin vitro studies have shown that up to 70% of fluconazole is
sequestered and retained within the EPSasfdidaspecies including those Gf auris

(Nett et al. 2010b; Dominguez et al. 2018)

The growth state of bacterial cells was thought to be important for drug
resistance. PlanktoniCandidacells have been shown to only exhibit resistance to

AmB-D at a low growth rate, while those in a biofilm growth state were resistant at all
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growth rates, implying that both a low growth rate and biofilm state are important for
resistanc€Douglas 2003)However, it has been shown that varying rates of growth
within aCandidabiofilm plays no effect on resistance to Amphoterici(Baillie and
Douglas 1998)Other environmental factgrsuch as temperature, pend nutrient
conditions influence the biofilm structure and consequently may confer resistance to

treatmentgPettit et al. 2010; Ramage et al. 2012)

Biofilms are often polymicrobial. Fo€. albicans polymicrobial biofilms
displayed higher microbial loads and AMR compared to single species bi¢Qms
et al. 2016) Studies have shown th@t albicansacts as a scaffold f&. aureugo
form microcolonies on the biofilm surfagklarriott and Noverr 2009)This creates
additional challenges when treating fungal or bacterial biofilnexsacellular matrix
belonging taCandidacan provide croseesistance to microbial treatmerasd due to
the biologi@l differences between species makes it hard to find relevant compounds
that can target both pathogens. This highlights the need for the development of new
(broadspectrum) antimicrobial pharmaceuticals to treat these condftitamsott and

Noverr 2011)

OligoG CF5/20 has previously been shown to reduce the growth of both
CandidaandAspergillusspecies in a dosgependent manner, with cell density in the
presence of 10% OligoG G3720 being reduced by up to 50% after 48 andervik
et al. 2014) Furthermore, the authors also showed that OligoGR26 could
potentiate antifungal agents, notably causing a decrease in the MIC of both nystatin
(up to 16fold) and fluconazole (by up tofld). In this study, OligoG C5/20 was

shown to slightly ptentiatethe effect of the polyene antifungalystatin, against
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Candidastrains (ondold dilution), though this effect was most notalagainstC.

dubliniensis

The antifungal potential of a combination therapy utilising OligoG5C0
and nystatin against planktonic growth was also demonstrated by the growth curves of
four Candidastrains over the course of 48 h. A significant ddependent effect (at
10 h) could be seen as the concentration of Oligo&RB increased. For all four
strains, OligoG CF/20, when used alone (6%) and in combination, significantly
reduced fungal @wth. Other research has shown that OligoG5Z0 treatment
significantly reduces the growth dfandidg as well asAspergillus species at
concent r agndemils et &.2044)This positive effect seen against the
growth of a range of fungal spesi includingA. fumigatus a pathogen listed as a
pat hogen of &6écriticald priority, and whi
public health pathogen with azole resistant strains responsible for ~20% qfarakes
which were responsible for 50% of subsequent mortélfigrmeulen et al. 2013;

Osherov and Kontoyiannis 2016; Nguyen et al. 2022; WHO 2022b)

Nystatin has poor solubility in water, poor gastric absorbance when taken
orally and is too toxic to be delivered intravenouy8gmis et al. 2013; Garefauesta
et al. 2014) For oral candidiasis, treatment using liquid nystatithisrefore often
administered via a dropper, allowing it to be applied topically, before being
expectorated. OligoG C8/20 is safe for oral administration, so could therefbees
used in combination with conventional antifungal therapies to overcome resistance
while enhanaig the antimicrobial activity of currentgmployed antifungaléSpitzer

et al. 2011)
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As well as looking at the effect of OligoG &#20 on planktonic cells, its
effect on biofilm formation and disruption with/without nystatin was also investigated.
Previous studies have shown that OligoG-8ZF0 has arntbiofilm effects when
combined with fluconazole again€t tropicalis producing a more porous biofilm
structure(Tegndervik et al. 2014) Results suggested that OligoG-&20 when used
alone as well as in combination with nystatin was effective at disrupting established
biofilms, compared to the untreated contnetsen measuring cell viabilityCompared
to nystatin treatment, OligoG &3720 showed significant effects in all but one of the
Candidastrains tested and in all but tywehen treated with combination therapy. This
apparent synergy may be due to the ability og@B CF5/20 to break down the
biofilm EPS network that acts as a barrier to prevent antimicrobial penetration, thereby
allowing nystatin to penetrate more deeply into the biofilm than when used alone.
Interestingly, it has been shown that the morpholddy. parapsilosisiofilms varies
greatly from those o€. albicansstrains, being thinner and less complex due to the
lack of hyphae or extracellular matrix material, perhaps explaining why OligeG CF

5/20 may be unable to disrupt these biofilms as effelgt(Kuhn et al. 2002)

CLSM imaging and COMSTAT analysis showed how different treatments
affected theCandidabiofilms. For all Candidastrains, biofilm formation in the
presence of OligoG CB/20 alone or both antimicrobials in combinatidrad a
significant effect. This was less evident for the biofilm disruption assay, where the
greatest effect was noted with albicansgGBJ 13/4A, which was isolated from a failed
tracheoesophageal prosthesis. The fact that Oligo&/BF treatment alone was
efficient at reducing the biofilrbiovolume ofC. albicansGBJ 13/4A means it could
potentially treat other biofilanelated candidal infections on silicebased indwelling

medical devicessuch as voice prosthesis, and in turn extend their lifespan. Previous
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research has similarly shown that 2% OligoG-%F0 treatment resulted i@.
tropicalis 519468 biofilms having increased cell and hyphal deegthvell as a matrix

that was less dense and with a more open struCierelervik et al. 2014)rhis could

allow treatments to penetrate further into the biofilm architecture reaching regions of
the biofilm that are depleted of nutrients and oxygen, exposing cells which have
reduced metabolic activity and greater tolerance to antimicrobial treiatheour et

al. 2010; Haiby et al. 2010a)

Sorbitol stabilises the fungal protoplast, acting as a cell wall osmotic protective
agent(Turecka et al. 2018)Its presence therefore maintains normal biosynthesis of
the cell wall in the presence of antifungal agents tdrgget the cell wall. Ergosterol,
like cholesterol in mammalian cells, provides cell membrane structure and integrity.
As there was no significant difference seen in MICs obtained in the presence or
absence of sorbitol and minimal increases (maximufold) in the presence of
ergosterol, the antifungal mode of action of OligoG-%2E0 does not appear to be
directly against the fungal cell wall unlike current esgndidal therapiessuch as
Amphotericin B, used as a control showing significant incread#lC values (MIC

increase for % strains).

