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Abstract

Antimicrobial resistance is a silent yet deadly threat to public health that requires
immediate action at the global scale, calling for preparedness to rapidly develop novel
therapeutic strategies. In this regard, in 2017 the World Health Organization (WHO)
published a list of bacteria for which new antimicrobial solutions are urgently needed.
Among the most critical group are the Gram-negative carbapenem-resistant enteric
bacteria, including Klebsiella pneumoniae. In the last decades, K. pneumoniae
acquired resistance to last-line classes of antibiotics due to the expression of
carbapenemases such as the New Delhi metallo--lactamase 1 (NDM-1). To date, no
vaccines or alternative therapies have been licensed against K. pneumoniae.
Immunotherapy with monoclonal antibodies (mAbs) is being considered as an
innovative solution for treating multidrug resistant infections, but experimental
strategies for effective development have yet to be optimized for bacterial pathogens.
We established an antigen-agnostic approach to efficiently screen human mAbs
starting from blood of patients who recovered from K. pneumoniae infection, and we
have successfully isolated extremely potent candidates against pandrug-resistant
ST147 NDM-1-positive K. pneumoniae clinical isolates. These mAbs display
antibacterial activity in the picomolar range in various in vitro assays and the selected
top candidate has proved to be protective against bloodstream infections in vivo.
Moreover, an ex vivo model of multidrug-resistant K. pneumoniae gut infection has
been designed by employing human-derived intestinal organoids. The established
model has been exploited on the one hand to deepen our understanding of the
molecular processes that regulate host-pathogen interactions, on the other hand to
further characterize bactericidal properties of the top candidate mAb. Overall, this
study exemplifies a rationally designed pre-clinical approach for the development and
characterization of innovative immunotherapies to target antimicrobial resistant

pathogens and to address the silent pandemic caused by multidrug-resistant species.



Introduction

1. Klebsiella pneumoniae and antimicrobial resistance

Antimicrobial resistance (AMR) is considered one of the top ten public health threats
facing humanity in the 215t century'. If not addressed, AMR spread could increase
lethality of several pathogens, potentially leading to 10 million deaths a year by

205023, For this reason, several international agencies are calling for preparedness

= Streptococcus p niae, penicillin-non-susceptible
Priority 3: MEDIUM * Haemophilus influenzae, ampicillin-resistant
* Shigella spp., fluoroquinolone-resistant

* Enterococcus faecium, vancomycin-resistant

= Staphylococcus aureus, methicillin-resistant, vancomycin-intermediate and resistant
* Helicobacter pylori, clarithromycin-resistant

* Campylobacter spp., fluoroquinolone-resistant

* Salmonellae, fluoroquinolone-resistant

= Neisseria gonorrhoeae, cephalosporin-resistant, fluoroquinolone-resistant

= Acinetobacter baumannii, carbapenem-resistant
* Pseudomonas aeruginosa, carbapenem-resistant
* Enterobacteriaceae, carbapenem-resistant, ESBL-producing

Figure 1. WHO priority list of pathogens for which new antimicrobials are urgently needed.

and coordinated action at the global scale to tackle this silent pandemic?. In 2017, the
World Health Organization (WHO) in collaboration with the Division of Infectious
Diseases at the University of TUbingen published its first list of “priority pathogens” for
which new antimicrobial solutions are urgently needed® (Figure 1). Applying a multi-
criteria approach to estimate the urgency of need for new therapeutic procedures, the
list ranked AMR pathogens into three categories: critical, high and medium priority.
Among the “Priority 1: Critical” tier are the Gram-negative pathogens of the ESKAPE

(Enterococcus faecium, G+, Staphylococcus aureus, G+, Klebsiella pneumoniae,



G-, Acinetobacter baumannii, G-, Pseudomonas aeruginosa, G-, and Enterobacter
species, G-) group®. This class of microorganisms is showing alarming multidrug
resistant (MDR, resistance to three or more classes of antibiotics) characteristics,
raising concerns for the increased morbidity and mortality rates associated with their
infections”. Within the ESKAPE pathogens, Klebsiella pneumoniae is a global public
health issue as it is one of the most widespread nosocomial bacterial opportunistic
speciesé.

K. pneumoniae is a Gram-negative, encapsulated, non-motile bacterium of the
Enterobacteriaceae family that was first isolated by Carl Friedlander in the late 19t
century®. K. pneumoniae can not only reside in environmental reservoirs, such as in
soil, plants, and water', but it also naturally colonizes the mucosal surfaces of the
gastrointestinal and oropharyngeal tracts of animals and humans'. From the
gastrointestinal tract of humans, K. pneumoniae can access other tissues and cause
a variety of infections in the human host, such as respiratory tract infections, urinary
tract infections, and bloodstream infections'2. Being an opportunistic bacterium?3, it
can become extremely dangerous in nosocomial environments, where it mostly affects
immunocompromised patients with concurring bacterial infections. In the last decades,
K. pneumoniae gained genetic features that lead to community acquired infections,
often in immunocompetent individuals, causing a variety of diseases (i.e., meningitis,
pneumonia, pyogenic liver abscess)'#15, Moreover, because of its major presence in
hospital settings, K. pneumoniae has been continually exposed to antibiotics; this
translated into a constant selective pressure that endowed K. pneumoniae with
resistance to most classes of antibiotics through the expression of drug-inactivating
enzymes like extended-spectrum f-lactamases, whose encoding genes are frequently
located on mobile genetic elements’®. In this regard, the presence and frequency of
carbapenemases is particularly concerning as they confer resistance to the last-resort

combinations of B-lactamase inhibitors and B-lactam antibiotics'”.



2. K. pneumoniae Virulence Factors and Pathogenicity

K. pneumoniae pathogenicity is attributed to a set of core genes that encode for the
four main virulence factors necessary for infection (Figure 2). The cps locus drives
the expression of the capsular polysaccharide, or capsule, that allows evasion from
the host’s immune mechanisms and protection against antibacterial peptides'®. The
rfb locus genes are responsible for the expression of the O-antigen that can activate
the host’s innate immune system® and lead to increased lethality and bacteremia?.

The resulting structures of capsule and O-antigens can vary and have been used to

Type 3 fimbriae

Siderophores:
Enterobactin # Fe3*
Yersiniabactin #Fe3*

Type 1 fimbriae

Capsule (K1-K78)
- : LPS

Classical Kp

Hypervirulent Kp “

Siderophores:
Enterobactin # Fe3*

' \ LPS

Hypercapsule

Yers:niabac:in QFeZ*: (K1 &K2) Type 1 fimbriae
Salmochelin A Fe
Aerobactin ® Fe3* Type 3 fimbriae

Figure 2. Virulence factors in classical and hypervirulent K. pneumoniae strains. The
main and most characterized virulence factors for pathogenic K. pneumoniae are: capsule,
LPS, fimbriae (type 1 and type 3), and siderophores.

Image from: Paczosa MK, Mecsas J. Klebsiella pneumoniae: Going on the Offense with a

Strong Defense.

classify K. pneumoniae isolates into different serotypes. The fim and mrk loci are

involved in the biosynthesis of type 1 and type 3 fimbriae. Fimbriae are involved in the

10



first steps of infection of host epithelia and in implant-associated infections?' because
of their essential role in adhesion and colonization processes, as well as in biofilm
formation mechanisms?2. Finally, siderophores, such as enterobactin, show extremely

high affinity for iron?3 and can promote bacterial growth?4.

Capsule

K. pneumoniae capsular polysaccharide creates a thick mucoid layer around the
bacterium that provides a shield against the environment. Moreover, the capsule
protects the pathogen from the host’s innate immune response. Capsule helps K.
pneumoniae evade from complement deposition and opsonization and acts as a
penetration barrier, inhibiting antimicrobial peptides activity and complement mediated
lysis?526, The capsule is expressed by the capsular polysaccharide synthesis (cps)
locus and has a structure composed of repeating subunits of sugars'2. Diversity in
sugar composition and glycosidic linkages allowed identification of different types of
capsule structures. Based on this and on the arrangement of K. pneumoniae cps
locus, to date more than 79 capsular serotypes have been described?”28, Capsule
biosynthesis follows a Wzy-dependent process?® and the genes responsible for the
process are in the cpslocus. Its terminal regions contain genes that are related to the
core capsule biosynthesis machinery, namely galF, wzi, wza, wzb, wzd, gnd, and
ugaPo. The central region of the locus is variable and is linked to capsule-specific sugar
synthesis as well as core assembly components Wzx and Wzy28. The mechanism
takes place on the cytoplasmic leaflet of K. pneumoniae inner membrane and is
initialized by either WbaP, generating a galactose-Und-PP, or by Wcad, generating
periplasmic leaflet of the inner membrane, where the Wzy polymerase can generate
a high molecular weight polysaccharides. Ultimately, Wza (outer membrane
translocon), Wzb (phosphatase), and Wzc (tyrosin autokinase) flip the capsule to the
bacterial surface, where it stays associated to Wzi, an outer-membrane protein?231,
K1, K2, K5, K16, K23, K27, K28, K54, K62, and K64 capsule serotypes are among the
most commonly spread and isolated worldwide (Figure 3), with K1, K2, and K64 being
particularly worrisome as they are often associated with hypervirulent K. pneumoniae

lineages32-3°.
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Figure 3. Capsule serotypes of the most commonly spread K. pneumoniae strains

isolated worldwide. K1, K2, and K64 are often associated with hypervirulence.

Lipopolysaccharide (LPS) and O-antigen

LPS is a bacterial endotoxin and a major component of the outer membrane of Gram-
negative bacteria. It is recognized as a bacterial virulence factor capable of causing
sepsis via activation of the host response through a Toll-like receptor 4-dependent
inflammatory cascade®¢. LPS molecules consist of lipid A, a core domain and the O-
antigen (Figure 4A). LPS biosynthesis happens on the cytoplasmic leaflet of the inner
membrane and O-antigen synthesis is carried out by serotype-specific
glycosyltransferases. After polymerization, the Wzm/Wzt system (an ABC transporter)
transfers the O-antigen products into the periplasmic leaflet of the inner membrane?®’,
while the lipid A-core oligosaccharide is flipped through a MsbA transporter. Waal, a
ligase, subsequently links together the polymerized O-antigen with the lipid A-core
oligosaccharide and the LptA complex transfers the complete LPS to the bacterial

surface. Within the LPS structure, lipid A and the core domains are more broadly
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conserved among different K. pneumoniae clones, while 11 main serotypes are known
for the K. pneumoniae O-antigen (Figure 4B). The most recent nomenclature includes
01, O2a, O2ac, O2afg, O2aeh, O3, 04, 05, O7, O8 and 01227, but additional O-

D> Rha
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@ Galf

@ -

. GlcNAc

* Ribf

A B
o1 3 B‘l o3 1 2 1 2 t“1 3 u1 3 t"1
D D D
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O2a 3 B, 04 1 2l
D
a a
02¢c 05 L 24 @
Oligosaccharide core 5 1 D D
D
07 2" B a a
1 2 1.3 13 1
O2aeh ., P . o T D L L
Lipid A D D 2
6A
1. o8 ;
D 3N 3N
D D
B
O2afg 1~ 3~
D D 2Ac
4
1. o012

Figure 4. K. pneumoniae LPS and O-antigen structures. A) K. pneumoniae LPS is
composed of broadly conserved Lipid A and core associated with repetitions of the O-Antigen.

B) Structures of the 11 characterized O-antigen serotypes known for K. pneumoniae.

antigens have been identified through genomic studies of the rfb locus. O1, O2, and
O3 types of O-antigen are associated with almost 80% of all K. pneumoniae
infections32:37.38, 01, O2 and O8 share a common O2a structure, whose expression
involves the rfb locus and the wzm, wzt, wbbM, galf, wbbN, and wbbO genes. O2afg
and O2aeh modify the O2a repeating unit by side-chain addition of (a-1 — 4)- or (a-1
— 2)-Galp residues®?, while O8 serotype modifies the O2a repeating unit with a non-
stoichiometric O-acetylation4?. Rather than from a direct modification on O2a, O1

serotype is the result of the covalent attachment of the O1 antigen to the non-reducing
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terminus of O2a, and it has been associated with wbbY-wbbZ genes*!. O3 and O5 O-
antigen structures are mannose-based and identical to the E. coli O9 and O8
serotypes, respectively*?>43. 04, O7, and O12 serotypes have different repeating units
of sugars compared to the other K. pneumoniae-specific O-antigen serotypes, with O4
and O12 structures terminating with a Kdo. The repeating units consist of a
disaccharide [—4)-a-D-Galp-(1 — 2)-B-D-Ribf-(1—] (O4), a tetrasaccharide [—2)-a-
L-Rhap-(1 — 2)-B-D-Ribf-(1 — 3)-a-L-Rhap-(1 —3)-a-L-Rhap-(1—] (07), a
disaccharide [—4)a-L-Rhap-(1 — 3)-B-D-GlcpNAc-(1—] (O12). In addition to this, the

04 and O12 O-antigen chains terminate with Kdo*4.

Fimbriae

In order to successfully adhere to host surfaces, K. pneumoniae employs fimbriae,
filamentous structures that extend from the surface of bacteria. Fimbrial length is
around 10 um with a diameter that goes from 1 to 10 nm#5. K. pneumoniae carries two
types of fimbriae, encoded by two different genetic loci. Type 1 fimbriae, encoded by
the fim gene cluster, promote adhesion on mucosal and epithelial surfaces and may
thus boost bacterial virulence and favor colonization#®. They consist of repeating units
of the major fimbrial subunit FimA, with the FimH protein located at the distal end*’.
Type 3 fimbriae, encoded by the mrk locus, not only have a role in K. pneumoniae
adhesion to surfaces, but also promote biofilm formation“® in both biotic*® and abiotic®°
surfaces. Type 3 fimbriae structure is made of repeating units of MrkA and present an
adhesin (MrkD) on the extremity. Both types of fimbriae lead to catheter-associated

urinary tract infections for their ability to colonize indwelling urinary devices?'.

Siderophores

Scavenging host iron is an effective strategy used by pathogenic bacteria to survive
and establish infection within the host. Bacterial siderophores are high-affinity iron-
chelating molecules that help bacteria in the iron acquisition process®'. They can
induce inflammation and bacterial dissemination during K. pneumoniae infections’3.
K. pneumoniae most common siderophore is enterobactin (Ent), encoded by the ent
locus. Ent possesses the highest iron affinity known for any molecule®. The host

innate immune system has developed mechanisms to bind Ent and prevent it from
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binding iron%2, therefore K. pneumoniae strains armed themselves with multiple
siderophores to overcome the obstacle. Salmochelin (Sal), yersiniabactin (Ybt), and
aerobactin (Aer) are all secreted by K. pneumoniae as part of its accessory genome?™3
and can be associated with pathogenic functions that go beyond iron acquisition®3. For
example, Ybt is the most common virulence factor associated with K. pneumoniae

infections' and can promote disease in a murine model of pneumonia®“.

3. K. pneumoniae accessory genome and its role on antibiotic resistance

In the past decades, K. pneumoniae started showing worrisome characteristics of
antibiotic resistance to most classes of antibiotics. Multiple antibiotic resistance genes
lie in K. pneumoniae accessory genome, as some of them, such as extended spectrum
B-lactamases (ESBL), are plasmid-borne3. ESBL-producing K. pneumoniae emerged
in Europe®® and in the United States®® during the 1980s. ESBLs can hydrolyze third-
generation cephalosporins and aztreonam and can confer resistance to other classes
of antibiotics, but not to carbapenems®’. For this reason, carbapenems have been the
drug of choice to treat ESBL-producing K. pneumoniae infections. Treatments with
carbapenems resulted in selective pressure that eventually led to the emergence of
carbapenem-resistant K. pneumoniae lineages.

The first case of carbapenemase-expressing K. pneumoniae was reported in
the United States (North Carolina) in 1996%8. Several carbapenemases have been
found ever since, raising concerns for the higher rates of morbidity and mortality
associated with antibiotic resistant strains. Based on their molecular structures,
carbapenamases can be classified following the Ambler classification system in class
A, B and D. Class A and D carbapenamases display a serine residue in their active
site, while class B operate through B-lactam hydrolysis and require zinc%°. K.
pneumoniae carbapenamases (KPC) are the most globally spread class A genes
among Enterobacteriaceae and can hydrolyze all kinds of p-lactams.6°. Moreover,
presence of blakec-bearing K. pneumoniae isolates has been reported across
continents®’. Among class D, oxacillinase (OXA) B-lactamases can be found in
Enterobacteriaceae and confer resistance to some p-lactamase inhibitors®2. In

particular, blaoxa-4s has been initially identified from a carbapenem-resistant K.
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pneumoniae isolate and infections of OXA-48-producing strains have been reported
all around the world®3. Class B metallo p-lactamases (MBL) are able to hydrolyze all
B-lactams and include the VIM (Verona integron-encoded MBL) and NDM (New Delhi
MBL)® groups. VIM enzymes can easily spread as they are usually present on
integrons, transposons or plasmids.

NDM-1 became one of the most commonly spread carbapenemases among
Enterobacteriaceae® and it is now predominant in K. pneumoniae and E. cold,
conferring resistance to almost all available antibiotics®®. NDM-1 gene is located on
plasmids, thus it is easily transferred among strains through horizontal gene transfer.
Most NDM-1-bearing bacteria can hydrolyze all 3-lactams, including carbapenems,
and remain susceptible to only two antibiotics: colistin and tigecycline, both associated
with toxicity to some extent®7:68, The first case of NDM-1-expressing K. pneumoniae
was reported in India, but to date there have been reports all across the world including
China, Australia, North America, Europe, and Africa®.In particular, blanom-1 has been

found in association with several K. pneumoniae lineages, including ST147 and ST11.

