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Abstract

Klebsiella pneumoniae, a gram-negative bacterium belonging to the Enterobacterales
order, can cause various diseases, often nosocomial. The most important and widespread
strains are multidrug-resistant (MDR); for this reason, several international health
organizations consider it as one of the most critical opportunistic pathogens. The bacterial
capsule and biofilm are important virulence factors for this species. The structure of the
capsular polysaccharide (CPS) differs among the various K. pneumoniae strains in terms
of sugar composition and glycosidic linkages, and more than 80 different CPS structures
are known. Each CPS is composed of one oligosaccharide type, known as repeating unit
(RU), which repeats a certain number of times to give a generally high molecular mass
polysaccharide. The primary structure of the polysaccharides can be determined by
means of Gas-liquid chromatography coupled to Mass Spectrometry (MS) after specific
chemical derivatization to establish the composition and the position of the glycosidic
linkages of the RU monosaccharides. Moreover, Nuclear Magnetic Resonance
spectroscopy and MS are also widely used. The CPS is also a major component of bacterial
biofilms and is considered a possible target for the development of novel and very specific
antimicrobial strategies.

This study is part of a project funded by the Italian Minister of University and Research
whose general aim is to exploit the specificity of bacteriophage endoglycosidases (EG),
hydrolases that have the CPS as substrate, to selectively deliver liposomes, or other
carriers, to the microorganism without affecting the host microbiome. The idea is to
anchor the endoglycosidase to the outer surface of the carrier to direct it to the target cells.
By degrading the capsule, the EG allows the carrier to reach and fuse with the outer
membrane of the bacterium, thereby delivering its antibacterial content into the
periplasm. This project aims to be a proof of principle.

My PhD project consisted of two parts, in which different K. pneumoniae strains were
investigated. The first part focused on strains KpB-1 and KMn-7, both clinical isolates
belonging to Sequence Type (ST) 512, a derivative of the Clonal Group (CG) 258, one of
the main contributors to the global pandemic. In fact, CG258 strains are MDR and can
produce carbapenemases, enzymes that inactivate carbapenems, one of the last antibiotic

resources for K. pneumoniae infections. KpB-1 and KMn-7 produce the same CPS, whose



primary structure was determined before the start of this project, and are both capable of
forming biofilms.

My contribution to the project was to characterize the effect of a bacteriophage
endoglycosidase on the CPS, planktonic cells, and biofilm of these clinical isolates, as a
mandatory preliminary step to then proceed further with the modification of the carrier.
The bacteriophage named ®BO1E (gift of Prof. M. M. D’Andrea, Univ. Rome Tor Vergata),
was used in this study. It was demonstrated that this phage cleaves the CPS of these
strains, thanks to its EG that specifically recognizes the a-L-Rhap-(1—3)-B-D-Galp linkage
of the CPS RU. Moreover, at a concentration of 10° plaque-forming units, the phage is able
to disrupt the KMn-7 preformed biofilm. In addition, the phage EG was cloned, purified
and characterized in terms of thermal stability and activity against the same targets. A 3D
structure prediction together with size exclusion chromatography, showed that the
enzyme forms trimers and its trimeric conformation is active against the CPS. Even though
the enzyme has no intrinsic antibacterial activity, it proved to have a synergistic effect with
colistin, increasing the bactericidal activity of the antibiotic towards K. pneumoniae KpB-
1 and KMn-7. Since binding of the EG to the carrier involves lysine residues in the enzyme,
in order to protect the active site, the primary structure of the EG was altered by adding
two lysine residues to the N-terminal of the protein, which is rather flexible. The mutated
version of the EG was cloned, purified and it resulted to be active.

In the second part of the project, K. pneumoniae strain IT395 ST 307 was considered. First
of all, the structure of its CPS was determined, as no data on this polymer was available in
the literature. The activity of the specific bacteriophage GP1 (gift of Prof. M. M. D’Andrea,
Univ. Rome Tor Vergata) against the CPS of the strain was characterized and it was
demonstrated that the EG associated to the phage cleaves the linkage [-D-Galp-(1—4)-a-
D-Galp in the CPS RU, thus obtaining the basic information to then proceed further in the
research as done with the other two strains.