Transmission electron microscopy showed thatGhedidacell membrane
detached from the cell wallwhen treated with nystatin in both the presence and
absence of OligoG GB/20 treatment. This was reflected by increasing cell
permabilisation compared to the untreated control. However, with OligoG/Z0F
alone no significant increases in cell permegbdr any major structural changes were
observed. Other studies have shown that the cell membrane has been disrupted after

exposure to antifungal drugsuch as fluconazole anmphotericin B deoxycholate

86



(AmB and more recently antifungal peptides with damage to essential organelles,
Awrinklingo of the cell wall and the nucl
marker of cell death) being observigih et al. 2019; Ma et al. 2020; Seyedjavadi et

al. 2020; Silva et al. 2020; Hifney et al. 2022)

It has been hypothesized that the mechanism of action that Olige&2CGF
uses to modify biofilms is through its ability to chelate calcium i&rsnund et al.
2017) Research using ethylenediaminetetraacetic acid (EDTA), a calcium chelating
agent, has shown to influen€e albicansmorphogenesis and growth resulting in cell
wall collapse(Sen et al. 2000; Ates et al. 2006DTA has been shown to display an
inhibitory effect against biofilm formation with the biofilms formed being composed
mainly of yeastand pseudohyphae and killing high quantitieofalbicansandC.
tropicalis biofilm cells(Ramage et al. 2006; Harrison et al. 20@FUrthermore, it has
been shown to be effective at clearbgalbicansembedded in a biofilm on a catheter
surface, as well aStaphylococcaspecies, when used with AmRaad et al. 2003;
2008) When EDTA was used in combination with nystatin and with AmB, synergistic
effects were evident against numerdwspergillusspecies and when in combination
with fluconazole was slown to reduce the metabolic activity of cells within a

disrupted biofilm(Ruhil et al. 2014; Casalinuovo et a017)

Previous studies have shown that OligoGSZE0 can affect hyphal formation
and invasion. C. albicansATCC 90028 exhibited significantly reduced hyphae
production when treated with 6% and 10% OligoG-%ZF0, while C. tropicalis
showed significant results with a 0.5% OligoG-&R0 treatmen{Tegndervik et al.
2014) In this study, horse serum was used to stimulate hyphal growth in the germ

tube assay, a small n@ngnificant decrease in cells with germ tubes was seen when
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treated with nystatin and OligoG €320 combination therapy. The strains selected
for the germ tube assay includédalbicansGBJ 13/4A, which only a minority of the
population formed germ tubesompared to the majority &. albicansATCC 90028

forming germ tubes.

C. glabratais the second most common cause of candidiasis@ftaibicans
and has become associated with high mortality (8&neviratne et al. 2010)C.
glabratais notdimorphic ands only able to form blastoconidia-@L ¢, cojnpared
to the much bigger (6 ¢ mQ. allmcdansand the other NCAC blastoconidiaads
to a biofilm structure that varies greatly from those of the other NCAC speci€s and
albicans whose biofilms are composed of high levels of hyphal ¢Slilva et al.
2012) These features perhaps give the hybitesd C. glabrata, a significant
advantage over the dimorpl@@andidastrains (includingC. tropicalis, C. albicanand
C. dubliniensiy which form true hyphae whil€. parapsilosisexist as yeast or
pseudohyphae ard. auris which rarely form pseudohyphae and do not form germ
tubes (Tandervik et al. 2014; Pritchard et al. 2017mvasion is a key phenotype that
contributes to the wilence ofCandida.The ability ofCandidato cause infection is
mediated through enzymes or through hyphae, research has shown that hyphal
production as well as invasion being reduced suggesting that OligoG/ZFcould
contribute to limiting IFIPritchard et al. 2017alFurthermore, this study showed that
the production of SAPs-@, which are hyphal specific and important for invasion, was
also reduced, a possible reason for the reduction in hyphal infiltration that was

observed.
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2.5 Conclusion

These results have shown that OligoG®E0, when used in combination with
nystatin, display potentiation against both planktonic and biofilm cells. In addition to
potentiating the activity of nystatin, OligoG &#20 when used alone also displayed
consderable antifungal activity. The combination therapy was very successful at
disrupting established biofilms as confirmed by the ATP viability assay, as well as by
the CLSM imaging and COMSTAT analysis. Disruption of the biofilm architecture
may facilitae and improve penetration of antifungal agents into the matrix. The
combined use of OligoG GB8/20 and nystatin demonstrated considerable potential as
an alternative to single drug treatments, allowing the dosage of nystatin to be

decreased, and enablimgreases in the longevity of treatment via reduced toxicity.
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Chapter 3

Comparison and characterisation of the
antimicrobial effects of OligoG CFK5/20 and
tailored alginate, OligoM
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3.1Introduction

3.1.1Pseudomonas aeruginosa

The Gramnegative bacteriumPseudomonas aerugingsia an opportunistic
pathogen found ubiquitously in the environment, which can grow and survive in many
different environmental conditions, growing between423C, causing disease in
animals, plants, and humans particularly in immunosuppressed pd8amnitsjit and
Indrawattana 2016) P. aeruginosacan cause lif¢hreatening chronic infections,
notably in those with chronic obstructive pulmonary disease and cystic fibrosis (CF).
The importance oP. aeruginosahas been highlighted recently in the WHGM lof
ESKAPE pathogens Efiterococcus faeciumStaphylococcus aureusKlebsiella
pneumoniag Acinetobacter baumanniiP. aeruginosa and Enterobacterspecies);
designated as top fApr i ¢Shrivastava etaln20ii8heot i ¢ r
ESKAPE pathogens are responsible for almost all nosocomial infections worldwide
(with P. aeruginosabeingresponsible for 10%)and pose a significant threat due to
their resistance to antimicrobial treatment and ability to exacerbate the mqraidity

mortality of diseas€Rice 2010; Oliveira et al. 2020)