4. Convergence of classical and hypervirulent K. pneumoniae lineages

K. pneumoniae-associated infections have evolved into serious public health threats
at the global level. Most of the strains that cause severe infection belong to two major
pathotypes, namely the classical and hypervirulent ones”. Classical K. pneumoniae
(cKP) is a frequent cause of opportunistic healthcare-associated infections and can
easily acquire mobile genetic elements associated with antimicrobial resistance!. In
particular, multidrug-resistant K. pneumoniae (MDR-cKP) strains carrying extended-
spectrum B-lactamases and carbapenemases have played a major role in the global
spread of AMR. Dissemination of MDR-cKP can be traced back to some successful
“high-risk” clones, which are widely distributed geographically. Furthermore,
carbapenem-resistant strains of K. pneumoniae (CR-KP) emerged in the mid-1990s
and became prominent all across the world”2. Among these, in the mid-2000s, high-
risk clones ST147 and ST307 acquired carbapenemase-encoding genes such as

NDM-1 and OXA-48 variants, as well as VIM7273, Other clonal groups that are
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associated with multidrug resistance are ST258, ST11, ST512 and many others, all
globally spread”°.

The first K. pneumoniae strain showing characteristics of hypervirulence was
reported in 1986 in Taiwan’4, with many cases identified worldwide since then. No
specific marker for hypervirulent K. pneumoniae (hvKP) classification is known, but
these strains show distinct clinical aspects and phenotypes. HvKP isolates can cause
severe community-acquired infections in both immunocompromised and healthy
individuals. The strong pathogenicity associated with hvKP infections can culminate
in fulminant and invasive illnesses such as meningitis, liver abscesses, and
endophthalmitis”, with high mortality rates’?. Phenotypically, HVKP isolates show
characteristics of mucoviscosity and higher susceptibility to antimicrobial agents.
Moreover, they carry large virulence plasmids encoding for genes related to capsule
synthesis’® and to siderophores production. In particular, rmp genes are regulators of
the mucoid phenotype’®, while the iut and iro clusters encode for aerobactin and
salmochelin siderophores”.

Although hypervirulence and carbapenem resistance have evolved distinctly, in
recent years cases of K. pneumoniae strains integrating both resistance genes and
hypervirulence loci have been reported. Hypervirulent and carbapenem-resistant K.
pneumoniae (CR-hvKP) lineages have emerged in the early 2010s’7 and have been
reported all over the world’8. These strains have been causing infections that are
difficult, if not impossible, to treat. Interestingly, convergence of CR-KP and hv-KP can
occur either when mobile genetic elements encoding for AMR genes are acquired by
hv-KP strains, or when virulence genes are acquired by CR-KP, the latter case being
more likely to occur. CR-KP isolates acquire and lose mobile genetic elements more
readily if compared with hv-KP, as overproduction of capsule in hypervirulent strains
may interfere with DNA uptake and mobile genetic elements transfer’®. Considering
the global spread of CR-KP and their acquisition of hypervirulence features”!, the need
of surveillance and detailed genetic characterization to carefully monitor the global
emergence of CR-hvKP isolates is undeniable. To date, CR-hvKp have been reported
in Asia, Africa, Europe, as well as in South and North America, with most of the cases

in China.
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5. K. pneumoniae in ltaly

In the last decade, CR-Kp became endemic in various countries, including Italy®°. ltaly
faced a clonal expansion of a KPC-producing K. pneumoniae clone belonging to the
clonal complex 258, followed by emergence of ST307 and ST11 lineages showing
similar KPC-producing features. Strains carrying other types of carbapenemases
remained sporadic until 2018, when a large outbreak of NDM-producing K.

pneumoniae arose in Tuscany, mostly in the Northwest area of the region8'. Between

Figure 5. Global spread of ST147 K. pneumoniae. The map shows how ST147 K

pneumoniae is disseminated around the world.

2019 and 2020, K. pneumoniae-associated bloodstream infections spiked with an
overall 30-day mortality of almost 40%%8°. Genomic analysis of strains from
bloodstream infections revealed that 48 out of 54 cases (89%) were sustained by
NDM-1 producing ST147 (ST147nom-1) K. pneumoniae. Analysis of the population of
ST147nom-1 K. pneumoniae isolates responsible for the outbreak showed little
intraclonal diversity and were mostly belonging to a subclade of ST147. The clone is

named ST147-vir and bears a K64 capsular serotype, along with extensive antibiotic-
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resistance genes and virulence factors, including some usually associated with hvKP
strains®. Phylogenetic analysis of the ST147npwm-1 lineage from the Tuscany outbreak
suggested that it may be related to an endemic CR-Kp ST147 from the Middle East
that acquired extra virulence and resistance plasmids’2. Similar genetic
rearrangements had been already detected in Russia (2017)8, United Kingdom
(2018-2019)83, Egypt (2019)%4, and in the 2019 Kp outbreak in Germany®5, where
different Kp STs coharboring virulence genes and blaNDM were reported. Indeed, an
ancestor of the Tuscany outbreak strain® has been recently classified as pandrug-
resistant®”88, leaving scarce therapeutic solutions against this pathogen. Moreover,
genetically related isolates and near-identical plasmids are being reported globally”3
(Figure 5), highlighting once more the importance of monitoring K. pneumoniae

populations worldwide to contain the dissemination of high-risk clones.

6. Therapeutic approaches to fight AMR

“We owe chemotherapy the debt of reducing the high
mortality rate of many bacterial infections; but in
helping to solve some of the problems of infectious
disease, chemotherapy has created some problems of
its own. One of these problems [...] has been the
appearance of strains of organisms resistant to certain
drugs.”

S. Falkow

Over the past two centuries, living conditions of human beings steadily improved so
much that life expectancy in high-income countries has increased by more than 30
years®®. This remarkable achievement was made possible firstly by improved hygiene,
but also by effective treatment of infectious diseases through vaccines and
antibiotics®® (Figure 6). The human immune system can be trained to recognize a
specific pathogen and initiate an efficacious response through vaccines. For this
reason, starting from the 20" century, vaccination on the large scale allowed the
control of several major diseases, such as poliomyelitis, yellow fever and rabies,
andeven led to complete eradication of the disease in the case of smallpox®'. Global
vaccine campaigns were instrumental in reducing bacterial and viral infections,
especially exanthematous and other pediatric diseases®. Nevertheless, some
diseases cannot be prevented by vaccination, which is why another significant

breakthrough in the fight against infectious diseases was represented by the advent
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of antibiotic treatment. Successful application of antimicrobial therapies drastically
reduced mortality rates associated with infectious diseases and have revolutionized

medicine and global healthcare®.
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Figure 6. Life expectancy increase along human civilization. In the last century,
introduction of hygiene, antibiotics and vaccines has considerably increased life expectancy.

Image from: Rosini, R., Nicchi, S., Pizza, M. & Rappuoli, R. Vaccines Against Antimicrobial

Antimicrobial compounds can target different bacterial components, such as
cell wall, macromolecular synthesis or metabolic pathways, therefore causing bacterial
death or cessation of growth. Antibiotics work by targeting 5 major processes in the
bacterial cell: they can damage bacterial cell wall or cell membrane integrity, interfere
with DNA, RNA, and protein biosynthesis, or disrupt folic acid metabolism (Figure 7).
All of the aforementioned characteristics are typical of bacteria and are different or
nonexistent in eukaryotic cells, making antibiotics not toxic against the human host.
Nevertheless, broad-spectrum antibiotics can have a negative effect on gut microbiota
diversity®4, as they not only target the pathogen of concern but also beneficial
bacteria®>%. Antibiotics are undoubtedly one of the most remarkable
accomplishments in the fight against pathogens, but their use is intrinsically linked with
bacterial capacity to rapidly evolve and develop resistance to antimicrobials. Indeed,

the first cases of bacteria resistant to penicillin were reported in 1947%, as early as
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two years after the revolutionary antibiotic was introduced on the large scale®’.
Antimicrobial resistance is a major public health concern worldwide, with a global
economic impact that may exceed one trillion US$ annually after 2030, in a low-impact
scenario®. For these reasons, the quest for effective solutions to fight antimicrobial
resistance is now essential. In this context, non-antibiotic therapies such as vaccines
and therapeutic monoclonal antibodies (mAbs), monospecific antibodies that originate
from a single clone of B cells as an immune response against an antigen, can prove

to be essential.

Figure 7. Antibiotic targets and bacterial mechanisms of resistance. Antibiotics use
different mechanisms to target and kill bacteria. Over time, bacteria developed several ways

to overcome the effect of antibiotics and survive.
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7. Therapeutic monoclonal antibodies against infectious diseases

Structure and effector functions
Human antibodies, also known as immunoglobulins (lg), are Y-shaped heterodimeric

proteins with a molecular weight of approximately 150 kDa. They are composed of two
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identical light chains, which can be either k or A, and two identical heavy chains held
together by disulfide bridges®®. Antibodies are categorized in five different isotypes
depending on their heavy chain sequences: IgA, IgD, IgE, 1gG, and IgM (Figure 8A),
each with a distinct role in the adaptive immune system'%. Among the five isotypes,
lgG is the most abundant in human serum and can be classified into four subclasses,
lgG1, IgG2, IgG3, and IgG4. IgG subclasses are highly conserved but differ in their
constant region, specifically in the hinge structure and in the upper CH2 domain°1.

Currently, the majority of all clinically used antibodies are IgG1 mAbs®. IgGs consist
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Figure 8. Human Immunoglobulins (IgG). A. Human Igs are grouped into 5 different
isotypes.

B. Structure of an IgG antibody. C. Hexamerization of IgG1 antibodies.

of two Fragment Antigen-Binding domains (Fabs) linked to a Fragment Crystallizable
(Fc) through a flexible hinge region that confers to Fabs a high degree of
conformational flexibility'2. The two Fabs comprise a variable domain composed of a
pair of variable domains, one from the heavy (VH) and one from the light (VL) chain
(Figure 8B). The complementarity determining region (CDR) of the variable chains
defines the Fab antigen-binding site for the mAb to a specific epitope on the antigen'93.
On the other hand, the Fc portion of the IgG has the ability to bind Fc gamma receptors
(FcyR) on the host cells'®* and determines mAbs effector functions'05.

mADbs exert their antimicrobial functions through different mechanisms of action,

which can be Fab- or Fc-mediated. The ability of the Fab portion to bind bacterial
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toxins, and therefore to prevent toxin binding to its target, leads to neutralization%6.
Another Fab-dependent mechanism of action is the mAb capacity of inhibiting
bacterial adhesion to host cells'%?, which represents the first step of a successful
infection. In particular, studies on Bordetella pertussis have shown how mAbs
targeting specific features of this pathogen could inhibit bacterial adhesion to epithelial
host cells'98199, In addition to this, Fc-mediated effector functions can be classified in
antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC)'1°. ADCC and
ADCP mechanisms of action are mediated by the interaction of mAbs Fc domain with
the corresponding FcyR. ADCC is mainly caused by Natural Killer (NK) cells,
neutrophils and eosinophils upon activation of FcyRllla. ADCP, on the other hand,
relies on FcyRlla ability to activate macrophages and to increase their phagocytic
effects’'. Moreover, mAbs can facilitate phagocytosis by monocytes, macrophages,
and neutrophils by coating the pathogen through a process known as opsonization.
Some bacteria developed intracellular survival mechanisms to evade
opsonophagocytic killing''?, nevertheless mAbs showed protective efficacy through
FcR-mediated phagocytosis and neutrophil extracellular traps release against
hvKP113. Protection against the pathogen was confirmed both in vitro and in three
different in vivo models.

In addition to ADCC and ADCP, mAbs can induce activation of the complement
cascade and lead to bacterial elimination through CDC. The complement system is a
mechanism of the innate immune response to protect against aberrant endogenous
proteins or bacterial pathogens''4. The complement cascade can be activated via
three distinct biochemical pathways: the classical pathway, the alternative
complement pathway, and the lectin pathway (Figure 9). These three pathways are
activated by different factors, but all converge at C3, eventually resulting in the
formation of the activation products C3a, C3b, C5a, and the membrane attack complex
(MAC)'5. When IgGs bind to bacterial pathogens, they can recruit the C1q factor of
the complement, therefore initiating the classical complement pathway''6. The C1q
molecule can fix the CH2 domain of IgG1 and triggers hexamerization of IgG (Figure
8C) to continue the complement cascade''”. Upon association with IgG, C1q recruits

two proteases, C1r and C1s and constitutes the C1 complex''6. This complex has the
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ability to cleave C4 and C2 proteins generating the C3 convertase, C4bC2a. The C3

convertase cleave C3 to release C3a, that can act as an opsin and can amplify

complement activation, and C3b, that together with C3 convertase forms the C5

convertases. C5 convertases cleave C5 and form C5a and C5b. MAC formation is
initiated when C6 and C7 bind to C5b and is completed when C8 and C9 bind to the

newly formed complex. The MAC system can form pores in the cell membrane of

The lectin pathway

The classical pathway The alternative pathway
O 3

: Amplification

H— 1
ca8p, C3 convertase - C3 convertase
CD55 ——| QETe] CDSS‘ ——{

e
&b
/l‘@lT

O-
C4b-C2a-C3b, —
|

C3b-Bb-C3b
Phagocytosis

coss —|

Anaphylatoxin, 1

Chemoattraction,
Inflammation
I v / \e
‘L o
D59 —— | €6,C7,C8,C9

MAC
(C5b-9)
|

Cell lysis

Figure 9. The complement cascade.

pathogens, inducing cell lysis'®.

The classical complement pathway
greatly contributes to host defense
against viral pathogens, such as
Influenza'® and HIV''®, as well as
against pathogenic bacteria, like

Salmonella'?° and Neisseria
gonorrhoeae'®'. For this reason, Fc
IgG

hexamerization has been exploited to

engineering to  facilitate

enhance complement-dependent
bactericidal properties of mAbs. In
particular, it has been shown that by
inserting specific mutations, namely
E345K and E430G, IlgG1

backbone, mAbs will form hexamers

in the

upon antigen binding. This resulted in
CDC activity in an anti-CD20 mAb
to Fc

which was inactive prior

sequence modifications'?2. Enhanced hexamerization and increased CDC was also

observed upon engineering an antibacterial mAb against N. gonorrhoeae, where

higher engagement levels of C1q and increased bactericidal activity were detected in

the presence of the mutagenized mAb compared to its wild type version'23. Notably,

the mAb carrying the E430G mutation performed well in vivo 121,
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Therapeutic mAbs discovery and development

The introduction of the hybridoma technology by Kohler and Milstein in 1975 started a
new era for mAbs discovery and development'?4. Immortal clones from B cells were
generated through the fusion of myeloma cell lines with lymphocytes from mice
previously exposed to a given antigen. In this way, antigen-specific mAbs could then
be screened and selected based on their binding affinity. The first therapeutic mAb
was approved for use in humans in 1986 with the aim of preventing organ transplant
rejection’®?. Nevertheless, being a fully murine antibody, its administration failed to
activate human effector functions and triggered life-threatening production of human
antimouse-antibodies?®. To reduce immunogenicity, chimeric mAbs with human
constant regions and murine variable regions were developed'26.127 but also further
humanization of antibodies and minimization of the mouse component was achieved
through CDR grafting'?8. Immunogenicity issues were further overcome with the
phage display technology'?®. Phage display libraries are based on human
immunoglobulin G (IgG) heavy and light chain variable region sequences obtained
from immunized and infected individuals. The human variable regions can be
introduced in the Gene Il of filamentous bacteriophages that will express antibodies
on their surface. Using the antigen of interest as a bait, selection of fully human,
antigen-specific mAbs through affinity chromatography was made possible'30. Fully
human mAbs can also be produced by immunization of transgenic mice carrying the
human IgG locus, therefore expressing human IgG isotypes??8.

Remarkably, advancement in human B cell sequencing and high-throughput
screening as well as single cell isolation and structural characterization of antigens led
in 2016 to another major breakthrough in mAbs discovery and development, the
Reverse Vaccinology 2.0 approach'3'. With this method, identification of potent mAbs
occurs directly from the blood of convalescent or immunized human donors and it is
now widely used in the field of infectious diseases, allowing generation of
immunotherapies against various viral pathogens'32-134, The Reverse Vaccinology
approach is also being used to find therapeutic mAbs against AMR bacterial strains'34.
Immunotherapies based on administration of mAbs have been considered as a valid
alternative to antibiotics in the fight against AMR3%. However, only a few antibacterial

mAbs have succeeded in clinical trial and to date only three of them have obtained
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approval by the FDA''2. Raxibacumab and Obiltoxaximab, respectively a human
recombinant IgG1 and a chimeric IgG1, are both directed against the toxin of Bacillus
anthracis. Raxibacumab received approval for treatment of inhalational anthrax in
combination with antibiotics'36:137 while Obiltoxaximab proved to be effective in both
prophylaxis and treatment regimens of B. anthracis infections'38 and was approved by
the FDA in 201639, The last antibacterial mAb authorized by FDA is Bezlotozumab,
which is directed against Clostridium difficile toxin B and has been employed to treat
recurrent infections'#°. The main explanation for the exiguous amount of authorized
antibacterial mAbs is the poor correlation between preclinical and clinical studies
results; mAbs that are effective in vivo in animal models often show limited protection
in clinical trials'#'.142, highlighting a discrepancy that can be explained by the genetic
and immunological differences between humans and animals. For this reason, to
successfully employ mAbs as primary therapies against AMR bacteria, establishing
clinically relevant in vitro and in vivo models to improve correlation between preclinical

and clinical studies should be considered as a priority42.
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Aims of the work

For my PhD project | joined the Klebsiella pneumoniae research group of the
Monoclonal Antibody Discovery Laboratory at Fondazione Toscana Life Sciences in
Siena (ltaly). The main focus of the study was the discovery and development of
human monoclonal antibodies (mAbs) as innovative immunotherapies against a
pandrug-resistant ST147nxom-1 K. pneumoniae lineage that has been causing a
persistent nosocomial outbreak in the Tuscany region since 2018. Moreover, | trained
in Prof. Amieva’s laboratory at Stanford University (Palo Alto, CA) during the third year
of my PhD studies to design a novel physiologically relevant model for K. pneumoniae
infection by exploiting ex vivo cultures. The purpose of the project was to unravel
molecular mechanisms that drive K. pneumoniae host-pathogen interactions, as well
as to define the protective role of the most promising mAb candidate in a human-
derived model. | pursued the main objectives of my PhD research through the following

aims:

¢ Toisolate, express and select potent, fully human mAbs against pandrug-resistant
K. pneumoniae ST147nDpm-1.