My research data provided the fundamental knowledge necessary to proceed with the
project of combining the EG with a specific carrier loaded with an antimicrobial agent and

evaluating its effect on K. pneumoniae cells and biofilm.
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Chapter 1. Introduction

1.1 The antibiotic resistance issue
In the 19th century, infectious diseases were one of the main causes of morbidity and
mortality in the human population. For this reason, even in industrialized countries such
as the USA, the average lifespan was less than 50 years (1). The discovery of antibiotics
was one of the most outstanding achievements in the history of medicine since these
molecules are able to Kkill or stop the growth of bacterial cells by interfering with their
physiology and metabolism, making it possible to reduce the morbidity and mortality
associated with bacterial infections rapidly. Furthermore, this discovery increased the
success rate of surgical procedures, thus driving enhancements in modern medicine. The
extent of the discovery of penicillin in 1928 was so great that started the Antibiotic Era,
and in the following years, the isolation of putative microorganisms able to produce
antimicrobial compounds became a systematic procedure. Thus, the period from 1950-
1970 was known as the Golden Age since the discovery of new classes of active
compounds happened on a regular basis, and the average life expectancy increased by
more than 20 years (2). Unfortunately, in the subsequent years, bacteria started to
develop defense mechanisms against these treatments due to the appearance and
transmission of protective mutations and the misuse of antibiotics that selected the
resistant strains. In general, it is possible to say that two or three years after a novel
compound enters the market, antibiotic resistance appears and starts to spread (3).
Today, many bacterial species are still treatable, but some have developed resistance
mechanisms to the most commonly used antibiotic treatment. Moreover, multidrug
resistance (MDR) phenotypes have started to spread worldwide, thus representing one of
the burdensome challenges for global health and making it more difficult to treat common
infections (4). Among these species, a small group consisting of Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter, also known as ESKAPE organisms, has gained relevance,
particularly in the hospital environment (5). Together, these pathogens increased
infection-related morbidity and mortality, spreading worldwide and reaching pandemic
proportions. For this reason, the World Health Organization has designated some of these
species as “urgent threats” or “critical priorities” (6). Unfortunately, the discovery and

development of new antibiotics takes a long time and effort; for this reason, the available



alternatives are often derivatives of existing antibiotics used alone or in combination
rather than novel classes of drugs. Therefore, the occurrence of resistance towards these
“reused” treatments may be an extremely rapid process, thus nullifying the efforts made
by the research community. Hence, to tackle this problem, new approaches are needed
for developing novel antibacterial compounds, for instance, taking advantage of different
strategies and targets. In this regard, bacteriophages, particularly those that kill their host
during their reproductive cycle, are a good alternative given that they are natural enemies
of bacteria. In contrast to antibiotics, which generally attack a broad spectrum of bacteria,
including those that are part of the host's microbiota (7), phages can target specific
species or strains of bacteria without affecting the human beneficial microbiota. This
selectivity, together with the ability of phages to evolve in parallel with bacterial
resistance mechanisms, make them a promising tool in the fight against MDR organisms
such as K. pneumoniae. In addition, phage-derived enzymes target specific bacterial
virulence factors, increasing their potential as therapeutic agents by destroying the

protective barriers that bacteria expose to resist both antibiotics and immune responses.

1.2 Klebsiella pneumoniae
1.2.1 Background on Klebsiella pneumoniae
Klebsiella pneumoniae is a gram-negative, encapsulated, non-motile pathogen belonging
to the Enterobacterales order. Historically, it has been defined as an opportunistic
pathogen, as it is commonly found in the environment, for instance, in soil, water, and
other surfaces, but also colonizes the human mucosa, particularly the gastrointestinal and
nasopharynx upper respiratory tracts. In some cases, it invades other tissues (8), and this
transition is commonly led by deficiencies in the host’s immune response due to pre-
existing diseases or medical treatments that could weaken the host’'s defense
mechanisms. This invasion can cause various infection outbreaks, such as pneumonia,
bacteremia, and urinary tract infections (9), particularly in immunocompromised
patients and in hospital settings. However, some clones may become hypervirulent and
cause disease in previously healthy patients, typically causing liver abscesses, meningitis,
and systemic infections (10). In addition, many clones have gained particular relevance
as they produce enzymes like K. pneumoniae carbapenemases (KPC), New Delhi metallo-
B-lactamase (NDM), and oxacillinase (0OXA)-48, which can inactivate carbapenems. The

clonal group (CG) 258 is the most common carbapenem-resistant clone in the USA and