3.1.2 Quorumsensing

In P. aeruginosathe quorum sensing (QS) network consists of four separate
hierarchical systems; Las, Rhl, PQS, and [Q&o of the systems are based on synthesis
and recognition of acyl homoserine lactone (AHLS); Lasl/LasR and RhlI/RhIR, which
work in tandem, controlling virulence factorBigure 3.1). Thelasl gene product
produces the autoinducél-(3-oxododecanoytAHL (3-oxo-C12AHL) and therhll
gene product producésbutyryl-AHL (C4-AHL). Once the autoinducer has reached a

threshold level, it binds to its respective receptor protein (i.e., LasR or RhIR
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Figure 3.1. Schematic of théasl/LasR, Rhll/RhlIRRnd PQS QS circuits iA. aeruginosa
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respectively). This binding causes the activation of virulence facioch ad.asA
andLasBelastase, as well as proteases, exotoxin A and pyoc@afehead et al.

2001) QS has roles in biofilm development, with mutants which are unable to produce
autoinducers producing At hi nn-imensiohal of i | m
(3D) microcoloniegKievit and Iglewski 200Q) The LasRautoinducer complex acts

as an autoinduction feedback loop, leading to further activation, while also activating
expression of the RhlI/RhIR QS circuiMiller and Bassler 2001; Smith and Iglewski

2003; Waters and Bassler 2005)

An additional c on noledteRseudombneguibloneQS sy s
signal (PQS) systemases alky4-quinolones (AQs) as signalling molecules, mainly a
anthranilic acid derivative2-heptyt3-hydroxy-4-quinolone (PQS) and its precursor
2-heptyt4-quinolone (HHQ)(Pesci et al. 1999; McKnight et al. 2000PQS was
discovered in #asl rhll mutant that did not producedko-C12-AHL or C4-AHL, but
was still able to express the LasR protein. The latter is linkémsBtranscription,
suggesting the involvement of a third molecule closely interconnected with Lasl/LasR
and Rhll/RhIR(Pesci et al. 1999; Holden et al. 2000) the PQS system, five genes
in thepgsABCDEoperon are respaible for production of HHQ, which is converted
to PQS by PgsH and PgsL. Notably, autoinduction can occur when AQs bind to the
transcription regulatoPgsR (also known as MviRamplifying operon expression
(GarciaReyes et al. 2020; Soh et al. 202The importance of the PQS system is seen
in its involvement in the positive regulation difll, which is essentialfor the
production of virulence factorsuch as pyocyanin and elastaae well as biofilm
formation, while RhIR is seen to negatively regellagsR(Jack et al. 2018; Li et al.

2022)
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Finally, the integrated QS (1QS) systawhich was discovered more recently
where 2(2-hydroxylphenyljthiazole4-carbaldehyde is secretdilee and Zhang
2015) It was believed that 1QS was affected by the Lasl/LasR system, so any
disruption downregulates the activationamhbBCDEand IQS productioiiLee et al.
2013) However, it has been shown recently tastbBCDgenes are not involved in
IQS synthesigCornelis 2020) Disruption of 1QS causes the PQS and Rhl systems to

be halted, stopping the production of virulence factBegher et al. 2022)

3.1.3 Bacterial virulence factors

Virulence factors are expressed in both acated chronic infections, making
them popular targets for antimicrobial treatments. There are many tppenand
genotypic changes that occur fh aeruginosaover the course of an infection as it
developsrom acute to chronic. The virulence factors possessed by bacteria contribute
to the likelihood of them causing infection, and along with host factors and
environmental conditions, play a significant role in disease outcomes. QS has been
shown to regulattheproduction ofP. aeruginosairulence factors that are required for
invasion of the host, including proteases, elastases, pyo¢ydoiy with swarming

motility (Strateva and Mitov 2011)

3.1.3.1 Bacterial motility
Three forms of motility have been described Rn aeruginosa,namely:
swimming, twitching, and swarmingigure 3.2). The presence of functional flagella
allows bacteria to be motile, helping them to: locate nutrients, find favourable niches
for colonisation, as well as initiating infection through adherence, all showing that
motility is closely associated with suce@&d biofilm formation (Josenhans and

Suerbaum 2002)
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Figure 3.2. Schematic diagram showing the three types of bacterial motiliB. in

aeruginosaswimming, swarming and twitching motility.
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Swimming motility is the movement of an individual bacterium through a
liquid with low viscosity propelled byotating flagella. In contradiwitching motility
uses type IV pili retraction and extensic
(Kearns 201Q) Swarming motility is the coordinated multicellular movement of
bacteria using flagella to move across a sgohid surface, instead of existing in a
sessile aggregation. Motility has been reported to be present to only three bacterial
families Firmicutes, Alphaproteobacteria, and Gammaproteobaatdrieh include
many Graranegative pathogens &froteus Escherichia SalmonellaVibrio genus as
well as Grampositive speciesjncluding Clostridium and Bacillus genus(Lai et al.