¢ To extensively characterize binding and protective properties of selected
ST147npm-1-specific mAbs.

¢ To employ human-derived colonic organoids as host model for ST147npbm-1
K. pneumoniae enteric infection.

¢ To evaluate mAbs efficacy in protecting against K. pneumoniae adhesion and
proliferation on gut epithelia by interrogating the newly established organotypic

model of infection.

The first chapter of my thesis describes the discovery and the characterization of
human mAbs against ST147nom-1 K. pneumoniae. Those results are part of a
submitted manuscript entitled “Anti-capsule human monoclonal antibodies protect
against hypervirulent and pandrug-resistant Klebsiella pneumoniae” where my
contribution consisted in:

o Amplification of variable regions of the heavy (Vu) and light (VL) chains of mAbs
through RT-PCR followed by nested PCR
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o Vwu and VL cloning in expression vectors
o Large-scale expression of recombinant mAbs
o Development, application, data analysis, and figure preparation of:
« High-throughput luminescence-based Serum Bactericidal Assay (SBA) for
selection of functional mAbs
« High-throughput fluorescence-based SBA for characterization of mAbs potency
« Immunoblotting to evaluate mAbs binding to different K. pneumoniae strains
e Purification of ST147nom-1 K. pneumoniae capsule
o Data analysis and figure preparation of:
« ELISA screening of mAbs binding against K. pneumoniae from memory B cells
supernatants
o Flow cytometry of mAbs binding to the bacterial surface of different K.

pneumoniae strains, Klebsiella species, and commensals
The second chapter deals with the work | carried out in Prof. Amieva’s laboratory on

colonic organoids and reports the data | generated upon infection of ex vivo models

with ST147nom-1 K. pneumoniae.
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CHAPTER 1:

Human monoclonal antibodies protect from
bloodstream infection by pandrug-resistant

Klebsiella pneumoniae

A patent application related to this work, where | am listed as a co-inventor, has been
filed:
Antibodies against multidrug-resistant Klebsiella pneumoniae, 102023000000924
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Abstract

Antimicrobial resistance (AMR) requires the development of innovative therapeutics
to bypass the ineffectiveness of antibiotics. Despite the potential of human monoclonal
antibodies (mAbs), their exploitation against AMR is still limited. Here we apply an
antigen-agnostic strategy to isolate extremely potent human mAbs against the
pandrug-resistant ST147 Klebsiella pneumoniae lineage causing a persistent
nosocomial outbreak in Italy. These mAbs, targeting bacterial capsule and O-antigen,
are the most potent described to date as they display in vitro bactericidal activity at the
picomolar range. Nevertheless, only capsule-specific mAbs promoted bacterial uptake
by macrophages and enchained bacterial growth in the nanomolar range of
concentrations. Importantly, this in vitro poly-functionality translated into in vivo
protection against ST147 bloodstream infection. Our study describes the only
antimicrobial able to protect against fulminant septicemia caused by a pandrug-
resistant species and expands our knowledge on effector functions of therapeutic
mAbs. Our results hold universal value for AMR pandemics prevention and vaccine

development.
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Introduction

Antimicrobial resistance (AMR) has been enlisted by the World Health Organization,
the European Medicines Agency and the United Nations as one of the top 10 global
health priorities'43, due to its impact on human health and socio-economic welfare
worldwide. Among pathogens with multi-drug resistance (MDR) profiles,
Enterobacteriaceae causing threats in hospital settings are considered the most
critical® and are currently dominated by Klebsiella pneumoniae (Kp) species®. Most of
Kp strains that cause severe infections belong to two major pathotypes, namely the
classical and hypervirulent ones”®. Classical Kp is a frequent cause of opportunistic
healthcare-associated infections and can easily acquire mobile genetic elements
associated with AMR7'. In particular, multidrug-resistant (MDR) Kp strains carrying
extended-spectrum (-lactamases and carbapenemases have played a major role in
the global spread of AMR. Among carbapenemases, the New Delhi Metallo-f3-
lactamases (NDM) are extremely alarming as they confer resistance to the most recent
combinations of B-lactams and B-lactamase inhibitors (i.e., ceftazidime—avibactam,
imipenem-—relebactam, and meropenem—vaborbactam), which are considered the last
line of defense®144. NDMs are encoded by blanom genes located on large multi-
resistance plasmids that have been spreading across high-risk MDR Kp clones
throughout all continents”380. Hypervirulent Kp (hvKp) isolates can cause severe
community-acquired infections, such as pyogenic liver abscess, endophthalmitis, and
meningitis, in both immunocompromised and healthy individuals'?145.146, Despite
showing higher susceptibility to antimicrobial agents, hvKp strains carry large
virulence plasmids encoding for genes related to capsule synthesis’3, resulting in
enhanced mucoviscosity, and to siderophores production?®.

Although hypervirulence and multidrug resistance have evolved distinctly, in
recent years cases of Kp strains integrating both resistance genes and hypervirulence
loci have been reported’”.”8. The convergence of genetic elements conferring both
MDR and hypervirulence traits in NDM-producing Kp strains is particularly alarming,
as it increases the potential for widespread dissemination. Notably, NDM-1-positive
sequence type ST147 clone (ST147npbwm-1) carrying both MDR and hypervirulence
genes” has been causing a nosocomial outbreak in the Tuscany region of Italy.
Between 2019 and 2020, the 30-day mortality rate associated with ST147npm-1
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bloodstream infections in Tuscany was almost 40%8°. Genomic surveillance data
indicated that Tuscany isolates of ST147 carry a highly diversified plasmid content,
along with extensive antibiotic-resistance genes and virulence factors®. Similar
genetic rearrangements had been already observed in Russia (2017), United Kingdom
(2018-2019) and Egypt (2019), where different Kp STs (ST15, ST147, ST395, and
ST874) carrying hybrid plasmids coharboring virulence genes and blanom were
reported®-84. The same was observed in the 2019 outbreak in Germany®s, where the
hybrid element in hypermucoviscous blanom-1/blaoxa-as-carrying ST307 isolates was
detected. Overall, ST147 accounts for about 5% of Kp infections worldwide'#’, widely
spread especially in India and South-Eastern Asiatic region. Recently, an ancestor of
the Tuscany outbreak strain’® has been recently classified as pandrug-resistant8”-88,
The convergence of genetic elements into epidemic clones represents an
alarming evolutionary feature that underscores the capacity of high-risk clones to
cause even larger epidemics and urges the search for alternative treatment strategies.
In this context, human monoclonal antibodies (mAbs) represent a powerful tool that
can rapidly progress to innovative prophylactic and therapeutic solutions against MDR
Kp. Notably, mAbs are unique in having intrinsically good safety profiles and avoiding
impact on the host microbiota thanks to their specificity. Several murine mAbs against
Kp, primarily targeting the capsule, have shown protective efficacy in various in vivo
mouse models against ST258'48.149. Remarkably, one of the mAbs showed cross-
functional characteristics among Kp strains bearing different capsule types,
highlighting the presence of a common epitope. Nonetheless, more than 100 capsule
serotypes have been described with a wide range of saccharidic compositions®?,
making the task of finding a cross-reactive anti-capsule mAb extremely difficult or
almost impossible. Additionally, anti-lipopolysaccharide (LPS) mAbs have
demonstrated opsonophagocytic activity, but issues with specificity and efficacy have
been reported’0. In particular, an anti-O3 mAb was described not only to target the
Kp LPS, but also recognized diverse LPS from intestinal microbes's', while other
studies reported several mAbs targeting different epitopes of the LPS with in vivo
activity only against capsule-deficient strains of Kp'®2. To date, the only potential
protein target identified for Kp is MrkA'%3, a major component of the type Il fimbrial

complex, involved in biofilm formation and infection establishment. Indeed, MrkA
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aminoacidic sequence is highly conserved among Kp strains'®4 but, despite promising
in vitro results of anti-MrkA mAbs, challenges remain in achieving optimal protection
in vivo'®3. Altogether, these mAbs display characteristics which are not recommended
nor reliable for therapeutic use.

Developing mAbs against AMR pathogens is withheld by two major gaps: lack
of knowledge of the correlates of protection against emerging AMR strains, and lack
of comprehensive screening pipelines for rational mAb isolation. In fact, while 26 mAbs
against bacterial pathogens have entered clinical phases for efficacy evaluation, only
a few have gained FDA approval'34, and none of them is directed against Kp. In this
work, we describe a robust method for unbiased mAb selection, not bound to a
particular predetermined antigen, that allowed the definition of mAb functional
properties associated with protection against ST147nom-1 bloodstream infection. We
isolated 134 Kp-specific human mAbs from patients of the 2018 nosocomial Tuscany
outbreak, with 20 mAbs demonstrating potent in vitro bactericidal activity in the
picomolar range of concentrations. Notably, one selected mAb, 08009, targeting
ST147npm-1 capsule type 64, was able to promote bacterial uptake in phagocytosis
assays and trigger enchained bacterial growth which correlated with the ability to
protect against bloodstream infection in vivo. Our study exemplifies how a rationally
designed experimental pipeline of mAb screening allows to predict correlates of in vivo
efficacy and thus rapidly select therapeutic anti-bacterial mAbs to target emerging
pandrug-resistant Kp lineages. Therefore, our work represents the first description of

a fully human mAb against the pandrug-resistant ST147 Kp strain.
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Results

1. Isolation of bactericidal human mAbs against Tuscany outbreak strain
ST147npm-1

To isolate Kp-specific mAbs representing the breadth of antibody repertoire induced
by Kp infection, we used an antigen-agnostic approach. Peripheral blood mononuclear
cells (PBMCs) were collected from 7 convalescent patients who recovered from
ST147nom-1 Kp bloodstream infection of the Tuscany nosocomial outbreak. A total of
18,390 CD19+CD27+IgM-IlgD- memory B cells (MBCs), either IgG* or IgA*-positive,
was single-cell sorted and plated together with CD40L-expressing feeder cells, IL-2
and IL-21 to promote MBCs activation, proliferation and antibody secretion (Figure
1A; Figure S1). MBCs culture supernatants were screened by enzyme-linked
immunosorbent assay (ELISA) against ST147npm-1 bacteria to select Kp-reactive
mADbs. 214 mAbs specific for antigens displayed on the bacterial surface were
identified (Figure 1B, Table S1). Upon molecular cloning of their Vi and VL variable
portions, sequences of 134 Kp-reactive mAbs were recovered with successful Vi and
VL pairing. To validate the binding properties of the isolated mAbs, they were
expressed on a small scale and tested by ELISA against outbreak-belonging
ST147nom-1 Kp isolates (Figure S2). Further, mAbs were screened for their ability to
induce complement-dependent killing of ST147nom-1 Kp. For this purpose, we
developed a high-throughput luminescence-based serum bactericidal assay (L-SBA)
that measures ATP content as a proxy of Kp viability (13, 14). Four dilutions per mAb
were tested in the presence of an exogenous source of complement and those mAbs
causing a reduction greater than 30% in bacterial viability were considered as positive
hits. Out of the 134 Kp-binding mAbs screened, 25 candidates showing bactericidal
activity against ST147nom-1 were selected (Figure 1C) and expressed on the larger
scale. Upon excluding five mAbs that failed to re-confirm their activity, binding and

functional properties of 20 bactericidal ST147npwm-1-targeting mAbs were evaluated.
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Figure 1. Isolation and selection of Kp-specific mAbs against ST147xpm.1 Tuscany
outbreak strains. A) Schematic workflow of anti-Kp antibody isolation and selection. B)
ELISA screening of supernatants of 18,390 single cell-sorted MBCs isolated from 7
convalescent patients. The assay was performed to detect IgG/IgA against surface antigens
of ST147npm-1 €.i.1 and ST147npwm-1 €.i.2. 214 MBCs supernatants showed a signal at least 2-
fold above the blank of OD4os and were thus selected for further analysis (blue dots). C) L-
SBA on recombinant mAbs against ST147npm-1 €.i.1. 30% reduction in bacterial viability was
used as a cut-off for selection. 25 mAbs showing bactericidal properties were identified (red
dots).

2. Kp library profiling reveals that bactericidal mAbs have different degree of
cross-reactivity and antigen specificity

To characterize specificity and cross-reactivity of the isolated bactericidal mAbs, flow
cytometry was employed to profile their binding against a panel of bacterial strains.
Pathogenic Kp belonging to different STs were included (Table S1), as well as other
Klebsiella species and several commensal strains. Antibody binding to bacterial
surface displayed different levels of intensity, ranging from virtually null to high,
suggesting differential expression of target antigens or variable affinity of the mAbs
(Figure 2A). Moreover, mAbs showed high specificity to pathogenic sensu stricto Kp
strains as they did not react with other Kp phylogroups nor with commensals (Figure

S3). Based on their binding profiles, mAbs were grouped into two main clusters
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(Figure 2A). The first cluster (Cluster 1) encompassed mAbs with rather restricted
binding characteristics, recognizing exclusively outbreak ST147 carrying either blanow-
1 or blanom-e genes'®®. The second group of mAbs (Cluster 2) displayed a broader
binding pattern, being able to recognize up to seven different sequence types of
pathogenic Kp.

Comparative whole genome sequencing analysis of Kp library allowed
prediction of surface antigens targeted by mAbs. We hypothesized that Cluster 1
mAbs were likely directed against ST147nom-1 CPS, as they solely recognized strains
bearing genes from the capsule type 64 biosynthetic locus'®® (KL64; Table S2) and
did not cross-bind any other strain (Figure 2A). Regarding Cluster 2 mAbs putative
target, genomic analysis of the O-antigen biosynthetic loci revealed that ST147npwm-9
presented a single-point deletion in the wbbO gene, which encodes for a
glycosyltransferase essential for O2a biosynthesis'®”.158. This mutation caused
frameshift and premature termination of translation (Figure S6), hindering the
production of the complete O-antigen. Indeed, HPLC and SDS-PAGE analysis of total
sugar extracts from ST147npm-9 confirmed that ST147nom-9 was a natural O-antigen-
deficient mutant (Figure S7). Considering that cluster 2 mAbs selectively reacted with
ST147nom-1 and displayed total lack of binding to ST147npm-9, we assumed that these
mAbs could very likely be directed against the ST147nom-1 O-antigen.
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Figure 2. Binding properties of 20 bactericidal ST147npm-1-specific mAbs. A) Heatmap
representing high-throughput flow cytometry screening of 20 functional mAbs against a panel
of genetically diverse Kp strains. MFI was normalized to no mAb controls and transformed in
logarithmic scale. B) Heatmap of ELISA results with purified CPS and O-antigens. Unrelated
E. coli LPS O111:B4 was used as negative control and total bacterial lysate as a positive
control. Values at least 3-fold above the blank of OD4os were considered as positive hits. C-E)
Representative immunoblot profiles of selected anti-Kp mAbs probed against total sugar
extracts of indicated strains. 08009 (panel C) results show a smeared, high molecular weight
band in presence of total sugar extracts of ST147 Kp species, indicating recognition of KL64
capsule. 05N02 (panel D) results show a wide ladder-like profile against a broad panel of Kp
STs, bearing both O2- and O1-type of O-antigen. 05D08 (panel E) shows medium molecular

weight ladder-like signal for O2 carrying-Kp strains.
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3. ST147-specific bactericidal mAbs target ST147nom-1 capsule and O-antigen
To test these assumptions, mAb binding was assessed in ELISA against purified Kp
capsule and O-antigens of various origin (Figure S4 and S5). KL64 capsule was
recognized only by Cluster 1 mAbs (Figure 2B). Moreover, immunoblotting of Kp total
sugar extract further confirmed that these antibodies decorated high molecular weight
(MW) molecular structures of KL64-bearing Kp strains, in line with Western blot
profiles of polysaccharidic capsules'® (Figure 2C). Instead, ELISA against purified O-
antigens revealed a more heterogeneous picture within Cluster 2 mAbs. Three mAbs
bound to purified O2a O-antigen, with variable degree of cross-reactivity against
O2afg and O1 O-antigens (Figure 2B), while immunoblotting analysis evidenced a
ladder-like binding pattern, compatible with typical O-antigen immunoblotting
profiles'5® (Figure 2D).
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Figure 3. Microscopy characterization of anti-Kp mAb binding on ST147xpwm.1 strain.
A) Images show ST147npwm-1 expressing sfmCherry stained with 08009, 05D08 and 05N02 mAbs

mAb merge w DAPI
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DAPI

labelled with anti-human A488 conjugated secondary antibody (green). Bacterial DNA is stained
with DAPI (blue). Scale bar 2 ym. B) Scatter plot showing quartiles range of quantification of
A488 intensity at the single bacterium level (median=12289 a.u./ n=3475 for 08009;
median=2518 a.u/ n=3024 for 05D08; median=2860 a.u./ n=3269 for 05N02; median=119.1 a.u./
n=3078 for unrelated mAb). C) Scatter plot displaying quartiles range of the area measured on
A488 spots (median=8.3um?/ n=3475 for 08009; median=4.9um? n=3072 for 05DO08;
median=4.8um?/ n=3310 for 05N02). D) Representative images showing ST147xowm-1 stained with
08009-A488, 05N02-A555 and 05D08-A647 conjugated mAbs. Scale bar 2 um.
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Five other mAbs from Cluster 2 did not recognize purified O-antigens in ELISA,
however they displayed a similar ladder-like binding profile in the middle MW range
against total sugar extracts of Kp strains expressing O2a O-antigens (Figure 2E).
Altogether, these analyses allowed grouping ST147npbw-1-targeting antibodies into
KL64-specific and O2a O-antigen specific mAbs, wherein some O-antigen-specific
mAbs were cross-reactive against O1 type O-antigen.

