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1. Lb¢wh5¦/¢Lhb  

1.1. ¢ƘŜ ǇǊƻōƭŜƳ ƻŦ ŀƴǘƛƳƛŎǊƻōƛŀƭ ǊŜǎƛǎǘŀƴŎŜ ό!awύ 

 Across the history of the human race and its progress, many barriers have been met 

and overcome. One of such, and particularly significant, is the fight of humans against 

pathogenic microorganisms. Very relevant to current times, pathogenic viruses can rise to 

become global threats, but so can bacteria. Be it the bubonic plague, tuberculosis, cholera, or  

others, these names still resonate, echoes of times in which the battle against pathogens was 

a lost one. In such times, a unicellular organism could singlehandedly decimate a percentage 

of the human population: for example, tuberculosis peaked in the XIXth century and is 

estimated to, at that point in time, have killed 14% of humanity (all humans that had ever 

lived to that point), making it the deadliest bacterial infection in history, so far. In 2019, it still 

managed to infect 10 million and kill 1.4 million people.1 Adding to this, bacteria have acted 

in conjunction with pathogenic viruses, for example during the early XXth century, when the 

ƛƴŦƭǳŜƴȊŀ ǇŀƴŘŜƳƛŎ ƭŀǘŜǊ ŎŀƭƭŜŘ ΨǘƘŜ {ǇŀƴƛǎƘ CƭǳΩ ƭŜŦǘ Ƴƛƭƭƛƻƴǎ ǾǳƭƴŜǊŀōƭŜ ǘƻ ƻǇǇƻǊǘǳƴƛǎǘƛŎ 

ōŀŎǘŜǊƛŀƭ ǇƴŜǳƳƻƴƛŀΦ ¢Ƙƛǎ ǇŀƴŘŜƳƛŎ ŘŜŎƛƳŀǘŜŘ р҈ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ Ǉƻpulation at the time. 

The aforementioned dark times came to an end in relatively recent times: as the XIXth century 

gave its way to the XXth, the rapid development and introduction of many vaccines gave a 

prophylactic means to fight infectious diseases. More importantlyΣ !ƭŜȄŀƴŘŜǊ CƭŜƳƳƛƴƎΩǎ 

chance encounter with penicillin in 1928 paved the way for the direct fight against bacterial 

infections with antibioticsΦ tŜƴƛŎƛƭƭƛƴΩǎ widespread use started in the 1940s during World War 

2, and was followed by ǘƘŜ ΨDƻƭŘŜƴ !ƎŜΩ ƻŦ ŀƴǘƛōƛƻǘƛŎǎ όмфрл-70s), ƘǳƳŀƴƛǘȅΩǎ highest point in 

the fight against microbes. Yet, by 1955, antimicrobial resistance (AMR) to penicillin was a 

fact only twelve years after the start of its extensive use, as 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 pathogens (see Table 

1.1).2  

Now, at the beginning of the XXIst century, there is no denying it: we are losing the antibiotics 

race. As seen on Table 1.1, the most recently discovered antibiotics (Daptomycin in 2003 and 

Ceftazidime-avibactam in 2015) lasted only one year before resistance appeared and was 

documented.3 Names such as MRSA (Methicillin-resistant Staphylococcus aureus) have 

https://setapp.com/how-to/insert-pdf-into-word
https://setapp.com/how-to/insert-pdf-into-word
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ǊŜŀŎƘŜŘ ǘƘŜ ƎŜƴŜǊŀƭ ǇǳōƭƛŎ ŀƴŘ ƴŀƳŜǎ ǎǳŎƘ ŀǎ ΨǎǳǇŜǊōǳƎǎΩ ƘŀǾŜ ōŜen coined for MDR and 

PDR (Multidrug- and Pandrug-resistant) bacteria.  