2009)

Swarming motil iftwgreeéduaitin @enofihypmer mul t |
distributed on the cell surface (known as peritrichous flagellataong a surfactant (a
surfaceactive agent) or polysaccharide secretion to reduce surface tension between
the bacteria and the substréffeéaser and Hughes 1999The peritrichous flagellum
bundle together when the flagella motor rotates, pushing the cell forward. When the
mot or changes direction, the body of the
the flagella becoming pushed apart and redirecting thebefore they reform into a
polar bundle (Hintsche et al. 2017) Cellcell communication andexternal
environmental signals can trigger this translocation, with surface contact and the
physiological status of the cell both contributing to differentiaffnaser and Hughes
1999) Swarming motility shows complex and differing motility patterns for different
species, withP. aeruginosgproducing tendrils which spread out from the point of
inoculation, whilst Proteus mirabilisc r e at leulseyea fiatt er n mad e

concentr i c (Casz2maeetamdO0s) i ng s
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3.1.3.2 Additionalbacterial factors

One way of identifyingP. aeruginosas through the many pigments that are
secreted including pyoverdine (fluorescemllow green, pyorubrin (ed brown),
pyomelanin (pale brown) and pyocyanin (gré&re) (Reyes et al. 1981)Pyocyanin is
a watersoluble secondary metabolite belonging to the phenazine fawtigh are
heterocyclic compounds containing nitrog@ayaseelan et al. 2014)Synthesis of
pyocyanin is a complex process involving gene products freonphzABCDEFG
operons anghzH, with phzM and phzS,being important in the final conversion of
phenazinel-carboxyclic acid (PCA) to pyocyanin -fiydroxy-g-methyl phenazine)
(Mavrodi et al. 2001; Lau et al. 2004fPyocyanin production is regulated via QS, with
all threeLas, Rhl and PQS QS systems involved in its transcriptional coiRhdR and
PgsR have both been shown to be involved in upregulating pyocyanin sy(Baesis

Reyes et al. 2020)

Due to high levels of colonisation and infection witkeudomonaspp, levels
of pyocyanin production are much higher in people with CF than irGtorontrols,
displaying antimicrobial effects against both bacteria and f(Mijson et al. 1988;
Fothergill et al. 2007; Kaleli et al. 2007)Studies have also shown that pyocyanin
interferes with biofilm formation, with eDNA release (a principal component of biofilm
extracellular polymeric substances [EPS]), being promoted, and other modifications of
the immune system being apparemicludincludeling, neutrophil apoptosis and
increased interleukin productigihllen et al. 2005; Das and Manefield 2012The
antimicrobial effect of pyocyanin reflect its redaxtive nature, in that it can accept or
donate electrons to the production of reactive oxygen species (ROS) affecting calcium
homeostasis and leading to oxidative stress or even (iaslsan and Fridovich 1980;

Denning et al. 1998)
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P.aeruginosgroduces several extracellular proteases; LasA (encodedAy
LasB (encoded blasB), as well as alkaline proteases (encodedpp) (Stehling et al.
2008) Proteases aid in the breakdown of host tissues and the lysis of lca$B.
encodes for elastasehich has the ability to degrade extracellular matrix and disrupt
tight junctions, promoting pathogen invasion and establishment. Elastase can also
degrade components of the immune system, facilitating maintenance of infection
(Cowell et al. 2003; Kuang et al. 2011; Strateva and Mitov 20The regulation of

proteases is mediated dtugh all three QS systems: Las, Rhl, and RIa8k et al. 2018)

Rhamnolipids are glycolipid biosurfactants made from two components: a
hydrophilic rhamnose and a hydrophobic lipid. The rhamnose moity can either be mono
ordi( L) rhamnose mo |-l2glycosilic hoodivhilette ligidynoietyn U
i s ma d ehyduopy fabtyf acidbchains joined by an ester b{hldde-Mawgoud et
al. 2010) The production of rhamnolipids blseudomonass associated with
virulence, a reduction in surface tension, stimulation of cytokine release, as well as
promotion of biofilmformation (Déziel et al. 2003) rhlA andrhIB genes are linked
with rhIR andrhll as a single operon, whitalC (also needed for rhamnolipid synthesis)
makes up a second oper@ober6rChéavez et al. 2005)Rhamnolipids are involved in
biofilm development and their architecture; rhamnokligeficient mutants typically
forming much Afl at t-tgpe®avéyiewal. 2003rHudiesthave t h e
shown that rhamnolipids are involved in the creation and maintenance of open water
channels and the fioration of microcolonies within biofilm structures, aiding ezl|
interactions and attachment of cells through increasing surface hydroph@Deigy
et al. 2003; Pamp and Tolkblielsen 2007; AbdeMawgoud et al. 2010)

Rhamnolipids also facilitate the detachment and dispersal of cells in a biofilm state.

Thi s occurs through a ndcentr al hol |l owi n
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commencing inside the biofilm itself, and in parallel with new cells being prevented

from irreversibly attachingSchooling et al. 2004; Boles et al. 2005)

3.1.4 Fourier Transform Infrared Spectroscopy (FTIR)

I nfrared spectroscopy i s a technique t
fingerprinto. A spectrum is created frol
sample, and the radiation that is transmitted through it. This is typically between 600
4000 cm! (Dutta 2017) Using the attenuated total reflection (ATR), infrared light is
passed through a diamond crystal and internally reflected, before being partially
absorbed by the sampll€azarian and Chan 20Q6An advantage of using FTIR is that
the data of all wavelengths is collected in one pass, as opposed to samples being
irradiated by individual wavelengths. This means that data can be collected much faster
than is the case with dispersive techniq(@@suker 2022) The spectrum provides
information about which metules are present, as well as quantitative analysis of their
concentrations. FTIR can be used to analyse biological samples detecting changes in the
functional groups, allowing a comparison between a treatment group and untreated
controls and between héay- and diseased samplésewis et al. 2010; Su and Lee
2020) However, FTIR only shows which functional groups are present, not the exact
structure of the compounds which are present. Additionally, FTIR is limited as some

vibrations are assigned to mplg chemical groups.