High-resolution and high-content imaging of ST147npwm-1-binding mAbs
demonstrated that candidates directed against capsule and O-antigen displayed
different localization patterns (Figure 3A). For instance, the anti-capsule mAb 08009
displayed higher intensity binding which was distributed over a larger area with respect
to the anti-O-antigen mAbs 05D08 and 05N02 (Figure 3B, Figure 3C, Figure S8).
Moreover, the 08009 signal was localized on the outermost layer of the bacteria,
whereas 05D08 and 05N02 were located inside (Figure 3D), indicating they have non-
overlapping pattern, in agreement with their molecular targets. Analysis of the
germline composition of mAbs evidenced a bias in germline usage for anti-capsular
mAbs, while 3 clonal pairs were detected among O-antigen-specific mAbs (Figure S9;
Table S3).

4. Functional profiling reveals that isolated mAbs have extremely potent
bactericidal activity, however only anti-capsular mAbs are poly-functional

To better assess the protective properties of anti-capsule and anti-O-antigen
bactericidal mAbs, several in vitro assays that could predict antibody-mediated
bacterial control in vivo were employed. Bactericidal mAbs were expressed as human
lgG1 with the E430G mutation in the Fc domain, which enhances the hexamerization
process that naturally occurs between Fc domains and thus potentiates antibody
effector function'21.122.160_ The processivity of complement-dependent killing assays
(SBA) was enhanced by optimizing a fluorescence-based SBA (F-SBA) in the 384-
well format and using resazurin metabolism as a readout of bacterial viability. F-SBA
profiling of mAbs against complement-sensitive pathogenic Kp strains (ST147nDpwm-1,
ST147npm-9, and ST307npm-5) revealed that most of the antibodies were functional in
the picomolar range of concentrations, with the most potent mAb showing 0.5-6 ng/mL

ICs0 values (Figure 4A; Figure S10). Ability to kill different Kp strains correlated with
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mADbs cross-binding properties, since anti-KL64 mAbs were effective against KL64-
bearing ST147nom-1 and ST147npm-9, While anti-O-antigen mAbs displayed activity
against O2 O-antigen-bearing ST147nom-1 and ST307nom-5 (Figure 4A). Results of F-
SBA allowed ranking mAbs according to their ICso and to bacterial viability reduction
extent (Figure S11).

Since phagocytes play a crucial role in Kp clearance during infection'61.162,
mADbs displaying the highest bactericidal potency were then evaluated in macrophage-
mediated opsonophagocytosis assays. Super-folder (sf) mCherry-overexpressing
recombinant ST147nom-1 was opsonized with escalating doses of mAbs prior to
incubation with differentiated THP-1 cells. Then, fluorescence of internalized Kp was
measured as a readout of mAb ability to promote opsonophagocytosis. Anti-KL64
mAbs were found to increase Kp uptake by THP-1 cells at doses greater than 0.6
ug/mL, except for 10H18 which showed a very mild effect (Figure 4B). However, no
Kp uptake was detected in the presence anti-O-antigen mAbs (Figure 4C). On the
one hand, this indicated that anti-capsular but not anti-O-antigen mAbs were able to
promote bacterial engulfment. On the other hand, it showed that opsonization with
anti-capsular mAbs was able to overcome inhibition of opsonophagocytosis exerted
by virulence factors on Kp surface63-166,

Finally, to analyze the impact of bactericidal mAbs on Kp over time, time-lapse
imaging of ST147nom-1-sfmCherry incubated with increasing doses of mAbs was
performed. Cluster 1 mAbs induced enchained bacterial growth in the 10 to 100 ug/mL
range of concentrations (Figure 4D). Mechanistically, this phenotype was associated
with the appearance of concatenated replicating bacteria which did not divide into
sister cells. On the contrary, cluster 2 mAbs did not induce enchained growth at any
tested dose (Figure 4D). Overall, this multi-layer analysis indicated that the isolated
mAbs had an extremely potent bactericidal activity, that their functionality extended
beyond opsonophagocytosis and implicated other effector mechanisms, such as
enchained Kp growth. However, surprisingly, only anti-capsular mAbs were endowed

with such poly-functionality.
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Figure 4. Functional in vitro characterization of 20 bactericidal ST147xom.1-targeting

mAbs. A) Heatmap reporting ICso values from F-SBA screening of 20 anti-Kp mAbs against

the indicated complement-sensitive bacterial strains. B) Bacterial fold uptake by THP-1

macrophages measured in phagocytosis assay in the presence of anti-Kp mAbs from cluster
1. C) Bacterial fold uptake by THP-1 cells measured in samples treated with anti-Kp mAbs
from cluster 2. D) Panels show still frames from time-lapse imaging of ST147nom-1 bacteria

expressing sfmCherry grown in the presence of 100 pg/mL of indicated mAbs for 120 minutes.

Scale bar 5 um.
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5. mAb poly-functionality is required for protection against fulminant
ST147nom-1 bloodstream infection in vivo
To address the fundamental question of whether picomolar bactericidal activity on its
own correlated with mAb efficacy in vivo or whether poly-functionality was required,
the protective properties of the most potent mAb candidates (anti-capsular 08009,
anti-O2 O-antigen 05D08, and anti-O1/02 O-antigen 05N02) were evaluated as
prophylaxis (PRO) and treatment (THR) in an immunocompetent murine septicemia
model’®’. A fulminant bloodstream infection model was selected to reflect the clinical
history of donors from whom mADbs were isolated and was established to achieve 90-
100% mortality within 24 hours of bacterial challenge (Supplementary Figure S12A).
Mice were administered uranyl nitrate 5 mg/kg three days prior to inoculation to
produce a controlled degree of renal impairment. To assess the in vivo PRO activity
against ST147npm-1, groups of ten mice each were administered with 1, 5, 10, and 20
mg/kg mAb dose 24 hours prior to bacterial inoculation (Figure 5A). Notably, 08009
at 5 mg/kg and higher dosages extended survival significantly compared to sham
control (P <0.05), with 30% survival rate (Figure 5B). Consistent with this observation,
CFU counts in the spleen showed a reduction compared with control (Supplementary
Figure S12B). Instead, 05D08 and 05N02 mAbs did not prolong animal survival, at
none of the administered doses (Figure 5C-D). The PRO experiment with 5 mg/kg
dose of 08009 was tested on 30 animals in total, showing consistency and
reproducibility, with at least 35 h of life extension and 50% mouse survival up to 96 h
(Figure 5E). Moreover, plasma concentration of 08009 associated with in vivo
efficacy was 74.3 (x 21.7) ug/mL (Figure S13). Next, the THR efficacy of 08009
administered intravenously at 1, 5, 10, and 20 mg/kg one-hour post-bacterial
challenge was assessed (Figure 5F). In this case, moderate protection was achieved
at 5 mg/kg and higher dosages (Figure 5G), as confirmed by lower CFU counts in the
spleen (Supplementary Figure S12C). Lastly, the protective properties of 08009 in
a combinatorial prophylaxis/treatment (PRO+THR) regimen were investigated. To do
so, a first dose of 08009 was administered intraperitoneally 24 hours prior to bacterial
inoculation, followed by a second dose administered intravenously one hour post
bacterial challenge (Figure 5H). Strikingly, PRO+THR benefits were observed only for

the 1 mg/kg dosage, with 30% 96 h survival. The same dose resulted otherwise
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Figure 5. Evaluation of in vivo protective properties of 08009, 05D08 and 05N02 mAbs in
an immunocompetent ST147ypm-1 bacteremia model. A) Scheme of prophylaxis (PRO) study.
Survival analysis of 08009 (B), 05N02 (C) and 05D08 (D) PRO regimens and sham control (n=10
mice per group). (E) Survival analysis of 08009 PRO regimens administered as a single dose of
5 mg/kg (n=10 mice per group). (F) Scheme of treatment (THR) study. (G) Survival analysis of
08009 THR regimens and sham control (n=10 mice per group). (H) Scheme of prophylaxis plus
treatment (PRO+THR). (I) Survival analysis of 08009 PRO regimens and PRO+THR regimens,
at 1 mg/kg and 5 mg/kg single doses (n=10 mice per group).

suboptimal in monotherapy regimens (Figure 51 and S12D). However, when 08009
was administered at 5 mg/kg, PRO monotherapy performed significantly better than
either PRO+THR combination or THR monotherapy (Figure 51 and S12E).
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These results suggest that, while a monotherapy suboptimal mAb dosage could
be counterbalanced by the use of PRO+THR administrations, optimal mAb dosage
may perform well in a PRO. Overall, these experiments highlighted for the first time
the in vivo efficacy of a KL64-specific mAb in both prophylactic and therapeutic

regimens against pandrug-resistant ST147nom-1 Kp bloodstream infections.
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Discussion

ST147npm-1 Kp is highly persistent within nosocomial settings and has been causing
an ongoing local outbreak in the hospitals of Pisa (ltaly) from 2018. Since then, clones
of the same lineage have been reported in the Tuscany area’380.168_|n this study, a
rationally designed workflow to screen and select protective human mAbs against
pandrug-resistant ST147nom-1 Kp has been described. The depicted antigen-agnostic
methodology allowed the identification of mAbs that show correlates of in vivo
protection, thus can be exploited as therapeutic and prophylactic agents. Through this
strategy, the first fully human mAb directed against Kp capsule type KL64 has been
identified and remarkably exhibited protective activity against the outbreak-causing
pandrug-resistant ST147nom-1 Kp strain.

Taken together, the data reported here highlight the importance of developing
valid predictive assays to correlate in vitro efficacy to successful in vivo experiments.
Out of more than 200 ST147npwm-1-specific mAbs isolated from convalescent donors,
20 candidates exerted bactericidal properties in the picomolar range of concentrations
in vitro, but only those triggering phagocytosis and bacterial enchained growth proved
functional in a murine model of bloodstream infection. This evidence indicates that
evaluating the in vitro complement-dependent, mAb-mediated bactericidal activity is
not enough for successful selection of mAbs for clinical use, whereas in vitro poly-
functionality is an essential feature that protective candidates must bear. The findings
of this study highlight the relevance of poly-functionality, considering that only capsule-
specific mAbs that were active in multiple in vitro assays were able to promote mouse
survival rate upon bloodstream infection. By correlating in vitro and in vivo results, anti-
KL64 mAbs may improve survival rates in murine models by combining the effects of
different mechanisms of protection, such as complement-dependent killing,
macrophage-mediated killing, and clearance of enchained bacteria.

Kp capsule is an essential virulence factor; indeed, genetically manipulated,
capsule-deficient Kp strains become avirulent in various in vivo models of
infection64.16%.170 For this reason, capsule-targeting mAbs could alter bacterial
pathogenesis and boost bacterial uptake and lysis by macrophages. Additionally, anti-

KL64 capsule mAbs may protect against bacterial spread by triggering enchained
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growth. Bacterial concatenation induced by secretory IgA (slgA) has been previously
described to restrict Salmonella typhimurium proliferation by facilitating bacterial
clearance from the intestine'”".172_ Interestingly, we observed how the same enchained
phenotype could be promoted on Kp in the presence of a monomeric IgG isotype.
Moreover, considering that only anti-capsular, but not anti-O-antigen, mAbs
succeeded in inducing Kp enchained growth, we ought to think that targeting the most
external bacterial layer, such as capsular polysaccharides, is key to promote
concatenation, especially in hyper-capsulated species. At present, no information is
available concerning the relative abundance of capsule and O-antigen in vitro and,
more importantly, in vivo. However, studies of Kp pathogenesis'”-146.173 lead us to
hypothesize that potency of 08009 in in vitro and in vivo infection models is associated
with production of a dense capsule which acts as an immunodominant antigen. Anti-
O-antigen mAbs, though effective in SBA assays, may have limited access to their
cognate epitopes under different experimental circumstances.

Hyper-capsulation may also explain why, despite applying an antigen-agnostic
approach, we pinpointed anti-capsule and anti-O-antigen mAbs only, while no
antibody against different antigens was identified. Indeed, Kp protein antigens may be
masked by the thick O-antigen and capsule layers, which probably elicited most of the
humoral immune response associated with the clinical isolates we have been
targeting. While the work resulted in the identification of an extremely potent candidate
medication against ST147nom-1 Kp, clinical application of 08009 to Kp infections will
be limited to the KL64 serotype. In the framework of exploiting mAbs for anti-Kp
universal vaccine design, future research efforts should be directed towards the
identification of functional antibodies against conserved targets, such as membrane
proteins or components of fimbriae and secretion systems. To this end,
implementation of targeted sorting and screening strategies will be instrumental.

The ST147nom-1 Kp clone responsible for the Tuscan outbreak is extensively
spread worldwide, with cases reported around Europe’® 74 South-East Asia'’®, and
USA'76, Additionally, genomic surveillance reports indicate that KL64, associated with
enhanced virulence'”” is replacing some previously prevalent capsular loci through
intraspecies clone shifting'”® and became the third emerging capsule type for

hypervirulent strains after K1 and K2 serotypes3417°. Taken together, these data
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underline the importance of selecting anti-capsular mAbs to contain and prevent KL64-
bearing Kp future outbreaks. Remarkably, the top candidate mAb 08009 isolated in
this study, initially designed in the pursuit of an effective therapy against a regional
outbreak of a pandrug-resistant strain, may also prove to be a broader solution against

multiple Kp STs with KL64 capsular features.
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Materials and Methods

Single-cell sorting of memory B cells from convalescent donors

Peripheral blood mononuclear cells (PBMCs) were isolated from heparin-treated
whole blood by density gradient centrifugation (Ficoll-Paque PREMIUM, GE
Healthcare). After separation, PBMC were stained with Live/Dead FSV780 (BD
Horizon) in 100uL final volume diluted 1:1000 at room temperature (RT). After 20
minutes of incubation, cells were washed with phosphate-buffered saline 1X (PBS)
and unspecific bindings were saturated with 100uL of 20% normal rabbit serum (Life
Technologies). Following incubation at 4°C for 30 minutes, cells were washed with
PBS 1X, centrifuged at 1200 rpm for 8 minutes, and stained with CD19 APC (BD cat#
561742), IgM PeCF594 (BD cat# 562539), CD27 APCR700 (BD cat# 565116), IgD
PE (BD cat# 562024), CD3 PE-Cy7 (BD cat# 560910), CD14 PE-Cy7 (BD cat#
560919) and CD56 PECy7 (BD cat# 560916) in Staining Buffer (1 % Fetal Bovine
Serum in PBS) at 4°C for 30 minutes. Following additional washing, cells were
resuspended in Sorting Buffer (PBS/EDTA 2.5 mM). Stained memory B cells (MBCs)
were single-cell sorted with a FACS Aria Il Fusion BD (BD Biosciences) into 384-well
plates containing 3T3-CD40L feeder cells and were incubated with IL-2 and IL-21 for
14 days'33.

ELISA screening of mAbs binding against Klebsiella pneumoniae

Supernatants resulting from single-cell sorting of MBCs were used as a source of IgG1
and IgA monoclonal antibodies (mAbs) to test their binding to whole bacteria in a high-
throughput enzyme-linked immunosorbent assay (ELISA). Pools of ST147npwm-1 C.i. 1
and ST147npm-1 C.i. 2 (Table S2) were grown in LB medium, pelleted at exponential
phase (ODs00=0.5), resuspended in PBS, and plated into 384-well plastic plates
(Greiner, ref. 781101). Plated bacteria were fixed at RT for 30 minutes in 0.5% of
paraformaldehyde. Plates were then blocked in PBS plus 1% Fetal Bovine Serum at
RT for 1h. After incubation, bacteria were incubated for 1h with MBC supernatants
diluted in sample buffer (PBS — BSA 1% - Tween-20 0,05%). Next, anti-human IgG
and anti-human IgA secondary antibodies conjugated with Alkaline Phosphatase

(Southern Biotech) were added for 45 minutes. To detect bacteria-mAbs binding,

48



pNPP (p-nitrophenyl phosphate; Sigma-Aldrich) was used as soluble substrate and
the final reaction was quantified at a wavelength of 405 nm by using the Varioskan
Lux Reader (Thermo Fisher Scientific). After each incubation step, plates were
washed three times with 100uL per well of washing buffer (PBS and 0.05% Tween-
20). Sample buffer was used as a blank and we considered as positive hits those wells
showing an ODa4os value of at least 2-fold superior to blank. Cells corresponding to
positive hits were lysed in 25uL of a buffer containing RNAsi Out 0,2 U/uL, ultrapure
BSA 1mg/mL and H20 DEPC (Thermo Fisher Scientific) and stored at -80°C for

following steps.