 

Table 1.1. The race between antibiotic development and AMR. Adapted from the U.S. Centers for Disease 
Control and Prevention.3 

Cases of patients infected with ǎǳǇŜǊōǳƎǎ ǊŜǎƛǎǘŀƴǘ ǘƻ Ψƭŀǎǘ-reǎƻǊǘΩ antibiotics such as colistin 

have already surfaced in 2016.4 These pathogens, resistant to most of the existing therapies, 

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

include medical conditions such as cancer, diabetes and immunosuppression, for example, 

due to chemotherapy. Additionally, immunodeficiency due to either physiological stress (for 

example, skin damage or malnutrition) or old age can render a patient prey to these 

pŀǘƘƻƎŜƴǎΣ ƛƴ ǿƘŀǘ ƛǎ ŎŀƭƭŜŘ ŀƴ ΨƻǇǇƻǊǘǳƴƛǎǘƛŎΩ infection.5-7 It is evident that the mere presence 

of these pathogens in medical environments could quickly turn into a worst-case-scenario: 

fragile patients threatened by untreatable bacterial infections. Indeed, MDR microorganisms 

already represent the leading cause of death by hospital-acquired infection (HAI).7-8  

Undeniably, HAIs by resistant pathogens can grow into a bigger problem, to the point of 

reversing years of advances in modern medicine. This issue is illustrated by the situation of 
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patients afflicted with cystic fibrosis (CF). A well-studied genetic disease, CF is caused by a 

mutation of the cystic fibrosis transmembrane conductance regulator (CFTR). This 

dysfunction results in thick mucus accumulating in different organs. Its chief consequence is 

progressive respiratory problems and increased susceptibility to lung inflammation and 

infections. Although no definitive cure exists, regular advances of modern medicine have 

enabled specialized treatment and care for CF patients, leading to an overall improvement of 

their quality of life. In terms of life expectancy, children born with CF in 2021 are expected to 

live 20 years more than the previous generation of patients.9 Despite of 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 pathogens.10 

Due to this, CF is considered a high-risk factor in the context of HAIs and is regarded as the 

main responsible for mortality among genetic diseases in the Caucasian population. Similar 

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

Proportional to what is becoming one of the main challenges of the XXIst century, a 

coordinated response against AMR has been erected at the highest levels: the World Health 

Organization (WHO), the European Commission ŀƴŘ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎΩ /5/ ό/ŜƴǘŜǊǎ ŦƻǊ 

Disease Control and Prevention) all have action plans to implement against the rise of MDR 

pathogens.3, 11-12 These plans provide solid advice on how to reduce resistance by better 

handling of antibiotics, but also highlight the necessity for alternatives in this fight. Therapies 

involving vaccines, antibodies and bacteriophages are some of the alternatives presented. 

Another alternative to antibiotics, less conventional but more relevant to this thesis work, is 

anti-adhesion therapy. 

1.2. !ƴǘƛπŀŘƘŜǎƛƻƴ ǘƘŜǊŀǇȅ ό!!¢ύΣ ŀ ǇƻǎǎƛōƭŜ ǎƻƭǳǘƛƻƴ 

 In order to act efficiently, infective pathogens need to interact with their environment. 

First and foremost, a virus or a bacterium needs to recognize the cells of its host in order to 

start the infective process. At this point it becomes necessary for the pathogen to remain in 

close vicinity to its host cells. In this vicinity, pathogens thrive: enhanced access to nutrients, 

shelter from cleansing mechanisms such as airflow or liquid flow, cover from immune factors, 
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all converge to facilitate infection. Consequently, host-adhesion is a determinant factor in the 

infective process. 

The concept of anti-adhesion therapy surfaced in the 90s and consisted in using monoclonal 

antibodies as tools to disrupt adhesive interactions between leukocytes and endothelial cells. 

Disrupting those interactions was therapeutically beneficial in models of inflammation or 

immune response.13 As it stands today, AAT still aims to disrupt adhesive interactions, but has 

broadened its scope considerably. One of its main applications is relevant to our study: to 

disrupt the interactions between invasive pathogens and their hosts (see Figure 1.1).  

 

Figure 1.1. Schematic representation of bacterial adhesion to epithelial cells and the anti-adhesion strategy. A 
detail of the workings of anti-adhesion therapy is presented in Figure 1.5. 

