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We choose to do these things not because they are easy, but because they are hard.

John F. Kennedy

- Can one still be brave if he is afraid?
- That is the only time one can be brave
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1. b¢wh5!/ ¢Lhb

1.1. ¢ KISNE 6By A ONM& A Bdi I 3O

Across the history of the human race aitgl progress, many barriers have been met
and overcome One of such, and particularly significant, is fight of humans against
pathogenic microorganisms. Very relevant to current times, pathogenic viruses can rise to
become global threats, but so candteria.Be it the bubonic plague, tuberculosis, cholera, or
others, these names stikksonate echoes of times in which the battle against pathogens was
alost one.In suchtimes,a unicelluar organism could singlehandedly decimate a percentage
of the human populationfor example,tuberculosis peaked ithe XIX' century andis
estimated tq at that point in time, have killed 14% b@imanity (all humans that had ever
lived to that point), méing it the deadliest bacterial infection in histoip far.In 2019, 1 still
managed to infect 10 million and kill 1.4 million peopkdding to this bacteriahaveacted
in conjunction with pathogenic viruses, for examplgring the early XXcentury, when the
AYyFEdzSSyTl I LI YRSYAO 1 3GSN) OFft SR WiKS { L} yAa
oF OGSNRAIE LSdzvY2yAl & ¢KAA LI puRkibrvaktde tiR& OA Y I G SR

The aforementioned dark timesame to an endh relatively recent timesas the XIX century

gave its way to theX)", the rapid development and introduction ofmanyvaccinesgave a
prophylactic means to fighinfectious dseass. More importantlyx ! €t SEIF Yy RSNJ Ct Sy
chance encounter with penicillim 1928 paved the wafor the directfight againstbacterial
infectionswith antibioticsp t Sy wideaptebdisgstadied inthe 1940s during World War

2,and was followed bt K St RBE | 3SQ 2 T-70s)KdAYd N Bigh&SQaint i m cop N
the fight againstmicrobes.Yet, by 1955 antimicrobial resistance (AMR) to penicillin was a
factonlytwelve years after the start of its extensive uses Flemming himself had predicted.

Thus, AMR loomed large over modern medicine and scientists, who kept finding new
antibiotics, hoping to keep ahead in the race between humans and AMR path@geisble

1.1).2

Now, at the beginning of the XXtentury, there is no denying it: we are losing the antibiotics
race. Aseen onflable 1.1 the mostrecently discovered antibiotic®aptomycinn 20 and
Ceftazidimeavibactamin 2015) lasted only one year before resistance appeared and was

documented® Names such as MRSAMdthicillin-resistant Staphylococcus aureushave
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PDR (Multidrugand Pandrugresistan) bacteria.

Development Resistance

Antibiotic Year Year Resistant Strain
Released Identified

Penicillin-resistant

Penicillin 1941 1942
Staphylococcus aureus
Vancomycin 1958 1988 Plasmid-mediated vancomycin-resist—a nt
Enterococcus faecium
Amphotericin B-resistant
Amphotericin B 1959 2016 mphotericin Brresistan
Candida auris
Methicillin-resistant

Methicilli 1960 1960
SHhiciin Staphylococcus aureus (MRSA)
Extended-spectrum 1980 1983 Extended-spectrum beta-lactamase-producing
cephalosporins (Cefotaxime) Escherichia coli
Azithromycin 1980 2011 Azithromycin-resistant

Neisseria gonorrhoeae
Klebsiella pneumoniae carbapenemase
Imipenem 1985 1996 (KPC)-producing
Klebsiella pneumoniae
Ciprofloxacin-resistant

Ciprofloxacin 1987 2007 i X
Neisseria gonorrhoeae
Fluconazole 1988 1988 Fluconazole-resmtént
Candida
i Caspofungin-resistant
C f 2001 2004
= st Candida
Daptomycin 2003 2004 Daptomycin-resistant methicillin-resistant
Staphylococcus aureus
Ceftazidime Ceftazidime-avibactam-resistant
. 2015 2015 KPC-producing
avibactam

Klebsiella pneumoniae

Table1.1. The race between antibiotic development and AMR. Adapted from the U.S. Centers for Disease
Control and Preventiof.