Single-cell RT-PCR and nested PCR were used to amplify V4 and VL

cDNA was synthesized from 5uL of MBC lysates. Reverse transcription (RT) reaction
was performed by adding 25uL per well of a mix containing 1L of random hexamer
primers (50 ng/mL),1uL of dNTPs (10 mM), 2uL 0.1 M DTT, 40 U/uL Rnase OUT,
MgClz (25 mM), 5uL of 5X buffer, 0.25uL of Superscript IV reverse transcriptase
(Invitrogen) and nuclease-free water (DEPC) and RT-PCR conditions were 42°C/10
minutes, 25°C/10 minutes, 50°C/ 60 minutes and 94°C/5 minutes. After cDNA
synthesis, two additional rounds of PCR were performed to obtain the variable regions
of the heavy (Vn) and light (VL) chains. Briefly, in the first round of PCR (PCR |) a total
volume of 25uL containing 4pL of cDNA, 10uM of VH or 10uM VL/VK primer mix
(Table S4), 0.5uL of dNTPs (10 mM), 1.5uL MgClz2 (25 mM), 5uL of 5X Kapa Long
Range Buffer, and 0.125uL of Kapa Long Range Polymerase (Sigma) was added in
each well and amplified using the following conditions: 95°C/3’, 5 cycles at 95°C/30”,
57°C/30”, 72°C/ 30” and 30 cycles at 95°C/30”, 60°C/30”, 72°C/30” and 72°C/2’. 3uL
of un-purified PCR | products were used as a template for the nested PCR (PCR II)
using the same cycling conditions and primers indicated in Table S5. PCR Il products
were then purified by Millipore MultiScreen PCR 96 plate according to the
manufacturer’s instructions. Samples were eluted in 30uL of nuclease-free water pre-

warmed at 50°C and quantified by NanoDrop One (Thermo Fisher Scientific).
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Cloning of Vi and V. and recombinant antibody expression by TAP transfection
Amplified antibody sequences were ligated into human IgG1 expression vectors and
used to produce transcriptionally active PCR (TAP) products. Briefly, IgG1, Igk or IgA
expression vectors were digested with Agel, Sall and Xhol restriction enzymes,
respectively. 25 ng of linearized plasmids were ligated with 75 ng of purified V4 and
VL by Gibson Assembly (New England BioLabs). The reaction was performed in a final
volume of 5puL. The ligation product was 10-fold diluted in DEPC water and used as a
template for transcriptionally active PCR (TAP) reaction which allowed the direct use
of linear DNA fragments for in vitro expression. Functional promoter (human CMV)
and terminator sequences (SV40) were attached onto PCR Il products directly by
amplification using specific primers (Table S6). TAP-PCR was performed in a total
volume of 25uL containing 0.25uL of Q5 polymerase (NEB), 5uL of GC Enhancer
(NEB), 5uL of 5X buffer, 0.5uL dNTPs (10 mM), 0.125uL of forward/reverse primers
and 3L of ligation product, and using the following conditions: one step of 98°C/2
minutes, 35 cycles of 98°C/10 seconds, 61°C/20 seconds, 72°C/1 miunte and an
extension of 72°C/5 minutes. Once purified and quantified, TAP products were
transfected into Expi293F cells to allow small scale production of recombinant mAbs.
Briefly, cells were transfected with both TAP amplifications in a final volume of 1mL
into 96 deep well plate (Eppendorf), and after 7 days of expression mAb-containing

supernatants were harvested by centrifugation.

Quantification of TAP-produced mAbs by ELISA

To quantify the concentration of mAbs in each supernatant, ELISA plates were coated
with 2 pg/ml of goat anti-human IgG (Southern Biotech) at 4°C ON. Plates were
washed 3 times with PBS plus Tween-20 0,05%, blocked in PBS plus BSA 1% at 37°C
for 1h. Then samples were washed and incubated with TAP-produced mAbs diluted
in sample buffer (PBS - BSA 1% - Tween-20 0,05%) at 37°C for 1h. Following
additional washings and incubation at 37°C for 1h with AP-conjugated anti-goat IgG
secondary antibody (Southern Biotech), absorbance was read by addition of PNPP.
Concentrations were evaluated by linear regression analysis built by potting ODa4os
values against a standard curve generated by titration of a human IgG-unlabeled

antibody (Southern Biotech).

50



Large scale expression and purification of mAbs

Expi293F cells (Thermo Fisher Scientific) were transiently transfected with plasmids
carrying the heavy and the light chains of each antibody with a 1:2 weight/weight ratio.
Cells were grown for six days at 37°C at 8% CO2 and 125 rpm shaking, with an
optimized cocktail of enhancers 1 and 2 (Thermo Fisher Scientific) added on day 1
post-transfection. Two harvests were performed on the third and sixth day by pelleting
the cells at 1,100 xg for 10 minutes at RT and supernatants were pooled and clarified
by centrifugation (3,000 xg for 15 minutes at 4°C), followed by 0.45 mm filtration. mAbs
were purified at RT by affinity chromatography on the AKTAgo purification system
(Cytiva) using the HiTrap Protein G HP column (Cytiva), which binds to the Fc domain.
Specifically, the column was equilibrated in 0.02 M sodium phosphate buffer pH 7 at
a flow rate of 1mL/min, which was used also for the following steps. After sample
injection, the column was washed with 10 column volumes (CV), followed by mAb
elution with 10 CV of 0.1 M glycine-HCI, pH 2.7. mAb pool was dialyzed in PBS pH
7.4 using Slide-A-Lyzer G2 Dialysis Cassette 3.5K (Thermo Scientific) ON at 4°C. For
each purified antibody, the concentration was determined by measuring absorbance

at 280 nm at Nanodrop. All purified antibodies were aliquoted and stored at -80°C.

Serum Bactericidal Assay (SBA)

Two days prior to the assay, glycerol stocks of Kp were streaked on LB-Agar plates
and incubated overnight (ON) at 37°C. The following day, a single colony was
inoculated in 4mL of LB and incubated ON at 37°C. Cultures were expanded to 10mL
LB in a 125mL flask to obtain an ODsoo of 0.05 and incubated at 37°C with shaking
until the exponential phase (ODsoo 0.4-0.6) was reached. Bacteria were then 1:10
diluted in PBS.

Appropriate baby rabbit complement (BRC, Cedarlane) concentrations to be used in
the assay were established through complement sensitivity tests. Briefly, 2x10°
bacteria/ml resuspended in PBS were seeded in round bottom 96-well plates, and
BRC concentrations were screened starting from 50% in 11 serial 2-fold step dilutions.
After 2h incubation at 37°C, bacteria were pelleted by centrifugation. The supernatant

was discarded, and bacteria were resuspended in 30 pL of PBS and transferred into
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a White Optiplate (Perkin Elmer). 30 uL of BacTiter-Glo™ 1X (Promega) was added
to each well and luminescence was measured by the Varioskan Lux microplate reader
(Thermo Fisher Scientific) with an exposure time of 500 ms. Data were plotted and
analyzed using GraphPad Prism. 12.5% BRC was established as a universal BRC
concentration allowing to achieve complement-dependent antibody-mediated killing
without significant toxicity.

For luminescence-based SBA (L-SBA) with TAP-expressed mAbs, 2x108 bacteria/mL
of ST147nom-1 were seeded into a 96-well U-round bottom plate in the presence of
12.5% BRC, with the addition of four serial dilutions of TAP-expressed mAbs (1:10,
1:50, 1:250, 1:1250), in a total volume of 100uL per well. Upon 2h incubation at 37°C,
bacteria were pelleted by centrifugation at 4000 xg. Bacterial pellets were
resuspended in 30 pL of PBS per well and transferred into a white Optiplate (Perkin
Elmer). 30uL of BacTiter-Glo™ 1X (Promega) was added to each well and
luminescence was measured by the Varioskan Lux microplate reader (Thermo Fisher
Scientific) with 500 ms exposure. In each experiment, luminescence values obtained
were used to calculate the median value for each dilution factor. Difference between
the luminescence signal of each mAb and the median value of the plate was measured
and plotted as percentage with a 30% cut-off.

For fluorescence-based SBA (F-SBA), 2x108 bacteria/mL were seeded in 384-well
black clear-bottom plate (ViewPlate®-384 F TC, PerkinElmer) in the presence of
12.5% BRC, in a final volume of 50uL per well. Purified recombinant mAbs were added
in a 3-fold step serial dilution panel. After 2h incubation at 37°C, 40puL LB and 10pL of
0.025% resazurin (Sigma-Aldrich) were added to each well. Fluorescence (A ex =

560nm and A em = 590nm. Exposition: 250ms. Wide 12nm) was measured by the

Varioskan Lux microplate reader upon 2h incubation at 37°C. GraphPad Prism was

used to plot and analyze data, as well as to extrapolate I1Cso values.

Flow cytometry analysis of mAb binding to bacterial surface

Binding of mAbs to the panel of bacterial strains (Table S2) was performed on bacteria
in the exponential phase of growth in LB (ODeoo 0.4-0.6). Bacteria were pelleted and
resuspended in an equal volume of PBS-BSA 1%. 100uL of bacteria were plated in

each well of a round bottom 96-well plates by centrifuging at 4000 xg for 5 minutes,
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followed by incubation with 5 pyg/ml of purified antibodies at RT for 1h. Plates were
centrifuged, and pellets were washed three times with PBS-BSA 1% and incubated at
RT for 30 minutes in the dark with 1:2000 diluted Alexa488-conjugated a-human IgG
secondary antibody. After an additional centrifugation and washing step, bacteria were
fixed with 0.5% of paraformaldehyde at RT for 30 minutes, washed again,
resuspended in PBS-BSA 1% to an ODsoo of 0.05 and read by their fluorescence.
Samples were acquired on the BD FACS Canto Il (BD Biosciences, USA). Data were

analyzed by FlowJo software v 10 (BD Biosciences, USA).

Antibody sequence analysis

Immunoglobulin genes were identified using a custom Python script that employs
NCBI IgBlast and IMGT nomenclature (in the time between 2020 and 2022). IGHV
gene somatic hypermutations were counted from the start of FWR1 until the end of

FWRS3. Insertions or deletions were counted as one single mutation.

Genomic analysis of Kp isolates

ST147 strains were sequenced using both short- and long-reads technology. High-
throughput-sequencing was performed on the MiSeq platform (lllumina; San Diego,
CA, USA) with a paired-end layout of 150bp. Paired-end short reads were quality-
checked and poor-quality reads were filtered using fastp v0.20.1 (REF). The long-read
library was prepared with multiplexing and sequenced according to the manufactures’
guide using flow cell R9.4.1 (Nanopore). The quality of long reads was controlled by
being mapped with their corresponding short reads using Filtlong v0.2.0
(https://github.com/rrwick/Filtlong) with minimum quality and length as Q8 and
2,000 bp respectively. Along with the corresponding clean reads, long reads were fed
into the hybrid assembler Unicycler v0.4.8 (REF) and run under the conservative
mode. ST and capsule typing prediction were performed using Kleborate v2.0.0 (REF)
and Kaptive (REF).

Western blot analysis of mAb binding to Kp lysates
For sample preparation, bacteria from glycerol stocks were grown ON on LB-agar

plates. Single colonies of Kp were picked from plates and grown ON with static
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incubation at 37°C in LB. The following day, bacteria were grown at 37°C starting from
OD 0.05 at 150 rpm in LB until they reached the exponential phase (OD 0.4-0.6).
Polysaccharide extracts for immunoblotting has been prepared with
lipopolysaccharide (LPS) extraction kit (Sigma). Total bacterial lysates were prepared
by centrifuging the inoculum for 10 minutes at 2500 xg at 4°C, followed by filtration at
14000 xg with Nanosep 0.2 ym columns. Part of the sample was treated with
proteinase K for 1h at 60°C to eliminate proteins. Moreover, polysaccharide extracts
were prepared by phenol extraction. Following overnight growth, bacteria were
pelleted and resuspended in PBS. Upon 1 h at 100°C, an equal volume of phenol was
added, and samples were incubated at 70°C for 1.5 h. Samples were centrifuged at
13000 rpm at 4°C for 30 min, then the water phase was recovered. SDS-PAGE
samples were prepared by adding 1:4 loading buffer and 1:10 reducing agent and
incubated for 5 minutes at 95°C. SDS-PAGE gel was transferred onto PVDF
membrane using the iBlot™ Gel Transfer Device and Stacks (Thermo Fisher
Scientific). Membranes were blocked for 1h at RT in TBS 1x/0.1% Tween-20/5% milk.
Purified mAbs were used at 1ug/mL in TBS 1x/0.1% Tween-20/5% milk. Following ON
incubation at 4°C, membranes were washed 3 times with TBS 1x/0.1% Tween-20.
Incubation with secondary antibody (goat anti-human Fab) diluted 1:75000 in TBS
1x/0.1% Tween-20/5% milk was carried out for 1h at RT. Membranes were washed 3
times in TBS 1x/0.1% Tween-20 and then developed with chemiluminescence

readout.

Characterization of mAb binding by high-resolution and high-content confocal
microscopy

A single colony of bacteria stably expressing super-folder(sf)mCherry was picked from
an LB-agar plate and grown ON in LB with 150ug/mL hygromycin. The ON culture was
diluted in LB without antibiotics and grown to ODs 0.025 or 0.05. Then, 50 uL of
bacteria were transferred into a 96-well Phenoplate (Perkin Elmer, 6055300) and
incubated for 2 h at 37°C without CO:z in static conditions. Subsequently, the
supernatant was discarded, and the adherent bacteria were fixed in 4%
paraformaldehyde (PFA)/PBS (Thermo Fisher Scientific) or Cytofix (BD) for 15

minutes at RT. For experiments aimed at staining a single anti-Kp mAb, selected
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antibodies were diluted in a solution of PBS/1%BSA (Bovine Serum Albumin) at a
concentration of 0.5ug/mL and incubated for 30 minutes at RT. Then, samples were
washed in PBS and a mixture of goat anti-Human Alexa488 conjugated secondary
antibody (diluted 1:2000) and DAPI (diluted 1:2000) in PBS/BSA1% was added for 30
minutes at RT. Finally, samples were washed in PBS and 50uL of 1% Low Melting
(LM) agarose were distributed in each well. Samples were stored at 4°C and imaging
was performed within the following 24 hours. For experiments in which 08009, 05N02
and 05D08 mAbs were simultaneously stained, antibodies were conjugated with
Alexa488, Alexa555 and Alexa647 fluorophores, respectively, using the Zip Alexa
Fluor™ Rapid Antibody Labeling Kits (Thermo Fisher Scientific) following
manufacturer instructions. After fixation in PFA, samples were first blocked in PBS/1%
BSA for 30 minutes at RT and then incubated with a mixture of fluorophore-conjugated
mAbs (each one at 0.5 Og/mL in PBS/1% BSA) and DAPI (1:2000). Following 30
minutes incubation at RT, samples were washed in PBS and prepared for imaging by

adding 50puL of 1% LM agarose. On the following day, samples were imaged.

Opsonophagocytosis assay

THP-1 cells (ATCC) were maintained in RPMI 1640 containing GlutaMax (Thermo
Fisher Scientific) and complemented with 10mM Hepes (Thermo Fisher Scientific),
1mM Sodium Pyruvate (Thermo Fisher Scientific) and 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific). Three days before the assay, 50.000 cells per well were
seeded into a 96-well black-shielded optiplate (Perkin Elmer) in the presence of 20
ng/mL phorbol-12-myristate-13-acetate (PMA) to promote monocyte differentiation
into macrophages. The day after, PMA was washed out and cells were maintained in
fresh medium for two additional days.

Infection of macrophage was performed using ST147npbwm-1-sfmCherry expressing Kp.
Bacteria were grown ON and re-launched the following morning to reach ODsoo 0.5.
After centrifugation, bacteria were resuspended in phagocytosis media (RPMI
1640+GlutaMax, 10mM Hepes, 1TmM Sodium Pyruvate) to have a 1:2 dilution of the
initial culture volume. To allow bacterial opsonization, mAbs dilutions were prepared
in 25uL of phagocytosis media and incubated with 25uL of bacteria for 30 minutes at

37°C in shaking conditions (500rpm). This mixture was then added to differentiated
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macrophages and centrifuged for 3 minutes at RT to synchronize the infection.
Following the incubation of 1hour at 37°C in the presence of 5% CO2, samples were
treated for an additional hour with 150 pug/mL streptomycin to kill not engulfed bacteria.
Finally, samples were incubated for 5 minutes at RT with PBS/0.1% X100-Triton to
permeabilize cells and allow the release of internalised bacteria in the supernatants.
Bacterial fluorescence was read using a Varioskan Lux microplate reader as a readout

of bacterial uptake.

Live bacteria imaging

ST147nom-1-sfmCherry was grown ON as described before and re-launched until
ODeoo 0.5. The assay was carried out in a final volume of 50uL containing exponential
Kp diluted 1:100, 12.5% BRC and escalating doses of anti-Kp mAbs in PBS. Samples
were prepared in 96-well Phenoplate (Perkin Elmer, 6055300) and briefly centrifuged
at 1000 rpm to keep bacteria closer to the bottom of the well. Acquisition started
immediately after centrifugation and was carried out at 37°C by acquiring frames every

2 minutes for 2 hours.

Microscopy and image analysis

Imaging was performed using the Opera Phenix platform (Perkin Elmer) and all
samples were acquired using a 63X N.A. 1.15 water objective.

For mAb binding experiments carried out in fixed conditions, 20 fields of view
(FOV)/well were selected. For each FOV, five z-stacks separated by a z-step of 0.5um
were acquired. Imaging was performed in the confocal mode by exciting the samples
with lasers at 425 nm, 488 nm and 561 nm and collecting the emitted light using
bandpass filters 435-480 nm, 500-550 nm and 570-630nm, respectively.

For bacterial live imaging experiments, 3 FOV/well were acquired and three z-stacks
separated by a z-step of 0.5um were imaged. Imaging was performed in the widefield
mode by exciting the samples with lasers at 561nm and collecting the light using the
bandpass emission filter 570-630 nm.