Indeed, with antibiotic use confronted to increasingly difficult challenges and emerging fungal 

pathogens developing drug-resistance, anti-adhesion has gained momentum as a 

complementary type of therapy. The reason why AAT can be deemed complementary to 

antibiotic therapy is its lack of evolutionary selective pressure: whereas antibiotics only allows 

drug-resistant mutanǘǎ ǘƻ ǎǳǊǾƛǾŜ ŀƴŘ ŎƻƴǎǘƛǘǳǘŜ ǘƘŜ ƴŜȄǘ ƎŜƴŜǊŀǘƛƻƴΣ !!¢ ŘƻŜǎƴΩǘ ǊŜǎǳƭǘ ƛƴ 

elimination of the pathogens. By merely obstructing the infective action of the pathogens, 

ǘƘƛǎ ǘȅǇŜ ƻŦ ǘƘŜǊŀǇȅ ŘƻŜǎƴΩǘ induce selective pressure in such a direct way. Nevertheless, it 
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can be argued that mutant organisms that evade AAT and proceed to successful infection will 

gain an evolutionary advantage: enhanced access to nutrients and capacity to multiply, 

especially for viruses. On the other hand, these ΨfavouredΩ strains will have to compete with 

normal strains, instead of being the sole survivors of their generation, as opposed to the 

unhindered growth of antibiotic-resistant strains. The end result is that the resistance to AAT 

is possible but on a different scale than the dramatic race observed for antibiotics.14 

Furthermore, the prospects of AAT will certainly benefit from the lessons learned from 

antibiotics, such as the need to limit over-prescription and encourage combination therapies, 

among others.  

Indeed, combination therapies may be instrumental to curb otherwise unsurmountable MDR 

pathogens. Recently, modern computational tools have been used to model and predict 

outcomes of combination therapies on simple disease models. Encouraging results showed 

that antibiotics and anti-adhesives combine synergistically, generating better outcomes than 

the isolated treatments would. Furthermore, the study allowed to optimise the treatment to 

arrive to a predicted Ψbest-caseΩ outcome, in which the minimum antibiotic dose was lower, 

reducing the chances of resistance to develop.15 It would, thus, seem that AAT coupled with 

the gathered knowledge and the newest technologies has the potential to turn the tide in the 

fight against pathogens. 

Among the different AAT approaches against infections, some highlights include the 

disruption of biosynthesis of adhesion factors of either pathogen or host, the use of 

antibodies targeting adhesion factors, the immunization of patients against adhesion and the 

competition against binding epitopes by tailored therapeutic agents.16 We will develop this 

last example: the design of AAT agents intended to mimic and compete against epitopes that 

are usually targeted during the adhesion process in the context of early infection.  

As mentioned earlier, adhesion is a staple of infection, meaning that adhesion machinery has 

evolved throughout time and become increasingly effective and varied. This machinery has 

also gained specificity in its variety: many different virulence factors specifically target their 

corresponding epitopes in the host/pathogen interface. Consequently, an understanding of 

these virulence factors, their targets and the host/pathogen interface is necessary in order to 

attempt AAT. One key element of this very interface is the so-called glycocalyx: a 

carbohydrate-populated matrix that encapsulates different types of cells, including epithelial 

and bacterial cells.  
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1.3. ¢ƘŜ ǊƻƭŜ ƻŦ ƭŜŎǘƛƴǎ ŀƴŘ ŎŀǊōƻƘȅŘǊŀǘŜǎ ƛƴ ƛƴŦŜŎǘƛƻƴ 

