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Summary

Pseudomonas aeruginosa (P. aeruginosa) can cause a wide variety of infections, which encompass all
organs of the human body, such as ventilator-associated pneumonia and acute lung injury. Due to the
extracellular toxin and multi-drug resistance of P. aeruginosa, it is virulent to the host cells or organs. To
date, several shreds of evidence show that P. aeruginosa lectin LecB is an important virulence factor. From
our previous works, LecB can block epithelial cell wound healing and lung cancer cell migration with the
reduction of B-catenin level. However, the molecular mechanisms induced by LecB are unclear. Besides,
LecB also causes B cell receptor (BCR)-dependent activation-induced death of B cells in vitro, however, its
impact on the immune system remains incompletely understood. Here, my Ph.D. projects are separated
into two parts to investigate these questions. One part is about the effect of LecB on cell adhesion and
cell migration in vitro, and another part is regarding the impact of LecB on immune response in vivo, such

as dendritic cells (DCs) and T cells.

In my first part of the project, our findings revealed that LecB, as a bacterial adhesin, severely attenuated
cell migration and enhanced cell adhesion in human non-small cell lung cancer cells H1299. | unraveled
that LecB had less capability to increase cell adhesion and decrease cell migration with the knockout of
flotillin-1 or the knockdown of flotillin-2 alone expression in H1299 cells. | used fibronectin instead of
streptavidin and LecB-Biotin to mimic the microenvironment. | found that LecB increased fibronectin-
dependent cell adhesion ability, which was also mediated by flotillin-1. Moreover, | found the
colocalization and co-precipitation between LecB and flotillin-1/2. Furthermore, | introduced R1-integrin
as another interactor of LecB. | found that B1-integrin could indirectly interact with flotillin-1 but not with
flotillin-2 induced by LecB. Meanwhile, the silencing of flotillin-1/2 could postpone the intracellular
trafficking of B1-integrin triggered by LecB. Consequently, | identified that LecB facilitied the recruitment
of flotillins, especially flotillin-1, as an essential molecular factor of LecB. LecB also induced FAK-Src
complex, and LecB changed the localization of FAK from the leading edge of cells to the cytoplasm. The
knockout of flotillin-1 rescued the decreased FA number induced by LecB. Moreover, LecB induced the
nuclear accumulation of R-catenin, which was blocked by the silencing of flotillin-1/2. With the knockout
of flotillin-1 or the knockdown of flotillin-2, there was no accumulation of B-catenin in nuclei, but most 8-
catenin was in the cytoplasm in perinuclear regions. Thus, | revealed that LecB could trigger R1-

integrin/FAK-Src signaling and its downstream signal B-catenin mediated by flotillin-1.

In my second part of the project, | found that LecB-triggered restriction of cell migration in mice. LecB
colocalized with lymphatic vessels in mice and endothelial cell (ECs) in humans. After the skin-draining
LecB into lymph nodes, LecB interfered with migration of DCs and subsequent T cell activation in vivo.
Meanwhile, | also employed DH445, a derivative of L-fucose, as a LecB inhibitor to investigate if DH445
can block LecB regarding immune responses. The results depicted that DH445 could rescue LecB-mediated
inhibition of DC migration into the T cell zone, and it reversed the reduced T cell activation induced by
LecB. Thus, DH445 may find an application to P. aeruginosa infections. Then, | found that LecB-triggered
cell migration could be reproduced in an in vitro endothelial transmigration assay. By studying human



umbilical vein endothelial cells (HUVECs) in more detail, | found that LecB triggered the endocytic
degradation of VE-cadherin, changes in FAK subcellular location, the formation of a cortical F-actin rim,
and reduced phosphorylation of myosin light chain. Notably, the degradation of VE-cadherin was not due
to LecB toxicity-induced cell apoptosis. From the results of MTT and caspase-3 assay, LecB did not affect
the cell viability of HUVECs, compared with positive controls, such as staurosporine inducing cell apoptosis
and serum-free inhibiting cell growth. Moreover, untreated cells exhibited actin dynamics concomitant
with cell motility, and the 3 h LecB treatment left the cells sessile with low levels of polymerized actin,
which was quantified via Image J. Thus, | found that LecB could inhibit DC migration and T cell activation
in vivo, and LecB changed cytoskeletal proteins, such as FAK and F-actin, resulting in the blockage of

endothelial transmigration.

Overall, | focused on the effect of P. aeruginosa lectin LecB on cell migration. One part concerns lung
cancer cell migration in vitro, and another is about immune cell migration in vivo. | highlighted a new light
on the function of LecB regarding cell migration not only in vitro but also in vivo. It depicted that LecB
could block either lung cancer cell migration in vitro and immune cell migration in vivo, resulting in
diminished tissue repair and reduced immune responses, respectively. L-fucose and DH445 can rescue the
cellular functions induced by LecB, underlining the importance of LecB antagonism to cell migration and

immune response against P. aeruginosa infection.