Images were analyzed with Harmony (v4.9), provided by Perkin Elmer, by using
custom-made image analysis pipeline described in supplementary materials.

Individual bacteria were detected using the DAPI channel and filtered according to
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their morphology based on data available in literature. To measure mAb intensity
levels, the mean intensity of the A488 signal was measured within a ROl drawn around
each bacterium. To measure mAb occupancy area, A488 spots were detected, and
their morphology features were measured. A488 spots displaying an area smaller than
0.50m? were discarded from the analysis because they were not representative of the

distribution of the mAb signals around the bacteria.

Purification of ST147npm-1 capsule

For capsule extraction, ST147nom-1 Kp from glycerol stocks was grown at 37°C ON in
LB in the presence of meropenem. 200 pL of liquid culture were plated on
carbohydrate-rich Worfel-Ferguson agar plates to increase Kp capsule production80,
The Worfel-Ferguson agar plates contain 0.2% yeast extract, 0.2% sodium chloride,
0.1% potassium sulphate, 0.025% magnesium sulphate, 2% sucrose, and 1.5% Agar.
Upon ON incubation at 37°C, bacteria were mechanically collected from the plates
and resuspended in LB. The samples were centrifuged for 8 minutes at 4000 rpm,
pellets were collected and resuspended in H20. After a 6h incubation at 99°C, samples
were centrifuged for 8 minutes at 4000 rpm. Supernatants were collected and filtered
with 0.22 uM filters. To allow DNA precipitation, 1% CTAB, 5mM Na=2SO4 and 0.24
mM NaCl were added to the solution. Samples were vortexed and incubated at 100°C
with 550 rpm for 4 h, then centrifuged for 15 minutes at 14000 rpm. Supernatants were
collected, diluted 1:10 with 5mM Na=SOs, and incubated at 37°C for 1h. Upon 15
minutes of centrifugation at 4000 xg, the pellet was resuspended in 4mL of 1M CaCla.
To remove impurities, 25% of EtOH was added to the sample and left on a tilting plane
for 30 minutes at RT. The sample was centrifuged for 15 minutes at 4000 xg and the
supernatant was collected. To allow capsule precipitation, 80% of EtOH was added to
the collected supernatant and left for 1h at RT on a tilting plane. Incubation was
followed by centrifugation for 15 minutes at 4000 xg. The obtained pellet was
resuspended in 1mL of 1M NaCl and purified with Amicon 10K filters with at least 10
washing steps in MilliQ H20 to remove protein contaminants and other impurities.
Sugar content was evaluated by phenol-H2SO4 assay, protein content was estimated
by microBCA (Thermo Fisher Scientific) and DNA presence was measured using the

Qubit kit (REF). Protein and DNA contaminants were <1% compared to the sugar
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concentration, quality of the estimated molecular size distribution was done by SEC-
HPLC, with a Tosoh TSK gel PWXL guard - G3000 PWXL columns connected in
series (4.0 cm x 6.0 mm; cod. 808033, and 30 cm x 7.8 mm; cod. 808021,
respectively), as a running buffer, 0.1 M NaCl, 0.1 M NaH2POa4, pH 7.2

Purification of O-antigen from Kp strains

O-antigen was extracted following a published protocol'®!, with slight modifications. In
brief, 300mL of LB supplemented with 0.4 % glucose were inoculated with Kp. After
reaching the logarithmic phase of growth bacteria were pelleted at 4,000 rpm for 15
minutes. The obtained pellet was resuspended in 15mL of 3% acetic acid for at least
4h at 90°C shaking at 500 rpm. Upon incubation, the supernatant was collected and
pH was neutralized with 100mM NaOH. Samples were desalted using Disposable
PD10 columns (Cytiva). 100 mM of citrate buffer pH 2.7 was added with continuous
stirring to achieve the final citrate concentration of 20mM. The sample was then
incubated at RT for 30 minutes, followed by centrifugation at 12,000 rpm at 15°C for
30 minutes. The supernatant was collected, and a Sartobind MA75 column (Sartorius)
was used for cation-exchange purification. After neutralization followed by a second
desalting step, anion exchange was performed with HiTrap Q FF (Cytiva) by AKTAgo
purification system. The column was previously equilibrated with 5 CV of Buffer A (10
mM Tris-HCI pH 8). The sample was diluted to 100mL loaded with the sample pump.
The column was washed with 5 CV of Buffer A, and elution was performed with 10 CV
of Buffer B (10 mM TRIS pH8 + 200 mM NaCl). The flow rate for all steps was 5mL/min.
The O-antigen-containing sample was eluted in the flow-through and the concentration
was increased by using Amicon 10K columns. Total sugar quantification was
measured by phenol-sulfuric assay and quality of the estimated molecular size
distribution was done by SEC-HPLC, with a Tosoh TSK gel PWXL guard - G3000
PWXL columns connected in series (4.0 cm x 6.0 mm; cod. 808033, and 30 cm x 7.8
mm; cod. 808021, respectively). 0.1 M NaCl, 0.1 M NaH2POs4, pH 7.2. was used as
running buffer. Detection was performed with a UV and a refraction index detector.

Protein impurities were measured by microBCA.
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ELISA on purified Kp O-antigen and capsule

To perform the ELISA, purified O2a-LPS and O2afg -LPS were kindly provided by
Chris Whitfield's group™®. In addition, in-house purified KL64 capsule and O2a and
O1 O-antigens were used to coat high-binding 384-well plates (Greiner ref. 781061)
and incubated at 4°C ON. The next day, plates were blocked in PBS-BSA 1% at 37°C
for 1h. After blocking, plates were incubated with each mAb as primary antibody at a
final concentration of 10 pyg/ml for 2h at RT, in the presence of PBS, 1% BSA, and
0.05% Tween-20. Next, anti-human IgG secondary antibody conjugated with Alkaline
Phosphatase (Southern Biotech) was added for 1h at 37°C. To detect antigen-mAbs
binding, pNPP (p-nitrophenyl phosphate; Sigma-Aldrich) was used as a soluble
substrate, and the final reaction was quantified at a wavelength of 405 nm using the
Varioskan Lux Reader. After each incubation step, plates were washed three times
with 100 uL per well of washing buffer (PBS plus 0.05% Tween-20). Sample buffer
and an unrelated mAb were used respectively as blank and negative control, and we
considered positive hits those wells showing an OD4os value 3-fold higher than the
blank. As a positive control, a 1:100 dilution of a mix of plasma from different patients

was used.

Immunocompetent ST147npm-1 bacteremia model

In vivo studies were performed in the laboratory of Dr. David P. Nicolau and Dr. Kamilia
Abdelraouf, at the Center for Anti-infective Research and Development in Hartford
Hospital (USA). 08009, 05N02 and 05D08 were resuspended in PBS to the
concentrations required to deliver 1, 5, 10, and 20 mg/kg doses based on the mean
weight of the study mice population. For prophylaxis (PRO) studies, single dose mAb
at examined doses was administered through intraperitoneal (IP) route 24 h prior to
bacterial inoculation. For treatment (THR) studies, single dose mAb at examined
doses was administered through intravenous (IV) route 1 h post bacterial inoculation.
For prophylaxis plus treatment (PRO+THR) studies, one dose of mAb was
administered IP 24 h prior to bacterial inoculation, and a second dose of the same
mAb at the same dose was administered IV 1 h post bacterial inoculation. All dosing

solutions were kept on ice while filled syringes with dosing solutions were refrigerated
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until use. PBS solution with a pH of 7.4 was utilized as the vehicle for dosing control
animals throughout the study.

Specific pathogen-free, female ICR mice weighing 20-22 grams were obtained from
Charles River Laboratories, Inc., (Wilmington, MA). The animals were allowed to
acclimate for a minimum of 48 h before commencement of experimentation and were
provided food and water ad libitum. The protocol was reviewed and approved by the
Institutional Animal Care and Use Committee at Hartford Hospital. Mice were
administered uranyl nitrate 5 mg/kg three days prior to inoculation to produce a
controlled degree of renal impairment. In total, 322 mice were used. ST147npm-1 Was
previously frozen at - 80°C in skim milk (BD BioSciences, Sparks, MD). Prior to mice
inoculation, two transfers of the organisms were performed onto Trypticase Soy Agar
plates with 5% sheep blood (TSA II™; Becton, Dickinson & Co.; Sparks, MD) and
incubated at 37°C for approximately 24 h. After 18-24 h of incubation of the second
transfer, a bacterial suspension of approximating the target number of CFU/mL in 5%
hog gastric mucin was made for inoculation. Final inoculum concentrations were
confirmed by serial dilution and plating techniques. Septicemia was produced by IP

injection of 0.5 ml of the inoculum.
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Supplementary Materials

Supplementary Figure 1. Gating strategy for single cell sorting of total memory
B cells. Flow cytometry plots reporting gating strategy to identify as follows: live cells,
lymphocyte population, single cells, CD19-positive cells (B cells), CD19+ CD27+ IgD-
cells (memory B cells), CD19+ CD27+ IgDIgM- B cells (memory B cells expressing
lgG, IgA or IgE).
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Supplementary Figure 2. Heatmap of ELISA results of 134 recombinant mAbs
against ST147npwm-1 clinical isolates. ELISA against two different ST147npw-1 clinical
isolates was performed to confirm mAb binding to Kp surface. Values at least 3-fold

times above the ODaos blank were considered as positive hits.
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Supplementary Figure 3. Flow cytometry analysis of 20 anti-Kp mAbs binding
properties against other Klebsiella species and commensals. Heatmap
representing the summary of high-throughput flow cytometry screening of 20
functional anti-Kp mAbs against Klebsiella oxytoca and Klebsiella variicola, isolates,
as well as against commensals. MFI| values were normalized on no mAb controls and

transformed in logarithmic scale.
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Supplementary Figure 4. Purification of capsule type KL64 from ST147npm-1 Kp.
A) SEC-HPLC emission (A=280nm) and RIU normalized profiles of purified KL64
capsule from ST147npbm-1. The three arrows indicate molecular weight standards of
410, 80 and 12 kDa. ST147npm-1 capsular polysaccharide was purified following the
protocol reported in Materials and Methods. B) Theoretical structure of capsule type

64 as described in literature6.
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Supplementary Figure 5. Purification of different O-antigen subtypes. SEC-
HPLC profiles of purified O-antigens, (A) O2a purified from ST147npm-1 and (B) O1v2
purified from ST130xa-48. The three arrows indicate molecular weight standards of 410,
80 and 12 kDa. C) Molecular structures of O1, O2a, and O2afg O-antigen types as

reported in literature%8.
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Supplementary Figure 6. Annotation of K and O locus on selected strains. For

each sequence, the presence of K-locus (blue) and O-locus (red) genes is presented;

genes with premature stop codons are visualized as shades.
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Supplementary Figure 7. Polysaccharide characterization of O-antigen deficient

strain ST147nom-9. A) SEC-HPLC analysis of total sugar content after hydrolysis with

acetic acid. The three peaks correspond to capsule, O-antigen, and the core. The

three arrows indicate molecular weight standards of 410, 80, and 12 kDa. B) Silver

staining analysis of total sugar extract from ST147npm-1 and ST147npbm-9 Kp strains.

ST147npm-9 lacks LPS ladder-like signal in the 25-50 kDa range, which is present in

the ST147npm-1 loaded sample.
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Supplementary Figure 8. ROI definition and spot detection for mAb binding
characterization. Images show the binding pattern of A488-labelled anti-Kp mAbs on
ST147nom-1 Kp (left), the ROI where A488 signal was detected (middle), and the
morphology of A488 spot (right). Scale bar 2 ym.
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Supplementary Figure 9. Sequence analysis of 20 selected mAbs. A) Frequency of
IGHV (top left) and IGHJ (top right) genes usage, IGKV (bottom left) and IGKJ (bottom right)
genes usage. B) IGHV and IGHJ genes pairing heatmap (left), IGKV and IGKJ genes pairing

heatmap (right). C) Percentage of variable chain identity with respect to the inferred

germline. Antibodies similarity was analyzed by calculating a distance matrix using
CLUSTAL Omega for the heavy (red) and light (green) chains separately. D) CDRS3 length

distribution, heavy chains (left, red) and light chains (right, green).
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Supplementary Figure 10. F-SBA profiling of 20 functional mAbs against four
complement-sensitive pathogenic Kp strains. F-SBA curves of 20 bactericidal anti-Kp
mAbs against ST147npwm-1 C.i.1 (A), ST147nDM-1 C€.i.2 (B), ST147nDM-9 (C), and ST307nDwm-5
(D). Single experiments were normalized to no mAb controls. For each mAb, the bactericidal
curve and the associated ICso value were obtained using the [Inhibitor] vs. normalized
response, variable slope analysis on GraphPad Prism. ICso values are reported in Figure
4A.
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Supplementary Figure 11. Complement-dependent killing efficacy of 20 functional
mAbs against four complement-sensitive pathogenic Kp strains. Heatmap displays the
percentage of reduction in resazurin fluorescence as a readout of bacterial viability,
normalized to no mAb controls. Results were extrapolated from F-SBA experiments with

single mAbDs.
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Supplementary Figure 12. Evaluation of in vivo protective properties of 08009, 05D08
and 05N02 mAbs in immunocompetent ST147npm-1 bacteremia model. (A) Survival
analysis for groups of mice infected with ST147nobm-1 K. pneumoniae at four tested inoculums
(in logio CFU/mL). (B) 08009 prophylaxis (PRO) regimens logio CFU/spleen at endpoint
compared with controls. (C) 08009 treatment (THR) regimens logio CFU/spleen at endpoint
compared with controls. (D) Dose response comparison of survival time over 96 h in mice
infected and receiving mAb 08009 treatment (THR) and prophylaxis plus treatment
(PRO+THR) at 1 mg/kg (E) and 5 mg/kg single doses. 10 animals per group were tested.
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Supplementary Figure 13. Single-Time-Point Concentration Study.

The concentration of human mAb 08009 in mouse plasma was measured by quantitative
ELISA 24 h post administration of a single dose at 5 mg/kg by IP injection. Values were
obtained by measuring absorbance at 405 nm and by interpolating a sigmoidal curve

obtained with mouse plasma. The graph was made in GraphPad Prism.
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Supplementary Tables

Table S1. Information about patients from the Tuscany outbreak enrolled in the study.

Date of Collection | Months after
Patient ID Age Kp strain
Bacteremia Date infection

SBJ001 67 21/08/19 21/03/20 7 ST147nDM-1
SBJ003 69 16/02/20 07/10/20 8 ST147nDM-1
SBJ005 74 02/1119 12/11/20 12 ST147nDM-1
SBJ006 77 05/11/20 04/12/20 1 ST147nDM-1
SBJ008 43 27/08/20 07/01/21 5 ST147nDM-1
SBJ009 61 11/04/20 08/01/21 8 ST147nDM-1
SBJ0010 74 20/04/20 25/01/21 8 ST147nDM-1
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Table S2. Kp isolates used in the manuscript. ST, K locus, O locus and presence

carbapenemase gene information were predicted from genomic analysis.

of

K o) 0] Carbapenemase
Strain name Origin ST
locus | locus | type gene
ST147npm-1 C.i.1 Bacteremia 147 | KL64 O2v1 0O2a blanpm-1
ST147npm-1 C.i.2 Bacteremia 147 | KL64 O2v1 O2a blanpm-1
ST147npmeg Bacteremia 147 | KL64 O2v1 0O2a blanpwm-o
ST307npwm-5 Abdominal drainage | 307 | KL102 | O2v2 | O2afg blanpwm-s
ST258 Urinary infection 258 | KL107 | O2v2 | O2afg -
ST512vm n/a 512 | KL107 | O2v2 0O2a blavim
ST130xa-4s Rectal swab 13 KL57 O1v2 O1 blaoxa-4s
ST493 ATCC43816 493 KL2 O1vi Of -
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Table S3. Sequence analysis of 20 functional mAbs.