3.1.5 Properties of alginates

The conformation of the mannuronic residueshamayolymeric mannuronic
alginategpolyM)i s d e p e Algd-glycdsidiobondbthat give*e; conformation
which is more extended in comparisorhtumopolymeric guluronicplyG) guluronic

alginateswh i ¢ h ar e -1)4glytdsidiad bortmls in aJhelicdiCs conformation
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(Xingetal.2020) Pol yG resi dues show an fiegg boxo
divalent cationswhich increases with the concentration of guluronate acid residues.
PolyM |l acks this selectivity and instead
bonds. This composition of polyG compared to polyM (100% M residues) affects the
mechanical propertiess the G units contribute to chains which are more brittle and
rigid, while M units chains are more flexible and s@thikin et al. 201Q)Alginates,
however, can vary in in length (degree of polymerization, DPn), compositiar (&
residues), and secondary structure (alternating G:M residues or homogenous block
structures)(Lee and Mooney 2012)

Low molecular weight alginate oligosaccharides still have many of the
properties of the high molecular weight polymer alginatdash as exhibiting affinity
for monce and divalenions but do not form a gel in the presence of divalent cations
(Xing et al. 2020) Advantages of having a low molecular weight is that the viscosity of
solutions when containing high concentratign®mains without much significant
increasgRye et al. 2018)Alginate oligosaccharides have shown antioxidant, immune
regulation, antbacterial and aninflammatory activities. For example, polyG
oligosaccharides (DPn ranging from 3 to 6) induce increaaeigtial phagocytosis by
macrophagesuggesting that alginates could be used to improve host immunity against
infection (Xu et al. 2014). Mannuronate oligosaccharides have a diverse bioactivity with
a wide range of clinical application. Mannuronate oligosaccharides made by alginate
lyases hae shown to inhibit anchoragedependent colony formation of melanoma
cells suggesting that they could have asdncer rolegBelik et al. 2020) Further
applications of mannuronate oligosaccharides have been pdopotee treatment of

Al zhei mer 6 s diKeme2al8;Bietah 2021) besi t vy
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P. aeruginosabiofilms contain Mrich high Mw alginate polymers anda*
crosslinking is known to play an important role in biofilm stability and antibiotic
resistance. Therefore, the ability of guluronate oligosaccharides to scavenge calcium
has been proposed as mechanism of action in their demonstrated antimicrobial and
artibiofilm activity (Aslam et al. 2008) This study investigates the implication of

monomer composition and distribution (M:G ratio) in these activities.

3.1.6 Effect of alginate oligosaccharide composition on Pseudomonal cell
membranebinding

Molecular dynamics (MD) simulations have recently shown tifrahydrogen
bonding between Mblock oligomers (DP 6) and Granegative lipopolysaccharide
(LPS-DPPE) lipid layedo not extend as far into the Graragative bacterial membrane
as those observed with-i51 o c-lkgulgranic acid) structures. Instead, thebiBck
alginates showed a strong interactiovitliin nanoseconds) with the LPS bilayer via
hydrogen bonding and aided by attractive forces between the G residues st a
allowing the large negative charge of both the oligomer and LPS to be overcome
(Pritchard et al. 2023)

To compare structure activity relationship (SAR) of the antimicrobial properties
of alginate oligomerg vitro,b, Ol i goM, made wup of h®mopoly
mannuronic acid) blocksynthesised with a similar degree of polymerization (DPn) to
that of OligoG CF5/20 (DPn = average 19Vas preparedRigure 3.3). Isothermal
titration calorimetry (ITC) was conducted to measure the amount of heat released or
absorbed by OligoG GB/20 and OligoM dilutions in the presence ofCas well as

their interactions with pseudomonas LE&&boury 2006; Wang et al. 20208)C
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established thahat no binding occurred betweentbck oligomers and LPS at low
calcium concentrations (1 mM) and only weakly at higher concentrations (2.5 mM).
While interactions with G4 between OligoG C5/20 and LPS were shown to occur

in a dosedependent mannéPritchard et al. 2017c)

3.1.7 Aims and objectives

The objective of this study was to investigate the SAR of alginate
oligosaccharide (of comparable DPn and molecular weight distributeodgtermine
the role of calcium biding in their previously reported antimicrobial and antibiofilm

effects.
The specific aims of this study were:

1 To investigate the effect of OligoG €#20 and OligoM on planktonic growth
of P. aeruginosausing growth curves and determine their effects on biofilm
formation.

1 To investigate the effect of both alginate oligomer&oaeruginosairulence
factor production, swarming motility, and QS signalling.

1 To characterise changes in eelhding betweerP. aeruginosareated with
OligoG CF5/20 or OligoM after exposure to hydrodynamic shear using

Fourier Transform Infrared (FTIR) spectroscopy
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3.2 Materials and methods

3.2.1 Microbial strains and materials

Pseudomonas aeruginostiains (mucoid NH57388A isolated from a CF patient
and noamucoid PAO1, ATCC 15692)vere grown on 5% horse blood agar (BA) plates
(blood agar base No.2; horse blood, TCS Biosciences Ltd). Unless stated, all liquid
cultures ofP. aeruginosd\H57388A and PAO1 were set up in Muelldinton (MH;
Sigma Aldrich) broth or Tryptone Soy Broth (TSB) respectivatyd7°C with 120 rpm
shaking overnight before being adjusted to an optical densiigso®@D0.080.1 (0.5
McFarland standard; ~8@FU/mL). Chromobaatrium violaceunfBergonzini ATCC
31532) andC. violaceumCV026 (NCTC 13278, miain5 mutant ofC. violaceum
ATCC 31532) were grown on Luridertani (LB) agar (10 g/L tryptone, 5 g/L yeast
extract, 5 g/L NaCl, 15 g/L aga6i gma Al dri ch) , sumlpl e me n
kanamycin forC. violaceumCV026 and liquid overnightultureswere set up in TSB
broth at 30°C, with 200 rpm shaking. All growth media was obtained from LabM

unless otherwise stated.