Résumé

Pseudomonas aeruginosa (P. aeruginosa) peut étre a l'origine d'une grande variété d'infections qui
touchent tous les organes du corps humain, telles que la pneumonie sous ventilation assistée et les lésions
pulmonaires aigués. En raison de sa toxine extracellulaire et de sa multirésistance aux médicaments, P.
aeruginosa est virulente pour les cellules ou les organes de I'hote. A ce jour, plusieurs éléments de preuve
montrent que la lectine LecB de P. aeruginosa est un facteur de virulence important. D'aprées nos travaux
antérieurs, LecB peut bloquer la cicatrisation des cellules épithéliales et la migration des cellules
cancéreuses du poumon en réduisant le niveau de B-caténine. Cependant, les mécanismes moléculaires
induits par LecB ne sont pas clairs. En outre, LecB provoque également la mort des cellules B in vitro par
activation dépendante du récepteur des cellules B (BCR), mais son impact sur le systtme immunitaire
reste incomplétement compris. Ici, mes projets de doctorat sont divisés en deux parties afin d'étudier ces
questions. La premiere partie concerne |'effet de LecB sur I'adhésion cellulaire et la migration cellulaire in
vitro, et la seconde partie concerne l'impact de LecB sur la réponse immunitaire in vivo, comme les cellules

dendritiques (DCs) et les cellules T.

Dans la premiére partie de mon projet, nos résultats ont révélé que LecB, en tant qu'adhésine bactérienne,
atténuait fortement la migration cellulaire et renforgait I'adhésion cellulaire dans les cellules humaines de
cancer du poumon non a petites cellules H1299. J'ai découvert que la LecB avait moins de capacité a
augmenter I'adhésion cellulaire et a diminuer la migration cellulaire avec le knock-out de la flotilline-1 ou
le knock-out de la flotilline-2 seule dans les cellules H1299. J'ai utilisé de la fibronectine a la place de la
streptavidine et de la LecB-Biotin pour reproduire le microenvironnement. J'ai constaté que LecB
augmentait la capacité d'adhésion cellulaire dépendante de la fibronectine, qui était également médiée
par la flotilline-1. En outre, j'ai constaté la colocalisation et la co-précipitation entre LecB et la flotilline-
1/2. En outre, j'ai introduit la B1-intégrine comme un autre interacteur de LecB. J'ai constaté que la B1-
intégrine pouvait interagir indirectement avec la flotilline-1 mais pas avec la flotilline-2 induite par LecB.
Par ailleurs, I'inhibition de la flotilline-1/2 pouvait retarder le trafic intracellulaire de la B1-intégrine
déclenché par LecB. Par conséquent, j'ai identifié que LecB facilitait le recrutement des flotillines, en
particulier la flotilline-1, comme un facteur moléculaire essentiel de LecB. LecB induit également le
complexe FAK-Src, et LecB modifie la localisation de FAK du bord d'attaque des cellules vers le cytoplasme.
L'inactivation de la flotilline-1 a permis de remédier a la diminution du nombre de FA induite par la LecB.
De plus, LecB a induit I'accumulation nucléaire de la B-caténine, qui a été bloquée par l'inhibition de la
flotilline-1/2. Avec le knock-out de la flotilline-1 ou le knock-out de la flotilline-2, il n'y avait pas
d'accumulation de B-caténine dans les noyaux, mais la plupart de la B-caténine se trouvait dans le
cytoplasme dans les régions périnucléaires. Ainsi, j'ai révélé que LecB pouvait déclencher la signalisation

R1-intégrine/FAK-Src et son signal en aval, la R-caténine, par 'intermédiaire de la flotilline-1.

Dans la deuxieme partie de mon projet, j'ai découvert que la LecB déclenchait une restriction de la
migration cellulaire chez la souris. LecB se colocalise avec les vaisseaux lymphatiques chez la souris et les
cellules endothéliales (CE) chez I'homme. Apres avoir drainé la peau dans les ganglions lymphatiques, LecB



interfére avec la migration des DC et I'activation subséquente des cellules T in vivo. Paralléelement, j'ai
également utilisé le DH445, un dérivé du L-fucose, comme inhibiteur de la LecB afin d'étudier si le DH445
pouvait bloquer la LecB en ce qui concerne les réponses immunitaires. Les résultats ont montré que le
DH445 pouvait remédier a l'inhibition de la migration des CD dans la zone des cellules T médiée par la
LecB, et qu'il inversait I'activation réduite des cellules T induite par la LecB. Le DH445 pourrait donc trouver
une application dans les infections a P. aeruginosa. J'ai ensuite constaté que la migration cellulaire
déclenchée par le LecB pouvait étre reproduite dans un essai de transmigration endothéliale in vitro. En
étudiant plus en détail les cellules endothéliales de la veine ombilicale humaine (HUVEC), j'ai découvert
que LecB déclenchait la dégradation endocytique de la VE-cadhérine, des changements dans la
localisation subcellulaire de FAK, la formation d'une bordure corticale de F-actine et une réduction de la
phosphorylation de la chaine légere de myosine. Notamment, la dégradation de la VE-cadhérine n'était
pas due a l'apoptose cellulaire induite par la toxicité de la LecB. D'apres les résultats des tests MTT et
caspase-3, le LecB n'a pas affecté la viabilité cellulaire des HUVEC, par rapport aux contréles positifs, tels
que la staurosporine qui induit I'apoptose cellulaire et le sérum libre qui inhibe la croissance cellulaire. En
outre, les cellules non traitées présentaient une dynamique de l'actine concomitante a la motilité
cellulaire, et le traitement au LecB pendant 3 heures a laissé les cellules sessiles avec de faibles niveaux
d'actine polymérisée, ce qui a été quantifié via Image J. Ainsi, j'ai découvert que le LecB pouvait inhiber la
migration des DC et l'activation des cellules T in vivo, et que le LecB modifiait les protéines du
cytosquelette, telles que FAK et F-actine, ce qui entrainait le blocage de la transmigration endothéliale.