Variable region CDR3
Sample Type V_usage D_usage J_usage germline AA
identity, % length
SBJ03-F18 light IGKV1-9*01 IGKJ4*01 93,706 9
SBJ03-F18 heavy IGHV3-21*01 IGHJ3*01 IGHJ4*02 95,222 13
SBJ03-L02 light IGKV1-27*01 IGKJ1*01 95,088 9
SBJ03-L02 heavy IGHV3-30*18 IGHJ2*01 IGHJ4*02 95,578 14
SBJ05-B17 heavy IGHV3-74*01 IGHJ1*01 IGHJ6*02 90,203 20
SBJ05-B17 light IGKV1-39*01 IGKJ3*01 89,895 9
SBJ05-C11 heavy IGHV1-18*01 IGHJ1*01 IGHJ4*02 89,384 13
SBJ05-C11 light IGLV1-51*01 IGLJ3*02 93,515 11
SBJ05-D08 heavy IGHV3-15*01 IGHJ5*01 IGHJ4*02 95,286 10
SBJ05-D08 light IGLV2-14*03 IGLJ1*01 95,578 10
SBJ05-D14 light IGLV2-14*01 IGLJ1*01 93,75 10
SBJ05-D14 heavy IGHV3-15*01 IGHJ5*01 IGHJ4*02 92,256 10
SBJ05-K07 heavy IGHV3-23*04 | IGHJ5*01 IGHJ4*02 96,259 18
SBJ05-K07 light IGKV1-27*01 IGKJ1*01 98,592 9
SBJ05-M13 light IGKV2-24*01 IGKJ2*01 95,695 10
SBJ05-M13 heavy IGHV3- IGHJ4*01 IGHJ5*02 90,753 6
64D*06

SBJ05-N0O2 heavy IGHV3-74*01 IGHJ1*01 IGHJ6*02 92,905 20
SBJ05-N0O2 light IGKV1-39*01 IGKJ3*01 95,819 9
SBJ08-D18 heavy IGHV3-23*04 | IGHJ5*01 IGHJ4*02 93,493 12
SBJ08-D18 light IGKV1-17*01 IGKJ3*01 97,535 9
SBJ08-F04 heavy IGHV3-33*01 IGHJ6*01 IGHJ4*02 97,635 16
SBJ08-F04 light IGKV3-11*01 IGKJ1*01 99,301 9
SBJ08-H10 heavy IGHV3-23*04 IGHJ4*01 IGHJ4*02 91,186 12
SBJ08-H10 light IGKV3-20*01 IGKJ1*01 94,81 9
SBJ08-J10 heavy IGHV3-23*04 | IGHJ1*01 IGHJ4*02 90,785 11
SBJ08-J10 light IGKV2-30*01 IGKJ2*03 96,321 9
SBJ08-K19 heavy IGHV3-21*01 IGHJ2*01 IGHJ3*02 96,918 14
SBJ08-K19 light IGKV3-11*01 IGKJ2*03 99,303 10
SBJ08-M13 heavy IGHV3-23*04 | IGHJ6*03 IGHJ4*02 93,836 15
SBJ08-M13 light IGKV1-16*02 IGKJ4*01 98,592 9
SBJ08-N23 heavy IGHV3-66*01 IGHJ6*01 IGHJ4*02 92,15 14
SBJ08-N23 light IGKV2-30*02 IGKJ1*01 96,296 8
SBJ08-003 heavy IGHV3-23*04 | IGHJ3*01 IGHJ4*02 93,878 13
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SBJ08-003 light IGKV3-20*01 IGKJ4*01 97,544 12
SBJ08-009 light IGKV3-20*01 IGKJ2*03 96,194 10
SBJ08-009 heavy IGHV3-23*04 | IGHJ2*01 IGHJ3*01 94,218 12
SBJ09-110 heavy IGHV3-23*04 | IGHJ1*01 IGHJ4*02 89,492 14
SBJ09-110 light IGKV1-17*01 IGKJ5*01 97,183 9
SBJ10-H18 heavy IGHV3-21*01 IGHJ6*01 IGHJ4*02 95,254 12
SBJ10-H18 light IGKV2-30*01 IGKJ1*01 97,674 9
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Table S4. List of primers mix used for PCR I.

PRIMER NAME

SEQUENCE

Heavy chain primers

L-VH1_VH7 fw CACTCCCAGGTGCAGCTGGTGCAG
L-VH2 fw TGGGTCTTRTCCCAGGTCACCTTG
L-VH 3fw AAGGTGTCCAGTGTSAGGTGCAG

L-VH4_6 fw GTCCTGTCCCAGGTGCAGCTGCAG
L-VH5 fw GAGTCTGTTCCGAGGTGCAGCTGG
IgG CH rev GTGCCAGGGGGAAGACCGATG
IgA CH rev GCMGAGGCTCAGCGGGAAGAC
IgM CH rev GAGACGAGGGGGAAAAGGGTTG

Kappa chain primers

L-VK1 fw CAGGTGCCAGATGTGHCATCCAG
L-VK2 fw CTGGATCCAGTGSGGATATTGTGATG
L-VK3 fw CCCAGATACCACCGGAGAAATTGTG
L-VK4 fw CTCTGGTGCCTACGGGGACATCGTG
L-VK5 fw CTGATACCAGGGCAGAAACGACAC
CKrev 1st GAACACTCTCCCCTGTTGAAGCTCTTTG

Lambda chain primers

L-VL1 fw GGTCCTGGGCCCAGTCTGTGCTG
L-VL2 fw GGTCCTGGGCCCAGTCTGCCCTG
L-VL3 fw TCTGTGRCCTCCTATGAGCTGAC

L-VL4_VL5_VL9 fw

CTCTCGCAGCCTGTGCTGACTCA

L-VL6 fw GTTCTTGGGCCAATTTTATGCTG
L-VL7 fw GGTCCAATTCTCAGGCTGTGGTG
L-VL8 fw GAGTGGATTCTCAGACTGTGGTG
L-VL10 fw GTCAGTGGTCCAGGCAGGGCTGAC
CL rev 1st GTGCTCCCTTCATGCGTGACC
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Table S5. List of primers mix used for PCR II.

PRIMER NAME

SEQUENCE

Heavy chain

primers

HIFI*_C134_VH1_5_7

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC CAG
GTG CAG CTG GTG CAG TCT G

HIFI*_C134_VH2

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC CAG
GTC ACC TTG AAG GAG TCT GGT C

HIFI*_C134_VH3

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAG
GTG CAG CTG GTG GAG TCT GGG GGA G

HIFI*_C134_VH4_6_a

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC CAG
GTG CAG CTG CAG GAG TCG GG

HIFI*_C134_VH4_6_b

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC CAG
GTG CAG CTG CAG CAG TGG GG

HIFI*_IgG CH rev

CTT GGA GGA GGG TGC CAG GGG GAA GAC CGA TGG GCC CTT GGT GGA
RGC

HIFI*_IgA CH rev

CTT GGA GGA GGG TGC CAG GGG GAA GAC CGA CTT GGG GCT GGT CGG
GGA

HIFI*_IgM CH rev

CTT GGA GGA GGG TGC CAG GGG GAA GAC CGA TGG GGC GGATGC ACT
CCC

Kappa chain primers

HIFI*_C135_VK1

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GCC
ATC CAG ATG ACC CAG TCT CCATC

HIFI*_C135_VK2_a

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAT
ATT GTG ATG ACC CAG ACT CCACTC TC

HIFI*_C135_VK2_b

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAT
ATT GTG ATG ACT CAG TCT CCACTC TC

HIFI*_C135_VK3_a

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAA
ATTGTG TTG ACACAG TCTCCA G

HIFI*_C135_VK3_b

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAA
ATT GTG ATG ACG CAG TCTCCAG

HIFI*_C135_VK4

GT ATC ATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAC
ATC GTG ATG ACC CAG TCT CCA G

HIFI*_C135_VK5

GTATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT GTACATTCC GAA
ACG ACACTC ACGCAGTCTCCAG

HIFI*_C080_VK_Rev

GATTT CAACTG CTC ATC AGA TGG CGG GAA GAT GAA GAC AGA TGG TGC
AGC CAC AGTTC
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Lambda chain primers

HIFI*_C080_VL1

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
TCT GTG CTG ACT CAG CCG CCC TCA G

HIFI*_C080_VL2

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
TCT GCC CTG ACT CAG CCT GCC TCC G

HIFI*_C080_VL3_a

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC TCC
TAT GAG CTG ACACAG CCAC

HIFI*_C080_VL3_b

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC TCC
TAT GAG CTG ACT CAG GAC C

HIFI*_C080_VL4

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
CCT GTG CTG ACT CAATCG TCC TCT G

HIFI*_C080_VL5-9

GT ATC ATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
CCT GTG CTG ACT CAG CCR ACT TC

HIFI*_C080_VL6

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC AAT
TTT ATG CTG ACT CAG CCC CAC TC

HIFI*_C080_VL7

GT ATC ATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
GCT GTG GTG ACT CAG GAG CCC TC

HIFI*_C080_VL8

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
ACT GTG GTG ACC CAG GAG CCATC

HIFI*_C080_VL10

GT ATCATCCTT TTT CTA GTA GCA ACT GCA ACC GGT TCCTGGGCC CAG
GCA GGG CTG ACT CAG CCACCCTCG G

HIFI*_CL_generic

GTGT GGC CTT GTT GGC TTG AAG CTC CTC ACT CGA GGG YGG GAA CAG
AGT G

Table S6. List of primers used for producing transcriptionally active PCR (TAP) products.

NAME SEQUENCE
CMV_TAP_FW | TTAGGCACCCCAGGCTTTAC
polyA_TAP_Rev | AGATGGTTCTTTCCGCCTCA
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CHAPTER 2:

Ex vivo gastrointestinal organoids as a new 3D tool for
therapy development against pandrug-resistant

ST147npm-1 Klebsiella pneumoniae
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Introduction:

The human intestinal tract is populated by a plethora of microorganisms that all together are
essential for human health. This community of bacteria, archaea, fungi, protists, and viruses
is referred to as the gut microbiota and its interaction with the host plays a key role in
preventing dysbiosis and maintaining intestinal health as well as in causing disease'®. Most
gut microbiota microorganisms have a symbiotic relationship with the host'8, however
bacterial pathogens can disrupt this equilibrium and cause not only acute infections, but also
inflammatory and autoimmune diseases, as well as metabolic syndromes and
cancer'82184.185  Moreover, reckless use of antibiotics resulted in reduction of microbiota
diversity® and in the selection of MDR opportunistic bacteria already inhabiting the
intestinal tract®18”, These opportunistic pathogens may then translocate across the intestinal
barrier and cause disease.

The intestinal barrier separates the gut external environment, the lumen, from the
internal one, the interstitial environment, through the intestinal epithelium?8, Gut epithelium
consists mainly of enterocytes, but it also includes other types of specialized cells such as
Goblet cells, which secrete mucins to support epithelial integrity and protection from
microorganisms'8, as well as M cells and Paneth cells, involved in antimicrobial defense
mechanisms'® (Figure 1). The intestinal barrier fulfills two apparently contradictory, but
equally essential tasks. On the one hand it regulates the permeability of fluids and uptake
of nutrients through an intercellular barrier made of tight and adherens junctions'®191, On
the other hand, the intestinal epithelia are continuously undergoing cell death and shedding
as well as quick cell renewal which generates a new epithelial monolayer every 3 to 6
days'®2. Constant tissue replenishment is sustained by dividing stem cells that are present
at the bottom of colonic crypts'®3. Rapid turnover threatens the integrity of the epithelial
barrier, which needs to be maintained in order to restrict invasion of potentially harmful
microbes'®. In this regard, several bacterial and viral pathogens have developed
mechanisms to penetrate the intestinal barrier through paracellular or transcellular
pathways. Through paracellular pathways pathogens can break the tight and adherens
junctions between enterocytes, therefore compromising epithelial integrity'94195_ In this way,

they can infiltrate between neighboring cells and cross the epithelial barrier'96. Alternatively,
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pathogens can penetrate inside the cells through intracellular pathways, apically invading
enterocytes or M cells and subsequently exiting through basolateral exocytosis'86:19,
To investigate the mechanisms underlying development and progression of infectious

diseases, as well as to design new and effective therapeutic solutions, in vitro and in vivo
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Figure 1. Intestinal structure.
Image from: Tales from the crypt: new insights into intestinal stem cells.

models have been extensively used. 2D monolayer cultures of human immortalized cell lines
have been employed as the main in vitro tool to study pathogenesis and virulence of
bacterial infections. In addition to being used to shed light on molecular mechanisms of
infection, application of in vitro models can help screening antimicrobial compounds in a
convenient and high-throughput way'°”. Nevertheless, in vitro systems can result simplistic
as they cannot recapitulate the diversity of cell types nor the complexity of host-pathogen
interactions'®®. Mouse models are the gold standard for studying interactions between host
and microbes but can lack experimental control and scalability’®®. Moreover, some
pathogens cause strictly human-specific infection, therefore in vivo models may not

recapitulate biologically relevant human host responses?. Hence, in recent years in vivo

and in vitro systems have been complemented by in vitro and ex vivo physiologically relevant
models??! that can be used to interrogate the driving principles of bacterial pathogenesis

and the host response to microbial insults. These novel approaches derive from human
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tissues or human stem cells and aim to close the gap between transformed cell cultures and
animal models. In fact, human-derived organoids®®® and organs-on-chips®®3 allow clonal
expansion, genetic manipulation, and study of tissue-specific dynamics2%4-207, Among ex
vivo models, human tissue stem cell-derived organoids can be developed from mature
organs?°! (Figure 2). Pluripotent stem cells can establish in vitro organoids cultures within
a week and have unlimited proliferative capacity. Even though tissue-derived organoids lack
the mesenchymal component, they are essential to unravel the interplay between human

tissues and infectious agents.
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Figure 2. Establishment of tissue stem cell-derived organoids. Tissue stem cell-derived
organoids originate from mature organs stem cells. These stem cells can divide and differentiate
into organoids that recapitulate the epithelial layer of the tissue of origin.

Image from: Organoid Models for Infectious Disease.

Epithelial organoid models are great tools to investigate tissue-specific responses to
bacterial infections'86.208.209 Qrganoids are grown in extracellular matrix hydrogels2'9, such
as Matrigel, and self-assemble into 3D cultures that can be maintained and frozen similarly
to routine culture cell lines. Moreover, the use of growth factors in culture media can induce
differentiation of organoids to recapitulate the diversity of cell types and mimic functional
epithelium?'1.212. The apical surface of organoids, where most pathogens usually attack,
grows facing the interior luminal compartment. To access the apical surface of basolateral-
out organoids, different techniques such as microinjections?'3, disruption of spheroids?'4 and
dissociation of 3D organoids to generate two-dimensional monolayers?!5216 have been

employed, each with its own advantages and drawbacks?'”.
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Recently, methodologies for inverting organoids topology have been described?!7218
(Figure 3). By reversing the polarity of basolateral-out organoids, the apical surface of
gastrointestinal epithelia can be directly presented to enteric pathogens without disrupting

the epithelial integrity?'®. The easy access to the apical surface in apical-out organoids is an

Apical-Out

Figure 3. Organoids polarity reversal. Basal-out and apical-out organoids illustrated schematically,
imaged by modulation contrast microscopy, and by confocal microscopy. Nuclei are depicted in blue,
actin in white, ZO-1 in green, and p-catenin in red. Scale bars are 10 mm.

Image from: Controlling Epithelial Polarity: A Human Enteroid Model for Host-Pathogen Interactions.

extremely powerful tool to further investigate the molecular mechanisms underlying bacterial
pathogenesis as well as host-pathogen interactions. In this regard, identifying cellular and
bacterial factors involved in microbial adhesion and invasion, with particular emphasis on
detecting specific elements essential for host infection, can prove crucial for the
development of innovative antimicrobial therapies and novel protective vaccines. Moreover,
the possibility of deriving organoids from specific patients could also pave the way to the
development of personalized medicine approaches.

Here, apical-out organoids, generated from reversing the polarity of human tissue
stem cell-derived organoids, have been employed to unravel Klebsiella pneumoniae
mechanisms of infection at the host epithelial surface. In addition to this, the most promising

mAb candidate (08009) isolated in the MAD-Lab has been tested in this infection model
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with the aim of evaluating its efficacy in protecting against K. pneumoniae dissemination in

a physiologically relevant model of infection.

Results

1. K. pneumoniae infects the colonic epithelium at junction sites and on extrusion
zones. To explore the first steps of K. pneumoniae pathogenesis, bacterial capacity to
adhere to colonic epithelia was evaluated. In addition to this, to investigate whether K.

pneumoniae may preferentially bind to cells that can be found at the bottom of colonic crypts
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Figure 4. A) Schematic of the experimental workflow. B) Undifferentiated organoid, 2 hours upon
infection. C) Differentiated organoid, 2 hours upon infection. K. pneumoniae is depicted in red, nuclei

in blue and actin in white.

instead of adhering to those present at the top, colon-derived organoids (colonoids) prior to
differentiation (which will be referred to as undifferentiated) as well as five days after
differentiation (referred to as differentiated) were employed. Upon 24 hours of polarity
reversion, sfmCherry-expressing K. pneumoniae was added to the undifferentiated and to
the differentiated colonoid cultures to reach a ratio of 1:1 colonoids-to-bacteria (Figure 4A).
Colonoids were fixed at t0, 2h, and 4h after infection. To first assess presence of bacteria

on the colonic surface, organoids were probed with DAPI and phalloidin to stain nuclei and
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the actin cytoskeleton, respectively. From 2 hours after infection, K. pneumoniae mCherry

signal was detected on the surface of both undifferentiated and differentiated colonoids

Figure 5. K. pneumoniae on tight junctions of colonoids. K. pneumoniae mCherry signal,
depicted in red, can be found on the tight junction on the surface of undifferentiated (A, B) and
differentiated (C) colonoids. Nuclei are shown in blue, actin in white and ZO-1 in green.

Scale bars are 5um

(Figure 4B and 4C). Interestingly, most bacteria were seemingly localizing on the epithelial
surface between cells suggesting that, like many other Gram-negative species'®®, K.
pneumoniae may adhere to cell junctions. To test this hypothesis, infected colonoids were
probed with antibodies to tight junctions (anti-ZO-1). Indeed, bacterial mCherry signal
overlapped with ZO-1 fluorescent signal (Figure 5), indicating that K. pneumoniae adheres

preferentially to the intercellular barrier between epithelial cells. In addition to this, bacterial
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adhesion was also observed on shedding cells (Figure 6). This phenotype was observed

on both undifferentiated (Figure 6 A and B) and differentiated (Figure 6 C and D) colonoids.

Figure 6. K. pneumoniae on extrusion zones on the surface of colonoids. In all images, nuclei
are depicted in blue, actin in white, K. pneumoniae in red. A) Undifferentiated colonoid 4 hours after
infection, bacteria can be found on shedding cells and are pointed by white arrows. Ki67 is depicted
in green. B) Undifferentiated colonoid 2 hours after infection. K. pneumoniae indicated by the arrow
can be seen in the space between a shedding cell and the surface of the organoid. ZO-1 is depicted
in green. C) Extrusion zone on a differentiated organoid with bacteria adhering to shedding cells, as
indicated by arrows. Muc2 signal is depicted in green. D) Bacteria in proximity to shedding cells on the
surface of a differentiated organoid 2 hours upon infection. Scale bars are 5um.