OligoG CF5/20 (DPn 19Wwas producedas previously describe&®éction 1.§.
OligoM was derived fronPseudomonas fluorescenfégG mutant, which lacks the
alginate modifying enzyme, mannuronan5@pimerase(Gimmestad et al. 2003;
Aarstad et al. 2012Alginates were deacetylated using a mild alkaline treatment and
depolymerized using a twstep acid hydrolysigHoltan et al. 2006)The alginate
fractions were analysed Wbyigh-PerformanceAnion-ExchangeChromatographywith
pulsed amperometric detection (HPAE®AD; Dionex ICS500Q Sunnyvale, CA,;

Figure 3.4 (Ballance et al. 2005)Metal ion concentrations were determined by ICP
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analysis [hductively Coupled Plasma Atomic Emission Spectroscopy;AEB), to

determineconcentrations of trace elements in the various preparations

3.2.2 Bacterial growth curve analysis

Adjusted overnight cultures &f. aeruginosa&NH57388A were diluted in a ratio
of 1 to 10 in MH broth = OligoG G5/20 (0.5, 2, 6%) or OligoM (0.5, 2, 6%). Growth
curves were performed in triplicate in sterile, dmttomed 96well microtiter plates
(100 pl/well) and the results presented as medunes. Absorbance measurements were
measured hourly at Qgyover 48 h at 37C using a FLUOstar Omega plate reader.
The minimum significant difference (MSD) was calculated using the TFékayner,

method using Minitab 17.2.1 (Minitab Inc, St&ellege,PA, USA).

3.2.3 Smallscale swarming motility assay

Due to limited availability of OligoM, a smadicale assay was adapted from Jack
et al, 2018. Swarming motility was assessed on 0.5% Basal Medium 2 (BM2) agar (62
mM potassium phosphate buffer [pH 7],n8M MgSQ,, 10 & MO.4%eVBVD
glucose, 0.5% [w/v] casamino acids and 0.5% [w/v] agar) = 0.5, 2, and 6% OligoG CF
5/20 or OligoM(Marr et al. 2007)Agar was freshly prepared befarge andtooled to
50 °C before addition of the alginate oligomer. Theml3of BM2 agar (+ oligomer)
was measured into the wells of a sterile-Hattomed éwell microtiter plate and left to
dry in a laminar flow cabinet for 30 mins prior to use. After adjusidngeruginosa
PAOL1 overnight cultures, the inoculumwastiled 1 to 10 i nL MH br c
inoculum was pipetted onto the surface of the dried agar (n=3). Plates were sealed in
parafilm and then incubated for 16 h at°®. Bacterial swarming in each well was
then photographed and the length of dendritic arms, surface area, perimeter, and shape

were analysedising ImageJ software.
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3.2.4 Confocal laser scanning microscopy (CLSM)

3.2.4.1 Biofilm formation assay

Biofilm imaging was performed with the kind assistance of Dr Lydia Powell.
OvernightP. aeruginosaNH57388A cultures (adjusted to &1€fu/mL) were incubated
in a sterile glaskottomed 96well plate (Whatman) and grown for 24(&7 °C; 120
rpm),with MH broth £ 0.5, 2, or 6% OligoG C5/20 or OligoM. Following incubation,
the supernatant was removed and the biofilm stained with 6% (v/v in PBS)
LIVE/DEAD® (BacLight™ Bacterial Viability Kit, Invitrogen) for 10 min and-&tack
CLSM images taken (Leica TCS SP5). CLSM imagegre analysed using COMSTAT

image analysigHeydorn et al. 2000)

3.2.5 Smallscale quorum sensing assay

3.2.5.1 Effect of the alginate oligomers on quorum sensing inhibition

A smallscale QS assay measuring violacein pigment production @ing
violaceumATCC 31532 andC. violaceumCV026 (unable to produce AHLs and
therefore cannot produce violacein pigment without an external AHL souwves)
adaptedrom Manner and Fallarer2018) Chromobacteriunspp. cultures (ATCC
31532 and CV026) were adjusted in LB broth tos@D.7 (~1x168 cfu/mL). In a sterile
flat-bottomed 96v e | | mi cr ot iL/Avedl)adjystedactltare £ dligor@er (9.5,
2, and 6%) was N(dke®machproylL-hdmoserinelactond (Sigma
Aldrich; C6-AHL dissolved in dimethyl sulfoxideDMSO), to induce pigment
production and incubated at 3G, 200 rpm shaking for 48 h in the dark. Furanone
(SigmaAldrich; dissolved in DMSO), a QS inhibitor (inhibiting the production of
violacein) was used as a positive control (prepared to a final concentration ahlL)mg/

A DMSO equivalent was also included as a control.
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To quantify violacein pigment, plates were centrifuged (Heraeus Labofuge 400R
centrifuge; ThermoFisher Scientific) at 2,0§€r 10 mins. The supernatant was then
removed bef orLe96% ahdnoln(\gv) t&@ GiBolve the violacein before
recentrifugationas above. The purpl e Upwel wmasnt ed
transferred to a new sterile Hbttomed 96well microtiter plate and the absorbance
(ODsgs5) was read using a FLUOstar Omega plate reader. The percentage inhibition of

violacein produgbn was calculated as follows:

Percentage Inhibition (%) = (untreated control O35 sample Olgs)
x 100%

(untreated control Ofgsi media control Okys)

Treatments were classified as highly active @Bibitors if the inhibition
percentage was 090 %, mo d e89%,tweth <40%abeirtgi v e |

classed as inactiy@anner and Fallarero 2018)

3.2.5.2 Effect of the alginate oligomers on cell viability (resazurin control assay)

In parallel with the QS assay, identical duplicdateviolaceunrATCC 31532 and
CV026 plates were set up, with equivalent DMSO concentrations replachAgHC6
(described irBection 3.2.4.1)to measure the effect of oligomer on cell viability. After
48 h incubation, the 9%ell microtiter plates were centrifuged (Heraeus Labofuge 400R
centrifuge; Thermo Fisher Scientific) at 2,00Gor 10 mins and all the supernatant
removed. Resazurin (Sigma Aldrich; 20 M
( 2 OLOwelf were incubated in the dark for 30 mins at room tempegabefore the
fluorescence (o2ex 560 and a&aem 590) was r €
Bactericidal activity of the oligomers was calculated as inhibition percentage of viability

as follows:
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Inhibition percentage (%) = (untreated contrdl sample)
x 100%

(untreated contrdl media control)

Compounds with inhibition percentages >40% were classified as bactericidal
and excluded as possible QS inhibitors in line with the previous $idgner and