Dans I'ensemble, je me suis concentré sur |'effet de la lectine LecB de P. aeruginosa sur la migration
cellulaire. Une partie concerne la migration des cellules cancéreuses du poumon in vitro et une autre la
migration des cellules immunitaires in vivo. J'ai jeté un nouvel éclairage sur la fonction de LecB concernant
la migration cellulaire non seulement in vitro mais aussi in vivo. Il en ressort que LecB peut bloquer la
migration des cellules cancéreuses du poumon in vitro et la migration des cellules immunitaires in vivo,
ce qui entraine une diminution de la réparation des tissus et une réduction des réponses immunitaires,
respectivement. Le L-fucose et le DH445 peuvent sauver les fonctions cellulaires induites par la LecB,
soulignant I'importance de I'antagonisme de la LecB pour la migration cellulaire et la réponse immunitaire

contre l'infection par P. aeruginosa.
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1. General Introduction

1. 1. Pseudomonas aeruginosa

Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative bacterium and one of the main opportunistic
pathogens that have a vital role in nosocomial, acute, and chronic infections [1]. It is often isolated from
plants, fruits, soil, and water environments, such as rivers and lakes [2]. P. aeruginosa is also known to
cause a wide variety of other infections, which encompass all organs of the human body, including soft
tissue infection in burns, open wounds, cystic fibrosis (CF), and postsurgery [3]. Notably, it can lead to
acute and chronic lung infections, particularly prevalentin individuals with CF. Furthermore, P. aeruginosa
is associated with urinary tract infections, often linked to the use of urinary catheters. Diabetics are at risk
of foot infections caused by this bacterium, while ear infections may arise from tissue injuries or water
blockage. Additionally, P. aeruginosa can cause keratitis, especially in individuals who wear contact lenses
for extended periods or use contaminated contact lenses. This wide array of infections caused by P.
aeruginosa underscores the importance of vigilant monitoring and appropriate medical interventions to
address these diverse clinical challenges [3]. Due to the widespread role of this bacterium in causing
various infections and increasing antibiotic resistance, treatment failure of P. aeruginosa infection has
become a major global problem [1]. It also belongs to the ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus (S. aureus), Klebsiella pneumoniae, Acinetobacter baumannii, P. aeruginosa, and
Enterobacter species) and is listed by the World Health Organization as one of the most critical bacterial
pathogens [4]. Due to the extracellular toxin and multi-drug resistance of P. aeruginosa, it is virulent to

the host cells or organs, including wound healing and the immune system.

1. 1.1. P. geruginosa and wound healing

P. aeruginosa is a frequently encountered pathogen that induces severe lung infections such as ventilator-
associated pneumonia and acute lung injury [5]. After the colonization of bacteria, bacterial virulence
factors, such as S. aureus virulence protein A [6], allow a range of activities: penetration of surface
epithelia, attachment to cell surfaces and/or the extracellular matrix, invasion of intracellular
compartments, acquisition of iron, evasion of host-defense mechanisms and transmission to another host
[7]. Epithelial tissues are the first guards that protect organs from pathogens, while opened wounds
represent an ideal niche for bacterial colonization when the epithelial integrity is damaged. S. aureus and
P. aeruginosa are the most frequent pathogens isolated from chronic wounds, and increasing resistance
to antibiotics has become a major issue [8]. It has been reported that P. aeruginosa and its virulence
proteins can impede wound healing [9—11] and alter repair processes, leading to chronic wounds and
infections [5][12]. A remarkable reduction of cell metabolic activity of the HaCaT cell (a kind of
keratinocyte cell line) pool is found after preincubation with the extracellular adherence protein of
Streptococcus pneumoniae (S. pneumoniae) [13]. In my project, | also present findings of other bacteria
or baterial products, such as P. aeruginosa and LecB.
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Most wounds are contaminated by bacteria, and colonization of wounds can result in delayed or impaired
wound healing (Fig. 1)[8], and among them, cell migration is essential for wound healing and tissue
homeostasis [14]. For example, P. aeruginosa lectins can block cell migration [5][10], and other virulence
proteins from P. aeruginosa have similar functions. P. aeruginosa pseudolysin and protease IV impede
cutaneous wound healing [11], and P. aeruginosa utilizes type lll secretion system (T3SS) virulence
structure to induce tissue damage in the wounds of diabetic mice [15]. Not only P. aeruginosa blocks
wound healing, but also other pathogens, such as S. pneumoniae [16] and S. aureus [17]. It has been
demonstrated that S. pneumoniae and S. aureus can delay epithelial wound healing in vivo [16, 17] Wound
healing is an intricate and dynamic process encompassing four clearly defined stages such as hemostasis,
inflammation, repair, and remodeling [11]. However, infections with P. aeruginosa can result in the failure
of tissue repair and wound healing [5][9]. After that, P. aeruginosa can cause apoptosis of neutrophils,
macrophages, and mast cells leading to impaired phagocytosis, resulting in dysfunction of the immune

system.