Europe, with other clones, such as sequence type (ST) 307 and ST11, gaining prevalence
in South America, Africa, and Asia (11). Carbapenem resistance represents a serious
threat since it is one of the latest resources to treat these infections. Another therapeutic
strategy is represented by the association of 3-lactams and (-lactamase inhibitors, but for
instance, mutations in KPC-2 and KPC-3 can reduce the efficacy of the combination of

ceftazidime-avibactam (5).

1.2.2 Virulence factors of Klebsiella pneumoniae
Virulence is the relative capacity of a microbe to cause damage in a susceptible host. A
virulence factor is a microbial component that has the ability to provoke damage. From
the damage-response point of view, a virulence factor can be defined as a microbial
component that alters the host-microbe interaction by increasing the degree of damage
relative to the degree of the host response and time. According to this definition, countless
types of virulence factors can be observed in different contexts. Focusing on the K

pneumoniae species (12), the most important are (Fig. 1):

e Fimbriae

e Siderophores

e Lipopolysaccharide (LPS)

e C(Capsular polysaccharide (CPS)

e Biofilm
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Figure 1. Main K. pneumoniae virulence factors. Adapted from Adriano de Souza Santos Monteiro,
Soraia Machado Cordeiro, and Joice Neves Reis, “Virulence Factors in Klebsiella pneumoniae: A
Literature Review” Indian ] Microbiol, Vol 64, Page 390, (Apr-June 2024) (13). Reproduced with
permission from Springer Nature. Copyright © 2024, Association of Microbiologists of India.
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1.1.2.1 Fimbriae
Fimbriae are filamentous proteins that form polymeric structures on the external surfaces
of bacteria and are usually present in hundreds. Most gram-negative species possess these
structures; they consist of a minor and major subunits that are self-aggregating and
together constitute the structure of the organelle that binds to the membrane (14). They
possess adhesive properties that permit adherence to different surfaces (15). Different
type of fimbriae production allows bacteria to adhere to surfaces and form biofilms, thus
contributing to the persistence of the infection. K. pneumoniae has two main types of
fimbriae that enable bacterial adhesion to host surfaces, facilitating invasion. Type 1
fimbriae are found to increase K. pneumoniae virulence in urinary tract infections (16),
while type 3 fimbriae are typically important for biofilm formation, adhesion to
extracellular matrices, and medical devices (17). Expression levels of these fimbriae vary

depending on the tissue and environment (18).

1.1.2.2 Lipopolysaccharide
The LPS is an important component of the gram-negative bacteria outer membrane. In
fact, it constitutes the external layer of the membrane itself thus, it is one of the main
surface antigens presented by gram-negative bacteria such as K. pneumoniae. It is a large
lipoglycan composed of a specific polysaccharide, the O antigen, an oligosaccharide
named core, and a lipid domain named lipid A which acts as an endotoxin (19). The LPS
helps K. pneumoniae to resist complement-mediated bacterial lysis by diverting C3b from
the bacterial membrane. The absence of the O antigen makes the bacterium more
vulnerable to the host’s immune response (20). The oligosaccharide that constitutes the
polymer of the O antigen is known as repeating unit (RU) and is variable between species
and strains, thus it can be used for serotyping and classification. Focusing on K
pneumoniae strains, to date, it is possible to classify 11 different structures with few sub-
serotypes and variants deriving from different arrangements of a relatively small number
of sugars. The most abundant are galactose and mannose in addition to rhamnose and
glucose and a few more monosaccharide types. The variability in the O antigen structures
with respect to the K antigen (that will be discussed in chapter 1.1.2.4) is limited, and the
main and most diffuse serotypes are only three: 01, the most prevalent in human disease,
02, and 03. In light of this narrow spectrum of variability, the O antigen has been
considered a good candidate for developing glycoconjugate vaccines (21). The known O