Fallarero 2018)

3.2.6 Virulence factor assays

3.2.6.1 Effect of the alginate oligomers on pyocyanin production

Overnight cultures dP. aeruginos®PAO1 were adjusted to Qb 1.0 with MH
broth. Cultures (n=3) were diluted in a ratio of 1 to 100 mL1IMH broth £ 0.5, 2, 6%
OligoG CF5/20 or OligoM and incubated for 24 h (3T, 125 rpm) in sterile universals
with the lids left loose to allow for maximum oxygenation. The cells were centrifuged
(Heraeus Fresco 21; ThermoFisher Scientific; 104)Q@0°C, 10 mins) and pyocyanin
extracted from the supernatant using chloroform (Sigma Aldrich; 3:2; volume per
volume [v/v]). Samples were vortexed for 1 min and then centrifug®@Qg, 4 °C,
10 mins) before being reextracted with 0.2 M hydrochloric acid (HCI; Sigma Aldrich;
2:1; viv). The top aqueous (pink) layer was then transferred to sterile Eppendorfs and
the absorbance read at 520,nusing a Beckman Coulter DU 800 Spectrophotometer.

0.2 M HCI was used as the blank and MH broth as a negative control.

3.2.6.2 Effect of the alginate oligomers on protease production

Cultures were adjusted and prepared as desc(ection 3.2.6.1) Cellree
super natlgwas indquiaedin &1:1 ratio with 2% azocasein solution (Sigma
Aldrich; prepared in 100 mM sodium phosphate [pH 7]) at@7or 1 h. To stop the

reaction, 10% trichloroacetic acid (ThermoFisher Scientific) was added, and the mixture
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was centrifuged (8,000, 5 mins) to remove the azocasein. The absorbancey{OD

was measured using a Shimadzu-W300i Spectrophotometer.

3.2.6.3 Effect of the alginate oligomers on elastase production

Cultures were adjusted and preparasl describedSection 3.2.6.1) Elastin
congo red solution (Sigma Aldrich; 5 nngl. prepared in 0.1 M Tri$iCl, pH 8; 1 mM
CaCb) was incubated with ceffee supernatant (in a 1.3 ratio) and incubated for 16 h
(37°C, 200 rpm). After incubation, the mixture was centrifuged (3g)A® mins) and

the absorbance (QBy) measured using a Shimadzu 19001 Spectrophotometer.

3.2.6.4 Effect of the alginate oligomers on rhamnolipid production

Cultures were adjusted and prepai@sidescribed ifSection 3.2.6.1) Celt
free supernatant was mixed with ethyl acetate in a 1:1 ratio and vortexed foeldrs
centrifugation (10,00@, 4 °C, 5 mins). The top layer of ethyl acetate was transferred
to a new tube and this process was repeated three times. The upper layer was then left
to evaporate overnight, andL deibonizedwaterc i pi t
(dH0) . To t hi sLgoranol repgent (.19% prcirblOnb38&lphuric
acid,H>.SQy) was added and the resulting mixture was incubated &€ & 30 mins.
Once cooled to room temperature, the absorbance-(Dias read using a Shimadzu

UV-1900i Spectrophotometer.

3.2.7 FTIR analysis of alginate oligomer interaction with pseudomonal cell surface
membrane

Overnight cultures ofP. aeruginosa (PAO1l) (n=6) were centrifuged
(Pendragon ALC PK120R) at 3,0@0or 20 mins and washed (x2) itdgO Cultures
were standardised to an optical densitys63Df 1, before being recentrifuged at 3,000

g for 20 mins and resuspended in 6616 gH>O = 0.5% OligoG CF5/20 or OligoM.
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Samples were left at room temperature for 20 miyefore being subjected to
hydrodynamic shear, (centrifugation at 5,@0for 6 mins), to remove excess alginate
oligomer The supernatant was removed, and the pellet resuspendesOmdbir to
centrifugation $,000g, 6 mins) and resuspended indd T h e b of sathf@e was
pipettedonto the attenuated total reflectance (ATR) sampling moduleNodéa@et 380
Fourier Transform IR Instrument (ThermoFisher Scientific) and allowed to fully air dry
prior torecording the IR spectra. Wavelength scans were taken betwed@G2&

! at a resolution of 4 crhand 64 scans taken to create a mean. Each sample was run in

triplicate.

Data processing and analysis were performed using the R statistical
environment. Wavenumbers from 1850 to 860" were preprocessed using twooint
liner subtraction baseline correction methods and then normalized using vector
normalization. WilcoxRankSum was used to determine wavenumbers that were
significantly different (<0.05) between the OligoG and OligoM spectra, to compensate
for multiple testing Bonferroni correction was applied. These selected wavenumbers
were put forward into hierarchical cluster analysis (HCA) and a dendrogram produced.

With thanks Dr. Georgina Menzies for data analysis

3.2.8 ATP cell viability assay
Biofilm formation was analysed in the
azithromycin and alginate oligomer therapging a Beckman Coulter Biomek NXP
Robotic System. Overnight cultures &f aeruginosgPAOL1) in TSB were adjusted to
an ODyoo of 0.005 in MH broth (LabM)before adding 30 I of inoculum to the wells
of a sterile black walled flabottomed 96well plate (Thermbisher Scientific)

containing 150 pl MHB with 0, 2 or 6% OligoG or OligoM and a gradient of
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azithromycin (Sigm&Aldrich; 10 mgmL stock in ethanol), ranging from%12 pgmL.

Plates were incubated for 19 h at’®7(n=4). The supernatant was removed, and the
biofilms washed (x4) with 100luPBS. PBS (100 Iy was then added to each well
before addition of 100 pf Bac Titer-GloE Microbial Cell Viability Assay (Promega)
reagent. Plates were incubated at room temperature in the dark for 5 min, mixed briefly
and luminescence measured on a Molecular Devices SpectraMax Paradigil dtidti
Detection Platform. The minimum significanffdrence (MSD) was calculated using

the TukeyKramer method using Minitab 17.2.1 (Minitab Inc, State college, PA, USA).