Cases opatients infected withd dzLJS ND dz3 & NBed R &diitdficssudh as calistin a G

have already surfaced in 20%@hese pathogens, resistant to most of the existing therapies,

are especially threatening to hospitalized patients that present risk factors. Rigksfac

include medical conditions such as cancer, diabetes and immunosupprefsiaxample,

dueto chemotherapy. Additionally, immunodeficiency due to either physiological stress (for
example, skin damage or malnutrition) or old age can render a patient prey to these

pk i K23Syasz Ay ¢KI G MhictidF’itic &iBentthat theérerefird®adde dzy A & ( A
of these pathogens in medical environments could quickly tura atvorstcasescenario

fragile patientghreatened byuntreatablebacterial infectionsindeed, MDRnicroorganisms

alreadyrepresent the leading cause of death by pital-acquired infection (HA?2

Undeniably HAIs by resistant pathogens can growoia bigger problem, to the point of

reversing years of advances in modern mediciffas issues illustrated by the situation of
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patients afflcted with cystic fibrosis (CF.well-studied genetic diseas&Fis caused by a
mutation of the cystic fibrosis transmembrane conductance regulator (CFTR)is
dysfunctionresults inthick mucusaccumulating in different organ#is chief consequence is
progressiverespiratory problemsand increased susceptibility to lung inflammation and
infections. Although no definitive cure existsegularadvance of modern medicine have
enabledspecialized ®atmentand care for CF patienteadingto anoverall improvement of
their quality of life.In terms of life expectancy, children born with- ir021 are expded to

live 20 years more than the previous generation of patiériiespiteof this,the main cause

for morbidity and mortality (at least 80%)in this population are bacterial respiratory
infections. Indeed, the thick mucus characteristic of CF translates into a reduced capacity for
airway cleansing, making the lungs an ideal breeding ground for opportunistic pathtgens.
Due to this, CF isonsidereda highrisk factorin the context ofHAIsandis regardedas the
main responsible for mortalitgmong genetic diseaseas the Caucasian populatioSimilar

to antibiotics, CF patients are losing the battle against MDR pathogens.

Proportional towhat is becoming one of the main challenges of théFXcentury, a
coordinated responsagainst AMRias been erected at the highest levealse World Health
Organization (WHO), the Europe@ommissionr YR (G KS ! yAGSR {GlFGSaQ
Disease Control and Preventical) have action plans to implemeagainst the rise of MDR
pathogens® 112 These plans provide solid advice on how to reduce resistance by better
handling of antibiotics, but also highlight the necessity for alternativéisignfight. Therapies

involving vaccines, antibodies and bacteriophages are some of the alternatives presented.
Another alternative to antibiotics, lex®nventionalbut more relevanto this thesis work, is

anti-adheson therapy.

s = F v - F '
12, | yiRKESAWSNONLED | LR a2aAAOES azfddiAzy
In order to act efficientlyinfective pathogens need to interact with their environment.
First and foremost, a virus or a bacterium needsdoognizethe cells of its host in order to
start the infectiveprocess At this pointi becomes necessaigr the pathogento remain in
close vicinity tdts host cells In this vicinity, pathogens thrive: enhancaccess to nutrients

shelter from cleansing mechanisms such as airflow or liquid flow, ¢mmarimmune factors

15



all convergedo facilitate infection Consequentlyhostadhesion is a determinant factor in the

infective process.

The concept of mti-adhesion therapy sfiaced in the 90snd consisted in using monoclonal
antibodies agools to disrupt adhesive interactions betwekrukocytesand endothelial cells.
Disrupting those interactions wastherapeutically beneficial in models of inflammation or
immuneresponse'3 As it stands todayAATstill aims to disrupt adhesive interactions, but has
broadened is scope considerablydne of its main applicationis relevant to ourstudy: to

disrupt theinteractionsbetweeninvasivepathogens and their ¢sts(seeFigure 1.).

Pathogenlc contamination

| Recognition
Interaction

ﬁ’

\

Airway cleansing
Immune response

Adhesion Anti-adhesion |

* Nutrients * Blocks interactions
* Shelter * Reduces infection
* Infection * No selective pressure

Figure 11. Schematic representation of bacter@dihesion to epithelial cells and the aiilhesion strategyA
detail ofthe workings ofanti-adhesiontherapyis presentedin Figure 15.

Indeed,with antibiotic useconfronted toincreasingly difficult challengesmdemerging fungal
pathogens developingdrugresistance, anti-adhesion has gained momentum as a
complementary type of therapyThe reasorwhy AAT can be deemed complementary to
antibiotic therapy is ittack of evolutionary selective pressumhereas antibioticenly allows
drugresistant mutai & (2 &adzZNBAGS |yR O2yaidAiddziS GKS
elimination of the pathogens. By merebpstructing the infective action of the pathogens,