Keratinocyte Pseudomonas EXtracellular Wound bed
matrix

Fig. 1: The virulence factors delay healing of P. aeruginosa-infected wounds.

Chronic wounds infected with P. aeruginosa exhibit hindered healing and disease progression. The virulence factor
produced by P. aeruginosa directly interferes with keratinocyte chemokine expression and migration, leading to
impaired wound re-epithelization. As a consequence, the healing process is compromised, contributing to the
persistent nature of the infection [18].
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1. 1.2. P. geruginosa and immune response

The immune system displays a remarkable capacity to adapt to environmental changes, providing the best
response to a given immune challenge [19]. During an immune response, dendritic cells (DCs) play an
essential role in initiating an adaptive and primary immune response through their ability to capture
antigens and migrate T cells [20]. There is good evidence that bacteria cause a severe immune response
in human bodies. For example, in HIV-infected patients, S. aureus infection leads to functional defects in
CD4* T cell responses [21]. In detail, HIV-infected participants with methicillin-resistant S. aureus (MRSA)
skin and soft tissue infections (SSTIs) have deficient MRSA-specific IFNy* memory CD4 T cell responses
with S. aureus infection [22]. Salmonella lipopolysaccharide (LPS) and flagellin induce DC maturation,
enhancing antigen presentation and inducing their migration to T cell areas of various lymphoid tissues to

imitate the adaptive phase of the immune response [23].

Mammalian hosts provide a number of niches that can be colonized by microorganisms, including the skin,
intestine, upper and lower respiratory tract, urogenital tract, and internal organs [7]. With these infections,
P. aeruginosa secretes many extracellular proteases as virulence factors, and among them, protease IV
(P1V), elastase A (staphylolysin, LasA), and elastase B (pseudolysin, LasB) play a crucial role in pathogenesis
by causing proteolytic damage to host tissues (Fig. 2), disrupting tight junctions, and subverting host
innate immunity [24]. Meanwhile, microbes attain the highest levels of resistance to our present
assortment of antibiotics and the immune system [25], suggesting that therapies for bacterial infection
are difficult. It has been reported that P. aeruginosa infection can alter immune response, such as natural
killer (NK) cells [26] and T lymphocytes with T cell receptors [27]. In detail, P. aeruginosa infection
significantly impairs NK cell cytotoxic response to a human B lymphoma cell line, resulting in the alteration
of antitumor immunity [26]. Meanwhile, T lymphocytes produce the proinflammatory cytokine IL-17,
whose level is substantially increased after P. aeruginosa infection compared to healthy human skin [27].
P. aeruginosa infection could increase significantly CD4* CD25* regulatory T cells (Tregs)[26]. There are

additional important virulence factors that have an impact on host cell physiology, such as the lectins.

1. 2. Lectins

Lectins, glycoproteins with a unique capability to reversibly bind to monomeric or oligomeric
carbohydrates, play a crucial role in binding to the viral surface. By crosslinking with glycans, they can
disrupt the interaction with co-receptors [28]. Meanwhile, lectins specifically target glycoproteins because
they consist of proteins that are covalently linked to glycans. These glycans serve as recognition sites for
lectins, allowing them to bind selectively to the glycoproteins on the surface of host cells. Thus, these
multivalent proteins form reversible linkages upon interaction with sugars/glycoproteins linked to the
host cell membrane or in solution [29], suggesting that lectins facilitate the binding to the host cell by
interacting with specific glycoproteins. They have been isolated from various sources, including bacteria,
algae, plants, fungi, body fluids of invertebrates, lower vertebrates, and mammalian cell membranes [29].

The percentile distribution of lectins is from various microbial groups [29], depicting that the majority of
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lectins are from mushrooms. Depending on their biological function, lectins are also known as
hemagglutinins, adhesins, selectins, galectins, or siglecs [30]. Lectins play many key roles in the control of
various physiological and pathological processes in living organisms, including fertilization, embryogenesis,
cell adhesion, cell migration, organ formation, inflammation, immune defense, microbial infection, and
cancer formation [31, 32]. Here, in my project, | will focus on the function of P. aeruginosa lectin LecB on
cell adhesion, cell migration, and immune response.

\‘-:
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A

Apoptotlc o ! ’ >
% P feS *m& Apoptotlc

eutrophlls mast cell

Fig. 2: P. aeruginosa delayes cutaneous wound healing through multiple mechanism.