antigen serotypes are represented in Figure 2.
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Figure 2. O antigen RU structures known for K. pneumoniae. The sugars contained within the squares
are part of the RU of the O polysaccharide. The non-stoichiometric O-acetyl groups that distinguish
serotypes 01 and 08 and a pyruvate group terminus for some of 01 (01b) and O2ac antigens are not
shown. The methyl groups are indicated as Me, and the phosphate methyl groups as Me-P.
Reproduced under a Creative Commons Attribution CC-BY license. Copyright © 2023 by Daria
Artyszuk, Wojciech Jachymek, Radostaw Izdebski, Marek Gniadkowski, and Jolanta Lukasiewicz (22).

1.1.2.3 Siderophores
Bacteria need to acquire iron from the environment in order to perform many
biochemical reactions that are part of their metabolism, therefore, for their growth and
replication. For this reason, they produce a class of molecules named siderophores that
chelate iron and release it for bacteria utilization. In simple terms, siderophore
production allows bacteria to acquire iron from the host. These molecules bind iron more
effectively than the host's transport proteins, such as transferrin. The bacterium'’s
primary siderophore is enterobactin, but hypervirulent strains may produce additional
siderophores like salmochelin, yersiniabactin, and aerobactin, thus allowing rapid
bacterial growth and infection (23) (24). For these reasons, siderophores are considered
one of the main virulence factors in gram-negative bacteria, as their presence not only
enables bacterial survival but also increases the overall state of inflammation in the host

organism (25).

1.1.2.4 The capsular polysaccharide
The bacterial capsule is an important virulence factor for this species. As for a general

description, it is possible to say that it consists of long chains of polysaccharides linked to
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the bacterial wall or outer membrane that form a protective layer for the bacterial cell.

The advantages that are conferred by the capsule are summarized here (26):

Innate immune system evasion: it acts as a barrier and masks surface antigens,
thus helping the bacterium to escape phagocytosis and complement components
(27);

Resistance to microbial agents: in particular, the action of cationic antimicrobial
peptides and antibiotics is affected by the presence of the capsule, reducing the
effectiveness of the treatment (8);

Survival in the host: the capsule has an important role in K. pneumoniae survival in
the bloodstream and its dissemination in organs different from the gut, such as
lungs, spleen, and liver (28);

Biofilm structure: the capsule is mostly involved in the late stages of the biofilm
cycle, in between the initial surface adhesion and the formation of the mature
biofilm. In this phase, the capsule contributes by thickening the matrix that
protects the bacterial community. It acts as a physical shield, protecting bacteria
from environmental threats, for instance, the host’'s immune systems or
antibiotics. Overall, the presence of the capsule in mature biofilms enhances
bacterial survival, contributing to the increased resistance of biofilms to external

stresses (29).

As a consequence, the hypervirulent K pneumoniae phenotype is often related to

hypermucoviscosity (3). The CPS is composed of one oligosaccharide type, known as

repeating unit (RU) that is repeated a certain number of times to give a generally high

molecular mass polysaccharide, in the range 105 - 106 Da (31)(32).

In general, three main pathways can lead to capsule production (26) (Fig. 3):

The first system involves the Wzx flippase and the Wzy polymerase. The first
monosaccharide of the RU is linked to a lipidic carrier on the inner membrane on
the cytoplasmic surface, then Wzx facilitates the transport of the RU to the outer
surface of the membrane and Wzy builds the polysaccharide by linking the RUs to
the growing chain. In this way, the polysaccharide is built on the outside of the
inner membrane, and then its transport to the outer membrane is mediated by a

transmembrane protein;



e The second system is dependent on the ATP binding cassette (ABC) transporter. In
this case, the whole polysaccharide is built inside the cytoplasm, similar to the WZY
mechanism. Then, the macromolecule is transported through the inner membrane
by the ABC system. This mechanism uses energy derived from ATP hydrolysis to
transport the polymer. Finally, the polysaccharide is led through the periplasmic
space and outside the outer membrane;