With thanks to Dr Anne Tgndervik for plate set up.

3.2.9 Statistical analysis

GraphPad Prisftwas used for altatistical analysis, with ongay analysis of
variance (ANOVA) test used to calculate any significant changes between treatments (n
>2),f ol l owed by a Dunnett 6s srOObveieqhsidered o mp ar
significant. MiniTab was used for calculation of the MSD and ImageJ software was

used for analysis of swarming motility.
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3.3 Results

3.3.1 Effect of oligomers on viability of mucoid®seudomonas aeruginosa

Growth curves of the mucoid. aeruginosastrain NH57388A showed that
both OligoG CF5/20 and OligoM had a comparable daependent effect on
planktonic growth Figure 3.5. The MSD showed that at 6%, both alginate oligomers
had a significant effect on growth in the exponential phas&Ql6) compared to the
untreated control. These effects were
on biofilm formation of the mucoi®seudomonastrain in CLSM imaging mirrored
that observed in planktonic sgms OligoG CF5/20 and OligoM shoed a reduction
in biofilm formation in a doselependent mannerFigure 3.6). Furthermore,
COMSTAT analysis demonstrated that at 2 and 6%, both oligomers had significant
effects on biofilm biovolume, mean thickness and surface rouglomapared to the
untreated controlRigure 3.7). No significant effect was seen at 0.5% for either

oligomer.

3.3.2 Effect of alginate oligomers ofPseudomonaswarming motility

Swarming motility plates (after 16 h) and the calculated surface area of the
swarm on the surface of the agar are seémguare 3.8. The small scale of the assay (3
mL vs 20mL of agar) made reproducibility between replicates a problem, as can be seen
in Figures 3.8A and Band the resultant large standard deviatiokigure 3.8C. No
significant differences were seen in motility in the presence of 0.5 and 2% oligomers,
reflecting the poor reproducibility between replicategygre 3.8C). Both oligomers
were shown to affect the swarm surface areR.aderuginosawith 6% showing the
greatest effect (inhibiting growth and swarming motility) although this was not

significant (p >0.05Figure 3.80).
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Figure 3.5 Growth curves oP. aeruginosaNH57388A treated with OligoG CK/20
or OligoM (0, 0.5, 2, 6%) for 48 h. Minimum significant difference (MSD) for
absorbance was calculated in MiniTabing the TukeyKramer method (MSD=0.11;

n=3).
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Figure 3.6.Biofilm formation assay showing CLSM-&ack imaging oP. aeruginosaNH57388A biofilms with LIVE/DEALY staining. For
the assay, biofilms were grown for 24 h £ OligopG&EF 20 or Ol i goM (0.5, 2, 6 %) ; scale bar
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Figure 3.7. COMSTAT image analysis &. aeruginosd\NH57388A formation assayreated with OligoG Cf/20 or OligoM (0.5, 2 or 6%)
(Figure 3.6), showing bievolume (un¥/um?), mean thickness (um) and roughness coefficient + S.D; n=3 biologicalsecksicals, Group
wise comparisons were analysed using-oag ANOVA,f ol | owed by Dunne%0t0% §P<90.61s P 400Q1; **B st s ;

<0.0001 denotes significance.
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Figure 3.8.Effect of the alginate oligomers & aeruginos&®AO1 swarming motility
on BM2 agarA) £ OligoG CF5/20 (0.5, 2 or 6%)B) + OligoM (0.5, 2 or 6%)after
16 h incubation and(C) surface area (cfh of swarm + SD (n=3)Groupwise
comparisons were analysed using-or&y ANOVA,f ol | owed by Dunnet't

tests; *P<0.05; **P <0.01; ***P <0.001; ****P <0.0001 denotes significance.
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3.3.3 Effect of alginate oligomers of®. aeruginosaguorum sensing inhibition

Violacein pigment production b§. violaceumATCC 31532 in the QS assays
was shown to be reduced by both OligoG-®#0 and OligoM in a dosdependent
manner , with O2% oligomer showing a signi
significant reduction observed when treated with 0.5% Oligéigure 3.9. C.
violaceumCV026 behaved similarly when treated with the oligomers and in the
presence of exogenous-@&iL, which is required for the strain to produce the pigment
violacein Figure 3.10. Similarly with this strain, a significant dosependent
reduction in pigment production was also seen when treated with Olige&220Rnd
OligoM for 48 h. Neither of the oligomers showed highly active QS inhibition against
both strains, although 6% OligoG &#20 was close demonstrating high percentage
inhibition againstC. violaceumCV026 (93.6%) and moderate activity agaist
violaceumATCC 31532 (88%). Moderate inhibition against both strains was observed
for 2 and 6% OligoM and 2% OligoG &%720 (igure 3.11), whilst both oligomers at

0.5% failedtods p| ay any activity (O 40% agai nst

Furanone (a QS inhibitor) was used as a positive control in the QS assay. A cut
of f for QS inhibition waG vidaeeunstainsinthed 0 % i |
QSlI assay and O 40% i n tyadpievioustydefinegMannen e c e | |
and Fallarero 2018)Furanoneat1lmglLdi spl ayed strong QS i nhi
inhibition againsC. violaceumATCC 31532 (99.2%) and agair@t violaceunCV026
(94.3%). The viability inhibition assay showed that, at 1 mig/cell viability was
und f ected with i nhi bi Chromabact@iumdti@ips (12.8% i n s t

inhibition againstC. violaceunCV026 and 23.8% against ATCC 31532).
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Figure 3.9. Effect of alginate oligomers on violacein pigment productiorCbyiolaceumATCC 31532 after 48 h treatment with OligoG -6R20 or
OligoM (0.5, 2 and 6%). After 48 h incubation, the violacein pigment was dissolved ifv@@ethanol (EtOH)before absorbance was measured at
ODsgs, Nn=3; Group wise comparisons were analysed usingwayeANOVA,f ol | owed by Dunne<0.05*P<@0i;s*t*P <0.@t; t es

****P  <0.0001 denotes significance.
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