The process of normal wound healing is a well-coordinated sequence involving various cell populations, mediators
such as cytokines and growth factors, and the extracellular matrix. However, when P. aeruginosa is present, it
triggers apoptosis in neutrophils, macrophages, and mast cells, resulting in impaired phagocytosis. This leads to a
prolonged inflammatory phase, as the infection elevates pro-inflammatory cytokine levels, hindering the
proliferation and remodeling phases of wound healing. The virulence factors of P. aeruginosa exacerbate the
situation by degrading the extracellular matrix (ECM), which inhibits the proliferation of crucial cells like fibroblasts,
keratinocytes, and endothelial cells (ECs). Moreover, these factors also cause the inactivation of complement
proteins and hinder the conversion of plasminogen to plasmin and fibrinogen to fibrin, culminating in chronic wound
healing [11].
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1. 2.1. Structure and impact of P. aeruginosa lectins

P. aeruginosa produces two soluble lectins, the D-galactose (D-Gal)-specific lectin PA-IL (LecA) and the L-
fucose-specific lectin PA-IIL (LecB), amongst many other virulence factors [33]. They are expressed and
released by P. aeruginosa as a result of a regulatory cascade initiated by quorum-sensing [34]. LecA and
LecB are produced in the cytoplasm of P. aeruginosa but has been shown to be located in the outer
membrane and involved in biofilm formation [35]. LecA and LecB are tetrameric lectins, which play crucial
roles in diverse infection steps, going from the adhesion to host cells to the biofilm formation [36]. LecA
consists of four 12.8 kDa monomers (Fig. 3.A) with a medium-range affinity for D-Gal (Fig. 3.B). However,
this is still 10-fold higher than average affinities of C-type lectins for their ligands, and this interaction is
very selective. LecA contains a single Ca%* within its carbohydrate-binding site, where it coordinates with
specific amino acids and galactosides [37]. LecB consists of four 11.7 kDa monomers (Fig. 3.C) with a high
affinity for fucoside-terminated glycans (Fig. 3.D, Fig. 4.A) and also recognizes D-mannose (Fig. 4.B) and
D-arabinose [34][38]. Biochemical and structural studies reveal that LecB is characterized by unusual
micromolar affinity of LecB for fucose, which is attributed to the participation of two bridging Ca%* in the
binding pocket and large enthalpy contribution [36]. Besides, these two Ca?* ions are directly involved in
carbohydrate coordination [35]. Each monomer includes 114 amino acids where cysteine, methionine,
and histidine are lacking [35]. The overall fold of LecB is that of a nine-stranded antiparallel R-sandwich.
In each subunit, strands 1-5 form a key structural motif, extended by strands 6-8, which associate with
strands 1 and 4 to form a 5-stranded curved B-sheet. Tetramerization occurs mainly by the antiparallel
association of R-strands comprising amino acides 79-85 from each dimer with their counterparts in the
other dimer. Besides, some amino acids are involved in binding of L-fucose [39].

Due to the strong binding affinity of LecB for L-fucose, L-fucose is widely acknowledged as a potent
inhibitor of LecB. For example, L-fucose recuses the inhibited collective cell migration and wound healing
in Madin-Darby canine kidney strain cell line (MDCK) monolayers induced by LecB [10], and it inhibits
apical invasion of P. aeruginosa in polarized MDCK cells [40]. In addition, derivatives of L-fucose (Fig. 4.C)
are used as antagonists of LecB in several studies. The derivatives of L-fucose inhibit LecB carbohydrate-
binding function [41]. Here, | will introduce some details about DH445. DH445 is a type of monovalent
glycomimetic LecB inhibitor. On a structural level, LecB forms noncovalent homotetramers, and each
monomer contains two Ca?*-ions, which mediate the binding to its carbohydrate ligands, such as L-fucose
and D-mannose (Fig. 4.C)[42]. DH445 is an artificially synthesized methyl-mannose derivative with a
thiophene residue and LecB ligand and inhibitor. It has been reported that the ICso of L-fucose for LecBpao:
is 149 uM compared with the ICso of D-mannose for LecBpao: is 157 UM using established competitive
binding assays [41]. Due to higher affinities toward fucosides over mannosides, research focused on
fucose-based inhibitors with multivalent presentation to further increase avidity [43]. However, the ICso
value of L-fucose is quite high. | utilized DH445 as antagonists of LecB in my second part of project to

figure out a fucose-based inhibitor which has higher affinity toward LecB.
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Fig. 3: Structure of P. aeruginosa lectins.

(A) LecA tetramer structure, with distances between Ca?* (magenta spheres), and shortest distance between
galactose-binding sites (curved arrow) indicated. (B) LecA binding-site interactions with D-Gal. (C) LecB tetramer
structure, with distances between Ca?** (magenta spheres), and shortest distance between fucose-binding sites
(curved arrow) indicated. (D) LecB binding-site interactions with L-Fucose [38].
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Fig. 4: Structure of LecB inhibitors.