 At the forefront of the human anatomy, human epithelial cells separate the body and 

its cavities from the exterior environment. Their glycocalyx nanolayer is composed by 

glycoconjugates: glycoproteins and glycolipids which present their carbohydrate portion to 

the extracellular environment. The role of the glycocalyx and its actors is to sense and 

communicate with their environment in different ways. For example, epithelial cells are the 

gatekeepers of the body compartments and, as such, need to communicate to establish a 

stable cellular tissue. This endothelial tissue assembly is ensured by glycocalyx-mediated 

communication.17 Another example of this communication is how glycoconjugates mediate 

immune self-recognition, allowing the immune system to discern between own and foreign 

cells, and act accordingly. Finally, the glycocalyx can be a biomarker of diseased states such 

as cancer.18-19 Theoretically, the structural versatility of glycans allows them to hold an 

unfathomably large quantity of information. In reality, this information is filtered through 

physical and biological constraints, resulting in the glycan structures observed in living 

organisms. The resulting information held by these glycan structures remains vast: the Ψsugar 

codeΩ is considered the 3rd alphabet of life, employing monosaccharides as letters in parallel 

to nucleobases and amino acids.20-22 

 

Figure 1.2. Left: Electron microscopy picture of the endothelial glycocalyx. Right: Schematic depiction of the 

glycocalyx and some of its roles. Glycoconjugates and oligosaccharide epitopes are schematized at the surface 

of an epithelial cell.  Adapted from Zausig and co-workers (2013).23 

bŀǘǳǊŀƭƭȅΣ ŦƻǊ ŜǾŜǊȅ ƎƭȅŎŀƴ ǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ƎƭȅŎƻŎŀƭȅȄ ŀǎ ŀ ΨƳŜǎǎŀƎŜΩ ǘƻ ƛǘǎ ŜƴǾƛǊƻƴƳŜƴǘΣ 

another biomolŜŎǳƭŜ Ǉƭŀȅǎ ǘƘŜ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǊƻƭŜ ƻŦ ΨǊŜŀŘŜǊΩΦ Lectins are ubiquitous 

carbohydrate-binding proteins, key recognition agents for intercellular interactions at the 

extracellular matrix. Lectins have been studied extensively, owing to their role and potential 
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for deciphering the sugar code and provide valuable knowledge over its significance on 

biological processes.22, 24 Generally having weak millimolar affinity for the monosaccharide 

version of their ligand, lectins compensate by establishing multivalent interactions, mediated 

by the presentation of several binding sites. Indeed, lectins often present elements of 

structural symmetry: -̡propellers, -̡trefoils and -̡sandwiches in homo-multimeric 

ŀǎǎŜƳōƭƛŜǎ ŀǊŜƴΩǘ ǳƴŎƻƳƳƻƴ. As lectins typically rely on multivalent interactions, they 

present their binding sites, also called carbohydrate recognition domains (CRD), on the same 

face. All things considered, the prototypical lectin presents many equivalent or quasi-

equivalent CRDs on one of its faces, around a symmetry axis as seen on Figure 1.3. Although 

this seems to imply that lectins have low structural diversity, the opposite is true: lectins hold 

the structural diversity to match the sugar code. Indeed, the richness of specificity and 

topology observed in lectin scaffolds have made them interesting tools for generating 

engineered ΨƴŜƻƭŜŎǘƛƴǎΩ ǿƛǘƘ applications in diagnostics, therapy and material science, among 

others.25-26 Developed in recent years, UniLectin3D is a valuable database for exploring and 

comparing lectins and scaffolds: it curates lectins by structural features, but also by 

carbohydrate specificity and even species, highlighting that lectins are ubiquitous in nature.27 

 

Figure 1.3. Schematic representation of different types of symmetry observed in lectins. The symmetry family 

and symmetry axis are noted for each schematic representation. Adapted from Notova and co-workers (2020).25 
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Although intercellular communication is not exclusively mediated by lectins, these proteins 

are particularly represented in the interactions between human and microbes. As mentioned 

earlier, a pre-requisite to attempt AAT is thorough understanding of microbial virulence 

factors and their targets in the host/pathogen interface. Belonging to bacteria, viruses, fungi 

and even parasites, carbohydrate-binding molecules (lectins, toxins, adhesins) are famously 

known to be virulence factors.  On one hand, adhesins are found atop bacterial extracellular 

organelles ς fimbriae, and mediate adhesion of the whole bacterium to any surface that 

exposes the corresponding carbohydrate epitope. For example, FimH is an extensively studied 

adhesin which allows Escherichia coliΩǎ fimbriae to adhere to mannosylated residues on 

human epithelial cells, thus facilitating urinary tract infection (UTI). Recently, mechanical 

studies performed by atom force microscopy (AFM) have been able to characterize the 