GKAA (&L 2 TFindick SNdtivelpresBue $hasyc ai direct wdgverthelessit
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canbe argued thamutant organismghat evadeAATandproceedto successful infection will
gain anevolutionary advantage: enhanced access to nutrients and capacitpuldiply,
especially for viruses. On the other handesie Yavouredstrains will have t@wompete with
normal strains, instead of being the sole survivors of their genera@snopposed to the
unhindered growth of antibiotigesistant strains. The end result is that the resistance to AAT
is possible but on a different deathan the dramatic race observed for antibiotiés.
Furthermore, theprospects of AATwill certainly benefit from the lesons learned from
antibiotics such aghe need tolimit over-prescriptionand encourage combination therapies

among others

Indeed,combination therapiesnaybe instrumentako curbotherwise unsurmountabl®DR
pathogens Recently, modern computationaltools have been used to modeand predict
outcomes of combination therapies on simple disease modglsouraging results showed
that antibiotics and antadhesives combine synergisticalignerating better outcomes than
the isolated treatments wouldiFurthermore, he studyallowed tooptimisethe treatmentto
arrive to a predictedBestcas€butcome in which theminimum antibiotic dosewas lower,
reducing the chances of resistance to develdft would, thus, seem thatAAT coupled with
the gatheredknowledge and the neesttechnologies has the potential to turn the tide in the

fight againspathogens.

Among the different AAT approaches against infectiosome highlights includehe
disruption d biosynthesis of adhesion factorsf either pathogen or hostthe use of
antibodies targeting adhesion factotie immunization opatients againsadhesion andhe
competition againsbinding epitopes byailored therapeutic agent3® We will develop his
last examplethe design of AA&gentsintendedto mimic andcompete againsgpitopes that

are usually targeed during the adhesion processthe contextof early infection.

As mentioned earlier, adhesion is a s&@pf infectionmeaningthat adhesion machinery has
evolved throughout time and become increasingly effective and varied. This machinery has
also gained specificity in its varietyjany differentvirulence factorspecificallytarget their
correspondingepitopesin the host/pathogen interfaceConsequently, an understanding of
these virulence factors, thetargetsand thehost/pathogeninterface is necessary in order to
attempt AAT.One key element of this very interface is the -saled glycocaix: a
carbohydratepopulated matrixhat encapsulateslifferent types ofcells including epithelial

and bacterial cells
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At the forefront of the humaranatomy, human epithelial cellseparate the body and
its cavities from the exterior environment. Their glycocahanolayeris composed by
glycoconjugates: glycoproteins and glycolipidsich present their carbohydrate portion to
the extracellular environment. The role of thgdycocalyxand its actorsis to sense and
communicate with their environment in different ways. For examplgthelial cellsare the
gatekeepers of the body compartments and, as suwed tocommunicate toestablish a
stable cellular tissueThis endothelial tisse asembly isensured by glycocalyxediated
communication'’ Another example of this communication is h@lycoconjugates mediate
immune seltrecognition, allowing the imome system to discern between own and foreign
cells, and act accordinglizinally, the glycocalyx can be a biomarker of diseased states such
as cancet®!® Theoretically the structural versatility ofglycars allows them to holdan
unfathomably largequantity of information. In reality, tis information is filtered through
physical and biological constraints, resulting in thlgcan structure observed in living
organisms The resulting information held byheseglycan structures remaingast the Bugar
codeCls considered the'3alphabet of life employingmonosaccharides as letters in parallel

to nucledases and amino acidg22
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Figure 12. Left: Hectron microscopy picturef the endothelial glycocalyRight: Schematic depiction of the
glycocalyx and some of its roléSlycoconjugates and oligosaccharide epitopes are schematized at the surface

of an epithelial cell Adapted from Zausig and eworkers (2013§3

bl GdzNF tfe>x F2NJ SOSNR 3Ffeoly LINBaSyiSR o6& (K
another biomo§ Odzft S LJ @& (KS O2 YL LBcurS yael lbNEtousNR £ S 2
carbohydratebinding proteins, keyecognition agentdor intercellular interactios at the

extracellular matrixLectins have been studied extensively, owing to their role @oténtial
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for decphering the sugar code and provide valuable knowledger its significance on
biological processe® 24 Generally having weak millimolar affinity for the monodzaride
version of theiligand, lectincompensatedy establishingnultivalent interactions, mediated
by the presentation ofseveralbinding sites Indeed, lectins often present elemenof
structural symmetry: i -propellers, i -trefoils and | -sandwiches in homnultimeric
FaaSYyof ASa I NABsyleins tgpcady rély anymultivalemiteractions, they
presenttheir binding sitesalso cdled carbohydrate recognition domair{f€RD)on the same
face. All thingsconsidered the prototypical lectin presents many equivalent or quasi
equivalent CRDs on one itd faces, around a symmetry axis seen orrigure 13. Although
this seems to implhat lectinshave low structural diversity, the opposite is triectins hold
the structural diversity to matchihe sugar code. Indeedhe richness ofspecificiyy and
topology observed in lectinscaffoldshave made them interesting toolsfor generating
engineeedWy S 2 t S OdpplivatioNs incdkagnéstics, therappdmaterial science, among
others?>26 Developed in recent yeartlniLectin3D is &aluabledatabasefor exploring and
comparing lectins and scaffoldst curates lectins by structural features, but alsdy

carbohydrate specificity and evepecies highlighting that lectins are ubiquitous in natlie