(A) L-fucose. (B) D-mannose. (C) DH445 is an artificially synthesized methyl-a-L-fucoside derivative with a thiophene
residue. The orange colored methyl group originating from L-fucosides enhances the binding to LecB through a
lipophilic interaction [42][44].
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LecB has been implicated in several cellular processes, such as cellular migration and wound healing
[5][10], cell proliferation [5], immune response [45], and cell cycle [9]. Regarding cell migration, LecB alone
is sufficient to attenuate cell migration and proliferation of human lung cancer cell and induce the
reduction of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) and R-catenin [5]. LecB
can specifically clear integrins from the wound edge of cells and block cell migration and wound healing
in epithelial cells [10]. In addition to the impact of LecB on cell migration and wound healing, LecB triggers
B cell receptor (BCR)-dependent activation in vitro, ultimately resulting in the activation-induced death of
B cells [45]. With regards to cell cycle, LecB associates with insulin-like growth factor-1 receptor (IGF1R)
and dampens its signaling, resulting in the arrest of the cell cycle [9], and it induces differentiation and
apoptosis of acute monocytic leukemia cells with the reduction of B-catenin level [46]. There is also some
evidence of LecB regarding cytotoxicity in vivo model, that LecB induces alveolar-capillary barrier injury in
vivo, leading to higher bacterial dissemination into the bloodstream [47]. Overall, these observations
indicate that LecB, as an important virulence factor, is associated with the pathogenicity of P. aeruginosa.
I have known that LecB can block epithelial cell wound healing, and lung cancer cell migration with the

reduction of B-catenin level, however, the molecular mechanisms induced by LecB are unclear.

1. 2.2. Cellular function of LecB in cell adhesion

A typical role of lectins LecA and LecB is involved in the recognition and adhesion between a P. aeruginosa
and the host cell, which is a crucial process in the development of bacterial infections [33]. For example,
LecB can bind the oligosaccharides of many humans and mammalian glycoproteins, after that, the
adhesion of P. aeruginosa to the epithelial tissue surface precedes colonization [34]. LecB has the ability
to bind to some glycoproteins secreted by epithelial cells, and it can bind to the immobilized fibronectin
[34], which is a glycoprotein binding to cell surface receptors called integrins and other ECM components,
like collagen and proteoglycans [48]. It indicates that LecB may induce immobilized epithelial cells after
the binding of LecB under the microenvironment [34]. Integrin-mediated cell adhesion is important for
development, immune responses, hemostasis, and wound healing [49]. Interestingly, LecB induces
patches with basolateral characteristics at the apical membrane [40], and LecB can strongly bind to the
glycosylated moieties of B1-integrin on the basolateral plasma membrane, which causes the inhibition of
epithelial wound healing [10]. Consequently, there exists a hypothesis suggesting that LecB might induce
cell immobilization by binding to host cells via glycoproteins, based on the crystal structure of LecB. Here,
I will show some research regarding LecB affecting cell adhesion and its signaling cascades in vitro in the

first part of the project.

Besides, LecB is involved not only in adhesion but also in the formation of P. aeruginosa biofilms. Biofilms
are complex communities of microorganisms embedded in a self-produced matrix of extracellular
polymeric substances (EPS)[50]. LecB is believed to play a role in the accumulation of EPS in the biofilm,
further strengthening the structural integrity of the biofilm [51]. In the case of P. aeruginosa, biofilm
formation is a significant factor contributing to its virulence and resistance to antimicrobial agents [50]. It
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is needed for the proper assembly of type IV pili, which, in turn, are required for biofilm formation,
indicating that LecB is required for P. aeruginosa adhesion form biofilms as well. Besides lectins, P.
aeruginosa utilizes other virulence factors, including flagella and type IV pili, to ensure adhesion to host
cells. These additional factors play a vital role in facilitating the attachment of bacterium and interaction
with the cells of the host organism, contributing to its pathogenicity and the establishment of infections
[34].

1. 2.3. Cellular function of LecB in cell migration

Lectins are proteins that can recognize and bind to specific carbohydrate structures on the cell surface. In
the context of cell migration, LecB has the ability to interact with glycoproteins on the cell membrane can
influence cell movement and motility [47]. P. aeruginosa contributes to the remodeling of the ECM by
affecting the production or degradation of certain matrix components [52]. This can create pathways for
cell migration or alter the cell's microenvironment, affecting its ability to move. While, LecB is located in
the outer membrane of P. aeruginosa, indicating that LecB may remodel the ECM to influence cell motility.
LecB binding to glycoproteins might interfere with the interactions between cell surface receptors and
their ligands, affecting cell migration-related receptor signaling. For example, basolaterally applied LecB
interacts with R1-integrin and causes its pronounced internalization, which can explain why MDCK cells
cannot migrate anymore [10]. With the treatment of LecB on the scratched wounds, no lamellipodia form
and no cells migrate, which indicate that LecB strongly inhibits collective cell migration and wound healing
in MDCK monolayers. In human lung cancer cells, LecB is sufficient to attenuate cell migration via the
reduction of B-catenin level [5]. However, only the conclusion of the expression of downstream R-catenin
on cell migration induced by LecB, the molecular mechanism after the binding of LecB on the host cells is
not solved. Here, | will show some research regarding LecB affecting cell migration and its signaling
cascades in vitro in the first part of the project.