ƛƴǘŜǊŀŎǘƛƻƴǎ ƻŦ CƛƳI ŀƴŘ ƻǘƘŜǊ ŀŘƘŜǎƛƴǎ ŀǎ ΨŎŀǘŎƘ ōƻƴŘǎΩΥ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƘŀǘ ƎŜǘ ǎǘǊƻƴƎŜǊ ǳƴŘŜǊ 

mechanical tension.28 The mechanical strength observed supplements another characteristic 

of these virulent interactions: whereas animal and plant lectins usually have low affinity for 

their targets, microbial lectins and adhesins present sub-micromolar or stronger affinities.29 

On the other hand, toxins and lectins are, contrary to adhesins, soluble. Toxins are proteins 

that usually feature different sub-units. They are released by the pathogen to recognize 

epitopes on the surface of target cells, which is mediated by a first sub-unit. Upon binding, 

toxins are internalized, and their second sub-unit enacts a toxic effect, often leading to cell 

death. A classic example of such toxins is seen in Figure 1.4: the AB5 toxin family. AB5 toxins 

featured in organisms such as E. coli and Bordella pertussis present a cytotoxic ADP-

ribosyltransferase (A) domain linked to five (B5) lectin subunits with capacity to recognize 

endothelial surfaces.29-30 CƛƴŀƭƭȅΣ ŀ ƴǳƳōŜǊ ǎƻƭǳōƭŜ ƭŜŎǘƛƴǎ ŘƻƴΩǘ Ŧƛƭƭ ǘƘŜ ǊƻƭŜ ƻŦ ŜƛǘƘŜǊ ŀŘƘŜǎƛƴ 

or toxin. These agents often present specificity to epitopes presented by the glycocalyx but 

are not reduced to these targets. Lectins are versatile and can fill complex roles related to 

quorum sensing, biofilm formation and even cooperativity across different species of 

pathogens. 
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Figure 1.4. Strategies used by pathogens for host recognition and adhesion. Adapted from Imberty and co-
workers (2008).31 

The list of pathogens using lectins for adhesion, infection and toxicity is long:  E. coli, 

Staphylococcus aureus, Pseudomonas aeruginosa, Vibrio cholera, Clostridium tetani, Influenza 

viruses, etc.31 As transpires from Figure 1.4, many illnesses and pathologies rely on lectins in 

their initial stages, cementing the idea that AAT would be beneficial to counter MDR 

pathogens.32 ²ƘŀǘΩǎ ƳƻǊŜΣ ƭŜŎǘƛƴǎ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƘŀǾŜ ŀ ǊƻƭŜ ƛƴ ŜǎǘŀōƭƛǎƘƛƴƎ ŀƴŘ ƘƻƭŘƛƴƎ 

biofilms together, thus boosting resistance to antibiotics. Biofilms 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 many: stability for growth, change 

into an infection-adapted phenotype, elasticity against physical forces and, more importantly, 

resilience against host immune factors and antibiotics.33 Interestingly for AAT, the knock-out 

or inhibition of biofilm-mediating lectins has led to disruption of biofilm integrity.34-36 

Considering this, bacterial lectins are twice-verified targets for AAT: antagonizing all 

pathogenic lectins would certainly be therapeutically advantageous in the context of early 

infection. However, every project targeting lectins must be unique: most carbohydrate/lectin 

interactions are specific. Indeed, lectins are as diverse as carbohydrate structures are. 

Nevertheless, trends do exist in the context of microbial virulence factors and infections.  

Among the common targets for lectins, the role of histo-blood group oligosaccharides in 

microbial infections is undeniable.37 Human oligosaccharides are tightly bound to infection, 

to the point that evolutionary strategies have developed around them. A clear example of 

this can be drawn from the staple of mammalian biology: breastfeeding. High concentrations 












































































































































































































































































































































































































































































































































































