!
Tandem @

Repeat (
d W

C2

C3/C2 Pseudo C6 Pseudo D6 Tetrahedral

Figure 13. Schematic representation of different types of symmetry observed in leclimssymmetry family

and symmetry axis are noted feach schematic representatioAdapted from Notova and eworkers 2020).2°
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Although intercellular communication is not exclusively mediated by lectins, these proteins
are particularlyrepresented irthe interactions between human and micred As mentned
earlier, a prerequisite to attempt AAT is thorough understandiof microbial virulence
factorsand theirtargetsin the host/pathogeninterface.Belonging to bacteria, viruses, fungi
and even parasitesacbohydratebinding moleculeglectinsg toxins, adhesing are famously
known to be virulence factorsOn one handadhesins ardound atop bacterial extracellular
organellesc fimbriae, and mediate adhesion of the whole bacterium &ny surfacethat
expoesthe corresponding carbohydrate epitope. For example, FimH is an extensively studied
adhesin which allow&sherichia col2 imbriae to adhere to mannosylated residues on
human epithelial cells, thus facilitating urinary tract infection (UTI). Recentlschanical
studies performed by atom force microscopy (AFM) have been able to characterize the
AYGSNIOGA2ya 2F CAYIlI YR 20KSNJIFIRKSaiAya a v
mechanical tensiod® The mechanical strengtibbservedsupplementsanother characteristic

of these virulent interactions: whereammimal and plant lectins usuglhave low affinity for

their targets,microbial lectins and adhesins presentb-micromolar or stronger affinitie$®

On the otherhand,toxins and lectins are ontrary to adhesinssoluble Toxins are proteins

that usuallyfeature different subunits. They arereleased by the pathogen to recognize
epitopes on the surface darget cells whichis mediated bya first subunit. Upon binding,
toxins areinternalized,and their secondsub-unit enacts a toxic effect, often leading tel|

death. A classic example stich toxings seen inFigure 1.4the AB toxin family. ABs toxins
featured in organisms such d&s. coliand Bordella pertussigpresent acytotoxic ADP
ribosyltransferasgA) domain linked tdive (Bs) lectin subunitswith capacity to recognize
endothelid surfaceg**°CA Yy I f f 8 X | ydzYoSNJ a2f dzofS €t SOlAya
or toxin. These agents often present specificity pitepes presented by the glycocalyx but
are not reduced to these targets. Lectins are versatile and can fill complex roles related to
guorum sensing biofilm formation and even cooperativity across different species of

pathogens.
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Figure 14. Strategies used by pathogens for host recognition and adhegidapted from Imberty and co
workers (20085

The list of pathogens using lectins for adhesiarfection and toxicity idong: E. colj
Staphylococcus auret®seudomonas aeruginosdibrio choleraClostridium tetanilnfluenza
viruses, etc.3! As transpiresrom Figure 1.4manyillnesses angbathologies rely on lgtinsin

their initial stages cemening the idea that AAT euld be beneficial to couer MDR
pathogens®?2 KI 1 Q& Y2NBxX fSOUAya KIGPS 0SSy aKz2gy
biofilms together, thus boosting resistance to antibiotiBgfilms are created when bacterial

of fungal cells adhere to a surface and to each other to form an extracellular matrix. For
pathogenic bacteria, the advantages of forming biofilm are matapility for growth, change

into an infectionadapted phenotype, elagtity against physical forces and, more importantly,
resilience againdtost immune factors and antibiotiéSInterestinglyfor AAT the knockout

or inhibition of biofilm-mediatinglectinshasled to disruption of biofilm integrity*+36

Considering this bacterial lectins aretwice-verified targets for AAT antagonizingall
pathogenic lectins would certainly be therapeutically advantageouke context of early
infection. Howeverevery project targeting lectsimust beunique: most carbohydrate/lectin
interactions are specific. Indeed, lectins are as diverse as carbohydrate structures are.

Neverthelesstrends do exist in the context of microbial virulence factors and infestion

Among the common targets for lectins, thele of histeblood groupoligosaccharidesn
microbial infections is undeniabf Human oligosaccharides are tightly bound to infection,
to the point that evolitionary strategies have developed around them. A clear example of

this can badrawnfrom the staple of mammalian biology: breastfeedikfigh concentrations
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