1. 2.4. Cellular function of LecB in immune system

According to our previous literature, we have found that LecB can bind to murine B cells and induce an
intracellular signaling cascade that changes the flux of Ca?* [45]. 10 ug/ml LecB induces a Ca?* release
similar to that induced by BCR stimulation with anti-k antibodies in mature follicular B cells. Saturating the
LecB carbohydrate binding sites with soluble L-fucose (25 mg/ml) prevents LecB binding to B cells Ca* flux,
indicating that this activation process is fucose specific [45]. Strong intracellular signaling can drive B cells
into activation-induced cell death. LecB triggers BCR-dependent activation in vitro, ultimately resulting in
activation-induced death of B cells with a strong burst of Ca?* release [45]. However, the impact of LecB
on the immune system remains incompletely understood. To date, only one paper is shown to report the

effect of LecB on immune system suppression [53]. It reported that LecB suppresses immune responses
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inhibiting DC migration and T cell proliferation in vivo [33], which | will introduce in detail in my second

part of the project. Here, | will present examples of some other lectins.

Our immune system can discriminate between self and non-self by sensing pathogen-associated
molecular patterns (PAMPs). Lectins from bacteria or microfungi are distinguished as pathogens from
immune systems to induce the immune response. For example, the C-type lectin receptor family functions
as immune sensors for adjuvant lipids derived from pathogens and damaged tissues, thereby promoting
innate/acquired immunity [54]. In particular, another C-type lectin in shrimp promotes cellular immunity
in the form of phagocytosis [55]. Immune recognition via mannan-binding lectin (MBL) triggers the
activation of the complement system. Based on structural similarities between the complement
component 1q and MBL, as well as structural and genetic similarities between MBL-associated serine
proteases and the classical complement pathway components Cl1r/Cls, it has been suggested that the
MBL pathway of complement activation resembles the classical pathway [56]. It is an elegant
demonstration of the remarkable ability of innate immunity to detect molecular patterns that specifically
characterize microorganisms [56]. These results from the literature indicate that some lectins can induce
the immune response.
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Abstract

Plenty of bacteria use lectins to efficiently adhere to the host tissue and induce severe infections, such as
pneumonia and wound infections caused by the opportunistic bacterium P. aeruginosa. Under this
condition, bacterium enhances the adhesive ability of the tissue and diminishes tissue repair mechanisms,
resulting in constant infections and delayed wound healing. Here, we discover the effect of the fucose-
specific P. aeruginosa lectin LecB on cell adhesion and cell migration mediated by flotillins. LecB alone is
sufficient to enhance the adhesive ability and attenuate the ability to migrate of human H1299 non-small
cell lung cancer cell line. We unravel that LecB has less capability to increase cell adhesion and decrease
cell migration with the knockout of flotillin-1 or the knockdown of flotillin-2 alone expression in H1299
cells. Moreover, we find that LecB can trigger R1-integrin/FAK signaling and its downstream signal R-
catenin, which is mediated by fotillin-1. We successfully show that L-fucose inhibits the process of cell
adhesion and cell migration and affect the nuclear translocation of R-catenin induced by LecB, providing
more evidence that L-fucose could heal the wound infected by P. aeruginosa LecB. We identify that
flotillins interacted not only with P. aeruginosa lectin LecA from our previous work but also with lectin

LecB, flotillin-1 thereby aggravating the processes of cell adhesion and migration.

Keywords: Bacteria, lectin LecB, cell adhesion, cell migration, flotillin-1, R1-integrin/FAK-Src/B-catenin

signaling
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A. 1. Introduction
A. 1.1. Cell adhesion

Cell adhesion is essential in cell communication and regulation, and is of fundamental importance in the
development and maintenance of tissues [57]. The complex interactions of cells with ECM play crucial
roles in mediating and regulating many processes, including cell adhesion, migration, and signaling during
morphogenesis, tissue homeostasis, wound healing, and tumorigenesis [58]. For most cells in most
environments, the movement begins with protrusion of the cell membrane followed by the formation of
new adhesions at the cell front that links the actin cytoskeleton to the substratum, generation of traction
forces that move the cell forwards, and disassembly of adhesions at the cell rear [59]. The process of cell
adhesion involves a multitude of factors present, both intrinsic and extrinsic, to cell membranes, such as
the cytoskeleton, membrane-bound adhesion proteins, and glycocalyx elements [60]. After determining
its direction of motion, the cell extends a protusion in this direction by actin polymerization at the leading
edge. It then adheres its leading edge to the surface on which it is moving and de-adheres at the cell body
and rear. Finally, it pulls the whole cell body forward by contracile forces generated at the cell body and
rear of the cell (Fig. A1)[61]. For example, the transmembrane protein, integrin, forms adhesion sites to
anchor between the cell and matrix or the other cell’s adhesion molecule. These adhesion molecules are
attached to the cytoskeleton, the actin filament through the focal adhesion (FA) complex [62]. Meanwhile,
some signaling pathways are involved in the process of cell adhesion. The transfection of rodent fibroblast
cells with Src and Ras oncogenes reduces the adhesiveness to fibronectin by impairing a5R81-integrins, the
activation of oncogene ErbB2 in breast cancer up-regulates a581-integrin and enhances adhesion [63].
The Rho GTPases (RAS homologue) Rac, Rho, and Cdc42 together regulate adhesion by directly controlling
the balance between the actin-mediated protrusion and myosin Il-mediated contraction [64]. The
activation of WNT signaling and epithelial-mesenchymal transition (EMT)-associated changes in cell
adhesion involve the displacement of B-catenin from adherens junctions (Als), where it links E-cadherin

to the actin cytoskeleton [65].