e The third and less common pathway is the Synthase-dependent mechanism. Here
the same enzyme is used to transfer the sugar molecules to lipid carriers and to
proceed with the elongation. The polysaccharide is then translocated outside the

membrane and the capsule is assembled and anchored to the surface.
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Figure 3. Schematic representation image of the different pathways to build the capsular
polysaccharide. From left to right: Wzx/Wzy dependent pathway, ATP-binding cassette dependent
pathway, and synthase dependent pathway. Reproduced under a Creative Commons Attributions
CC-BY 4.0 license. Copyright © 2015 by Jochen Schmid, Volker Sieber, and Bernd Rehm. Published
by Frontiers Research Foundation; Frontiers Media SA (33).

In K. pneumoniae, the pathway for capsule production is mediated by the Wzx/Wzy
system (34).

The primary structure of the polysaccharides can be determined using Gas-liquid
chromatography coupled to Mass Spectrometry (GLC-MS) after specific chemical

derivatization to establish the composition and the position of the glycosidic linkages of
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the RU monosaccharides. Moreover, Nuclear Magnetic Resonance (NMR) spectroscopy
and Mass Spectrometry (MS) are also widely used. The structure of the CPS differs among
the various K. pneumoniae strains in terms of sugar composition and glycosidic linkages.
Despite this wide variety of RU structures, the sugar composition is quite simple: it usually
contains typical hexose such as rhamnose, glucose, galactose, and mannose, only one
charged monosaccharide is present, glucuronic acid or galacturonic acid, and pyruvate
and/or acetyl groups may be also found (22). The different serotypes can be classified
according to the structure of the capsular antigens (K antigens). Currently, about 80
different CPS structures or K antigens are known for these species, but many more have
been added in recent years, and the newly isolated clinical isolates often do not show any
of the serotypes already described (23). Some examples of K antigens RU already

described in the literature are listed in Table 1.
Table 1. Examples of K antigens structures described in the literature.

RU size

Serotype Antigen structure Branches

(n* of residues)
K1(24) -4)-[2,3-Pyr]-B-D-GlepA-(1-4)-c-L-Fup-(1-3)-p-D-Glep-(1- No 3
K2(25) —3)-B-D-Glep-(1—+4)-[o-D-GlepA-[1-3]] B-D-Manp-(1-+4)-c-D-Glep-(1- Yes 4
K3(23) —2)-[[4,6-Pyr]o-D-Manp-(1-+4)] a-D-GlepA-(1-3)-u-D-Manp-(1-2)-«-D-Manp-(1-3)-6-D-Galp-[1-= Tes 3
K4(26) -3)-0-D-Glep-(1-2)-u-D-GlepA-(1-3)-e-D-Manp-(1-3)-f-D-Glep-(1-+ No 4
K5(27) —4)-B-D-GlepA-(1-+4)-f-D-Glep2 0Ac-(1-3)-[4.6-Pyr]p-D-Manp-(1- No 3

K54(28)  ->2)aDGleA[1->3)alFuc20Ac(1->3)[[4-COOH]RDGIc(1->4)]BDGIc(l-=4]aDGIcA(1-3)al Fuc{1->3) [4-COOH]BDGIc(l->4)|BDGIcl->  Yes 8

™

K82(20) ~3)-B-D-Glep-(1~3)-[f-D-GlopA-(1—4)]a-D-Galp-{1-3)-8-D-Galp-[1~ Yes 4

In a subsequent analysis, the K antigens of K. pneumoniae were classified based on genetic
differences in the locus for capsule synthesis, the so-called K locus (KL). In particular, the
genes involved in the Wzx/Wzy-dependent pathway (wza, wzb, wzc, wzi, wzx, wzy, wbaP,
and wca]) play a crucial role in the biosynthesis and export of CPS. In this analysis, a total
of 141 different K types were identified, 79 of which correspond to the previously
characterized serotypes that had been identified both serologically and genotypically
[K1-K81 with some gaps such as K29 and K42, and some additions such as K21b (35)].
The remaining 62 K types were classified based on genomic data and are referred to as
KL types (KL101-KL149, KL151, KL153-KL155, KL157-KL165) to distinguish the newer
identification method. The K-types from 1 to 81 are characterized by serotyping and

genetics, whereas the RU structures of the newly identified KL serotypes are yet to be



determined. This high structural diversity within the CPS of K. pneumoniae represents a

promising target for the development of highly specific antimicrobial strategies (36).