88



Interestingly, increased levels of shedding cells sites were detected on colonoids in the
presence of K. pneumoniae in cell culture media when compared to uninfected controls,
suggesting that the pathogen may exert a cytotoxic effect on gut epithelia. K. pneumoniae
may take advantage of cell extrusion sites as a point of adhesion and invasion of gut
epithelia, while increased cell shedding, hence higher amounts of damaged cells that will
eventually undergo programmed cell death, may be promoted by the pathogen for survival

and proliferation.

2. K. pneumoniae forms bacterial clusters on apoptotic cells and promotes
programmed cell death through an adhesion-independent cytotoxic effect. High levels
of cell death and dismantlement of colonoids were observed in the presence of bacteria
(Figure 7 A and B). To delve deeper into the role of K. pneumoniae on cell extrusion and
programmed cell death on gut epithelia, apoptotic pathways were examined. To this end,
upon infection with K. pneumoniae, undifferentiated and differentiated colonoids were
incubated with a fluorogenic substrate of caspases 3 and 7 (Cas3/7) to evaluate the
apoptotic state of epithelial cells (Figure 7C-F). The majority of bacteria was found on
extruding cells as well as on colonoids that were highly damaged by the presence of K.
pneumoniae (Figures 7C). Notably, not only increased levels of fluorescently labeled
Cas3/7 apoptotic cells could be detected in the presence of K. pneumoniae, but also
bacterial clusters were found in conjunction with fluorescently labeled caspase 3/7 cells,
highlighting adhesion of K. pneumoniae to apoptotic cells (Figure 7F).

Indeed, despite keeping a low ratio of bacteria-to-organoids to keep the infection
contained, excessive bacterial growth could not be avoided and would eventually lead to
extreme cell shedding and apoptosis within 4 hours upon infection. In this regard, bacterial
overgrowth was only detected in bacterial cultures grown in the presence of colonoids, while
those grown in fresh HBSS in the absence of organoids grew from ODeoo 0.005 to ODeoo
0.08 in 24 hours. Altogether, these observations suggest that K. pneumoniae may exert a
cytotoxic effect to break epithelial barrier integrity and to adapt to shortage of nutrients by
acquiring them from damaged host cells.

To further investigate K. pneumoniae pathogenicity on gut epithelia and to explore
the hypothesis of an adhesion-independent mechanism of cytotoxicity, experiments with
0.1um membrane transwells were carried out on undifferentiated colonoids and samples
were fixed after 4 hours (Figure 8). Interestingly, colonoids in the underside of transwells,
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Figure 7. K. pneumoniae binding to apoptotic cells on the surface of undifferentiated and
differentiated colonoids. In all images nuclei are depicted in blue, actin in white, and K. pneumoniae in
red. A) Undifferentiated colonoid 4 hours after infection. Bacteria form clusters where actin signal is not
observed anymore. Ki-67 in green. B. Differentiated colonoid disintegrating after 4 hours of infection. K.
pneumoniae can be found where the actin cytoskeleton has faded. Villin is depicted in green.
Undifferentiated (C and D) and differentiated (E and F) organoids with apoptotic cells highlighted in green.

In both cases, K. pneumoniae can be found in proximity to Cas3/7 positive cells.
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therefore grown in presence of but not in direct contact with K. pneumoniae, showed higher
levels of apoptotic cells (Figure 8, right side) compared to colonoids grown in the absence
of bacteria (Figure 8, left side). Moreover, in order to evaluate if K. pneumoniae could benefit
from nutrients released from organoid cultures, bacterial proliferation was evaluated by
growing bacteria in fresh HBSS and in HBSS taken from organoids overnight culture
(conditioned HBSS). After 4 hours, bacteria were plated to count CFUs. Notably, 6106
CFU/ml were detected in the sample grown in conditioned media, 100-fold higher than the
4¢10% CFU/mL counted in the sample grown in fresh HBSS. Hence, in parallel with the
increased levels of apoptosis observed in colonoids samples, bacterial growth was
promoted even in the absence of direct contact between eukaryotic and bacterial cells.
Taken together, these results highlight the aggressiveness of an unknown K.
pneumoniae mechanism of pathogenesis, which may lead to rupture of the intestinal barrier
integrity for bacterial growth. Moreover, the associated extreme bacterial proliferation may

facilitate invasion and eventually advance into dissemination to other tissues.

Bacteria- Bacteria+

Figure 8. K. pneumoniae triggers

apoptosis of colonoids through an
adhesion-independent mechanism.

nuclei in blue and actin in white.
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were not in contact with bacteria during
incubation time. Cas3/7 is depicted in green,



3. 08009 promotes colonoids survival by reducing K. pneumoniae bacterial adhesion
and triggers enchained bacterial growth. Finally, to assess the role of 08009 on
protecting intestinal epithelia from K. pneumoniae, 2 pg/mL of mAb were added to the
experimental conditions used throughout the study. Colonoids were fixed at t0 and 2 hours

after infection and the K. pneumoniae-containing supernatant was plated to count CFUs.

A

Figure 9. Presence of 08009 triggers enchained bacterial growth and promotes organoids
survival. A) Chains of K. pneumoniae, depicted in red, could be found in the presence of 08009. B)
Undifferentiated colonoid upon 2 hours of infection. A cluster of enchained bacteria was found on the
surface. C) Differentiated colonoid 2 hours after infection. Enchained bacteria were found in proximity
to the organoids surface, most probably attached to dead cells as pinpointed by the absence of white
actin signal around the blue nuclei. ZO-1 is depicted in green.

The presence of 08009 counteracted K. pneumoniae overgrowth, as confirmed by the drop
from 1.5¢108 CFU/mL detected in the absence of mAb to 105 CFU/mL in the presence of

the antibody. Furthermore, an interesting phenotype of enchained growth was observed
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when 08009 was added (Figure 9A). Enchained bacteria were found on the surface of
undifferentiated organoids (Figure 9B) and in proximity to differentiated organoids on dead
cells (Figure 9C), as confirmed by the absence of the actin fluorescent signal around some
DAPI-stained eukaryotic nuclei.

Overall, reduced bacterial growth correlated with less pronounced levels of cell death
on organoids, as healthy colonoids were detected after infection in the presence of the mAb,

but almost none could be found in no mAb controls.

Discussion and Conclusions

The need of physiologically relevant models of infection to define new therapeutic options
against antimicrobial resistant pathogens is undeniable. In this regard, 3D ex vivo cultures
are a novel, powerful tool that can overcome not only some of the limitations of in vitro
approaches but also, and most importantly, the inconsistencies between in vitro activity and
in vivo responses to antimicrobial agents2'9220, With this study, an improved model of
pandrug-resistant K. pneumoniae gut infection has been developed with the use of apical-
out, human-derived colon organoids. Such model has been interrogated to elucidate the first
steps of K. pneumoniae pathogenesis, but also to further characterize the mechanisms of
protection exerted by the most promising mAb isolated in the MAD-Lab.

During infection of colonoids, K. pneumoniae was found on their surface on junction
sites, as well as in proximity to shedding cells. Tight junctions may serve as K. pneumoniae
preferential sites of adhesion on the colonic niche, with mechanisms that could resemble
those described for other pathogenic species, such as Listeria monocytogenes®.
Furthermore, the high amount of K. pneumoniae found on extrusion zones and shedding
cells may be attributed to favorable growth conditions in proximity to apoptotic cells. K.
pneumoniae may scavenge energy sources and nutrients from the host cells that are
undergoing anoikis???, therefore promoting its own growth. In addition to this, K. pneumoniae
may exert a cytotoxic effect on the host gut epithelia, leading to increased cell shedding on
colonic crypts regardless of the state of cell differentiation. This evidence is sustained by the
prevalence of the pathogen on apoptotic cells of both undifferentiated and differentiated

colonoids.
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Interestingly, a K. pneumoniae adhesion-independent mechanism of toxicity has
been highlighted, suggesting that not only adherence, but also proximity may play a pivotal
role during K. pneumoniae infection. This unknown virulence mechanism may enable
bacteria to acquire nutrients by inducing apoptosis in host cells, thus facilitating K.
pneumoniae pathogenicity and persistence in the gut. This may eventually culminate in
bacterial proliferation, invasion, and dissemination in other tissues. Moreover, a mAb-
dependent K. pneumoniae enchained growth phenotype has been observed. Such
phenotype may be the result of a host defense mechanism to counteract bacterial
overgrowth, as described for other bacterial species'!.172, In addition to this, some mAbs
may promote enchained bacterial growth to eliminate the pathogen more efficiently.

In conclusion, this study lays the foundation for more comprehensive analyses on the
molecular mechanisms regulating K. pneumoniae host-pathogen interactions and driving
invasion of the colonic niche. The use of organoids derived both from the colon and from
different segments of the small intestine, as well as the creation of a library of intestinal
organoids derived from different adult donors, should be considered as an efficient way to
unravel molecular mechanisms of K. pneumoniae pathogenesis that are still unclear and to
successfully advance in the development of innovative antimicrobial mAbs and novel

vaccines.
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Materials and Methods

Klebsiella pneumoniae strains and culture conditions: The K. pneumoniae clinical
isolate used in this study was provided by the University Hospital of Pisa (Tuscany, Italy).
The strain originated from a patient affected by bloodstream infection and was identified by
whole-genome sequencing as K. pneumoniae ST147, K-locus KL64, O-locus O2a. It
expresses the NDM-1 plasmid, which confers resistance to beta lactam antibiotics. The
strain has been classified as pandrug-resistant. K. pneumoniae has been engineered to
express the super folder mCherry fluorescent protein, thereby obtaining K. pneumoniae
sfmCherry, which was used for infecting organoids in this study. K. pneumoniae was grown
at 37°C on LB Agar plates or in LB broth with the addition of 150 ug/mL hygromycin. Bacteria
were grown at 37°C with shaking to ODsoo 0.5. Cultures were centrifuged at 5000 xg for 10
minutes at room temperature. Upon centrifugation, the supernatant was discarded, and

bacteria were resuspended in Hanks' Balanced Salt Solution (HBSS).

Colonic epithelial organoids cultivation and growth: Organoids were generated
following the principles described by Toshiro Sato, Hans Clevers, and colleagues?®'?.
Gastrointestinal epithelial organoids derived from healthy adult patient colon biopsies were
generated by the lab of Calvin Kuo at Stanford University and maintained as previously
described?'7:218, For maintenance, organoids were seeded within Cultrex Reduced Growth
Factor Basement Membrane Matrix, Type Il (BME, equivalent to Matrigel) in droplets within
a 24-well tissue culture treated plate (40 uL/well). BME was polymerized by incubation for
10 minutes at 37°C, then growth media was overlaid atop BME. Growth media consists of:
Advanced Dulbecco’s modified Eagle medium/F12, 1 mM HEPES, 1x Glutamax, 1x B27, 1
mM N-Acetyl-cysteine, 10 nM Gastrin, 50 ng/mL EGF, 10 mM Nicotinamide, 500 nM A83-
01, 10 uM SB202190, and 50% L-WRN-conditioned media. L-WRN conditioned media was
prepared from L-WRN cells as previously described??3. Growth media was replaced every
1-4 days as needed. To passage, organoids were dissociated to single cells in TrypLE
Express for 10-15 min at 37°C, manually disrupted by pipetting, then trypsin was inactivated
with FBS. Cells were counted on a Countess Il Cell Counter (ThermoFisher) and reseeded
in BME at a concentration of 104 cells per well. For 2-3 days after initial passage, 10 uM
Y27623 and 250 nM CHIR99021 were included in growth media to prevent detachment-

mediated cell death. Organoids were passaged every 4-10 days as needed.
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Colonoids differentiation: After 4 days of growth, growth media was replaced with
differentiation media: Advanced Dulbecco’s modified Eagle medium/F12, 1 mM HEPES, 1x
Glutamax, 1x B27, 1 mM N-Acetyl-cysteine, 10 nM Gastrin, 50 ng/mL EGF, 10 ng/mL
Noggin, 500 nM A83-01, 5 uM y-Secretase Inhibitor IX (also known as DAPT), and 10 uM
Y27623. Media was replaced every 1-3 days as needed.

Colonoids polarity reversal: After 7 days of growth, organoids were removed from BME
and induced to revert their polarity in order to expose the apical surface. A previously
published procedure?!”21® was followed. In brief, Organoids were incubated in 5 mM EDTA
in Phosphate Buffered Saline (PBS) at 4°C for 60 minutes, washed with DMEM, and
resuspended in growth or differentiation media depending on the colonoids differentiation
state required. Organoids in suspension culture were plated in ultra-low attachment plates
or flasks (Corning Costar) and incubated at 37°C for 24 hours to complete polarity reversal

prior to experimental use.

Colonoids infection with K. pneumoniae: Undifferentiated and differentiated apical-out
organoids were gently spun to remove culture media and were resuspended in HBSS.
Organoids were counted and then infected with sfmCherry K. pneumoniae at a multiplicity
of infection (MOI) of 1:1 bacterium per organoid. Infection of cells was allowed to proceed
for 4 hours in HBSS at 37°C with 5% COz2. The infection was interrupted at appropriate time

points to evaluate infection rates through microscopy and colony forming units (CFUs).

Confocal microscopy: Organoids were fixed in 2% paraformaldehyde in 100 mM sodium
phosphate buffer (pH 7.4) for at least 30 minutes and washed with PBS. Organoids were
stained by incubation with antibodies and/or stains in blocking/permeabilization buffer (PBS
with 3% bovine serum albumin, 1% saponin, and 0.02% sodium azide) overnight with gentle
agitation. Stained organoids were washed 3x in PBS, mounted onto glass slides using
Vectashield mounting medium (Vector Laboratories, H-1000), and glass coverslips were
affixed using vacuum grease. Organoids were imaged on an LSM 700 confocal microscope
(Carl Zeiss) with Zen 2009 software (Carl Zeiss) at 40x with oil immersion and 20x
objectives. 3D renderings of organoids were generated using Volocity 3D Image Analysis
Software (Perkin EImer). Organoids were stained with DAPI (4',6-Diamidino-2-Phenylindole,
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Dihydrochloride, Life Technologies, D1306) and AlexaFluor 660 phalloidin (Invitrogen,
A22285) to visualize nuclei (in blue in following figures) and actin (in grey in following
figures). Primary antibodies were diluted as follows: anti-Ki67 (1:100), anti-ZO-1 (1:100),
anti-Muc2 (1:100), and anti-Villin (1:100). Secondary antibody (Invitrogen Cross-Absorbed)
dilutions were performed at 1:500 dilution. For visualization of caspase 3/7 activity,
CellEventTM Caspase 3/7 Green Detection Reagent (Invitrogen, C10723) was added to live
organoids at 10 uM 30 minutes before fixation, then organoids were fixed and stained as

described above.
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Conclusions and future perspectives

For this PhD work, an antigen-unbiased mAb discovery workflow has been designed to
efficiently identify extremely potent candidates against ST147nom-1 Klebsiella pneumoniae,
a pandrug-resistant strain responsible for an ongoing outbreak in the hospitals of the
Tuscany region in ltaly. In addition to this, selected mAbs have been thoroughly
characterized to assess their functional properties and binding efficiency. Moreover, through
antigen discovery approaches, mAb targets have been identified, highlighting that anti-
capsular, but not anti-LPS, candidates have poly-functional bactericidal features. Anti-
capsular mAbs not only show extremely potent in vitro bactericidal activity, but also promote
opsonophagocytosis and enchained bacterial growth. Interestingly, bacterial enchainment
in the presence of top candidate mAb 08009 has also been observed in the 3D ex vivo K.
pneumoniae gut infection model that has been developed for this PhD work. Through the
same model, an adhesion-independent mechanism of virulence has been described for the
first time, suggesting that proximity may be sufficient to K. pneumoniae for exerting a
cytotoxic effect on gut epithelia. Finally, the anti-capsular top candidate mAb 08009
exhibited efficacy in protecting and treating a murine model of fulminant septicemia caused
by ST147nom-1 K. pneumoniae. Considering that to date no vaccines or alternative
immunotherapies have been licensed against K. pneumoniae, the results obtained in this
study hold great value in the fight against this pathogen. Notably, mAb 08009 is, to date,
the only fully human drug that can clear an in vivo bloodstream infection caused by KL64-
bearing, pandrug-resistant K. pneumoniae lineage. Future development of 08009 includes
the design of clinical trials that evaluate safety, pharmacokinetics and prophylactic or
therapeutic efficacy of the mAb candidate in humans. In this framework, selection of the
most appropriate cohort of patients among those with acute bloodstream infection, urinary
tract infection or intestinal carriage will be crucial. Additional exploration of the in vitro
bactericidal properties of 08009 against other K. pneumoniae sequence types which share
the same KL64 locus will shed light on the possibility to propose our candidate antibody for
broader application.

In the future, the antigen-unbiased methodology described to select functional mAbs
against K. pneumoniae could be employed to identify new effective therapeutics against
other critical AMR species like those belonging to the Enterobacteriaceae family. Moreover,
to boost infection clearance and opsonophagocytosis, combinations of anti-K. pneumoniae

mADbs and antibiotics should be considered. In alternative, antibody-antibiotic conjugates
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that combine the specificity of mAbs with the efficacy of some antibiotics could be
investigated as successful therapies against AMR pathogens and limit the toxic effects of
antibiotics on the host and its microbiota. In this regard, the potential of ex vivo human-
derived organotypic cultures should be employed to identify host and bacterial factors that
are essential for infection. Importantly, mAbs can be exploited as baits for fishing their
cognate antigens and therefore support rational vaccine design within the Reverse
Vaccinology 2.0 approach. In this way, basic research on host-pathogen interactions could
be translationally applied to the vaccinology field, with the purpose of designing efficacious

vaccines to address the global burden of AMR infectious diseases.
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