1.1.2.5 Biofilms
1.2.2.5.1 General aspects

Biofilms are communities of bacterial cells that are surrounded by an extracellular matrix
produced by the microorganisms themselves. It can consist of microorganisms of
different species, both prokaryotes and eukaryotes, which usually are in close contact
with the colonized surface (37). The surface can be biotic or abiotic and serves as support.
If no physical support is present, the biofilm is referred to as a flocculus instead. Living in
a biofilm structure confers many advantages to bacteria (38):

e Cells capable of forming biofilms have an increased ability to colonize the host;

e Biofilms serve as a physical defense against both external agents and other
organisms;

e Biofilm confers better adaptability to changes in the environment; in fact, cells
living in such structures are more resistant to UV damage, highly acidic
environments, changes in salinity, desiccation, heat shock, antibiotics, and host
immune defenses (39);

e Due to its nature, biofilm forms different micro-niches supporting different types
of bacteria populations. In fact, inside its structure, there are different
environments with variations in oxygen levels and with nutrients, pH, and quorum
sensing molecules gradients between the surface that is in contact with the
external environment and the deepest layers that are more isolated (40).
Therefore, both aerobic and anaerobic bacteria can grow. Furthermore, many cells
can live in a quiescent state that gives them resistance to many compounds that
can be effective only against metabolically active cells (41);

Biofilms can increase both mutation rate and gene transfer across bacteria, thus
increasing the development of resistance mechanisms such as the ability to produce
antibiotic-degrading enzymes and overexpression of efflux pumps.

The biofilm matrix consists of polysaccharides (PS), proteins, and extracellular DNA
(eDNA) secreted by the bacteria, as well as lipids and inorganic substances, such as
mineral crystals.

o Extracellular DNA: the presence of eDNA is important to confer some advantages,

such as structural improvements and chelation of ions that can help in resisting
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certain classes of antibiotics like cationic compounds (42). Its presence in the
biofilm is ensured by different mechanisms, such as autolysis of cells, secretion,
and horizontal gene transfer;

Proteins: the presence of proteins is also a key factor in biofilm formation. Indeed,
they have both a structural role as well as adhesion and aggregation properties.
They can be anchored to the bacterial cells or secreted in the matrix;
Polysaccharides: they confer structural support acting like a scaffold for the
development of the 3D structure. The structure of the matrix is determined by the
nature of the polysaccharides that compose it, in particular by the primary
structure of the carbon chain: the number of atoms, the type of bonds, any
branching that confers greater or lesser rigidity, and solubility. In addition, these
polysaccharides can be neutral or have a net charge. The negative charge is
generally conferred by the presence of uronic acids and gives the matrix additional
properties, such as the ability to bind cations (e.g. calcium and magnesium) to
obtain a structure that is kept stable by a variety of bonds and interactions (43).
Another important feature of the matrix is the high degree of hydration, which is
essential for the survival of the bacteria and is made possible by the fact that the
matrix, which consists of polar or amphipathic molecules, incorporates water and
retains it in the structure through hydrogen bonds. The structure formed by the PS
is neither spatially nor temporally uniform. It has been seen that
exopolysaccharides (EPS) synthesis is usually upregulated in response to the

presence of stressor compounds, for instance, oxidative stress mediators (44).

As it is possible to understand from the previously reported description of the main

biofilm features, the biofilm is a dynamic structure, its formation and dispersion are

continuously occurring and generally, this process is known as the biofilm life cycle which

is schematized in Figure 4, and can be described as follows:

Initially, planktonic cells colonize the surface: the first stages of adhesion are due
to chemical-physical interactions between cell and substrate, mainly through
hydrophobic bonds and Van der Waals interactions. In addition, some cells can
secrete amphipathic substances that facilitate adhesion. Up to thi