A 1.1.1. The phases of cell adhesion

The passive cell adhesion process is an in vitro process in static medium culture, where cells undergo
morphological alterations driven by passive deformation and dynamic reorganization of the cytoskeleton.
In vitro settings facilitate cell adhesion through passive surface adsorption. The cell glycocalyx coat
initiates the initial contact, leading to subsequent attachment, cell spreading, and the formation of FAs
[60].
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Fig. Al: The schematic of the three stages of cell movement.

First, a cell propels the membrane forward by orienting and reorganizing (growing) the actin network at its leading
edge. Second, it adheres to the substrate at the leading edge and deadheres (releases) at the cell body and rear of
the cell. Finally, contractile forces, generated largely by the action of the actin-myosin network, pull the cell forward
[61].

In detail, the process of static in vitro cell adhesion is characterized by three stages (Fig. A2): attachment
of the cell body to its substrate (initial stage), flattening and spreading of the cell body, and the
organization of the actin skeleton with the formation of FA between the cell and its substrate, like ECM
[66]. Following the initial attachment, cells start flattening and spreading on the substrate ECM, resulting
in the decrement of cell height (the cell flattens) and increment of contact area (Phase | in Fig. A2)[67].
Next, cells spread beyond the projected area of the unspread spherical cell (Phase Il in Fig. A2)[68]. The
spreading process is the combination of continuing adhesion with the reorganization and distribution of
the actin skeleton around the edge of the cell’s body [67]. Cells will reach their maximum spread area
through expansion, and adhesion strength will become stronger (Phase Il in Fig. A2). Cell spreading
appears to be accompanied by actin organization into microfilament bundles. The strength of adhesion
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becomes stronger with the length of time a cell is allowed to adhere to a substrate or another cell. The
initial adhesive interaction between the cells and the substrates is driven by the specific integrin-mediated
adhesion and starts with the binding of single receptor-ligand pairs [68]. This will initiate the subsequent

receptor-ligand bonds and quickly enhance in number, thus increasing the total adhesion strength [69].
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Fig. A2: Evaluation of passive in vitro cell adhesion stages.

The attachment of the cell body to its substrate (initial stage), flattening and spreading of the cell body, and the
organization of the actin skeleton with the formation of FA between the cell and its substrate (Phase I). Cell spreading
appears to be accompanied by the organization of actin into microfilament bundles (Phase Il). The strength of
adhesion becomes stronger with the length of time a cell is allowed to adhere to a substrate or another cell. The
initial adhesive interaction between the cells and the substrate are driven by the specific integrin-mediated adhesion

and starts with the binding of single receptor-ligand pairs (Phase Ill) [57].

A well-known technique, atomic force microscopy (AFM)-based single-cell force spectroscopy (SCFS), is
utilized in cell adhesion studies. SCFS measurement methods are developed to measure the strength of
cell adhesion down to single cell level [57]. In SCFS, the force required to separate a living cell from its
substrate is measured using controlled parameters [70]. In SCFS adhesion measurements, a single cell is
attached to a coated cantilever, such as collagen-coated [70] and Cell-tak-coated cantilever [71]. Cell-tak,
a biocompatible glue, is a specially formulated protein solution extracted from marine mussel [72]. It
technique aids in immobilizing poorly adherent cells, promoting their attachment to the Petri dish [72].
During the measurement of the cantilever, the cantilever deflection is determined using a laser beam
reflected by the back of the cantilever onto a multi-segment photodiode (PD). The cantilever-bound cell
is lowered towards the substrate (I in Fig. A3.A) until a preset force is reached (Il in Fig. A3.A). After a given
dwell time, the cantilever is retracted from the substrate (lll in Fig. A3.A) until the cantilever-bound cell

and substrate are entirely separated (IV in Fig. A3.A). During both approach and retraction, detachment
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force (Fq) curves are recorded [70]. The de-adhesion of a cell from a substrate described by the Fq4 curve
can be broken into three phases (Fig. A3.B). During the initial phase (a in Fig. A3.B), the retraction of the
cantilever inverts the force that is acting on the single cell from pushing to pulling. After that, the cell
starts to detach from the substrate, and individual force steps can be observed during the second phase
(b in Fig. A3.B). During this phase, the receptor(s) either detaches from the substrate surface or is pulled
away from the cell cortex at the tip of a membrane tether. While parts of the cell cortex are in contact
with the substrate, either of these processes can occur. Finally, during the phase of detachment (c in Fig.
A3.B), the cell body is no longer in contact with the substrate, thus, attachment is mediated exclusively
by tethers [73]. Here, in my project, | utilized the SCFS system to measure the Fq curves. In my case, the
cantilever was coated by Cell-tak to stick a single H1299 cell. During the test, the probe slowly approached
the fibronectin-coating surface, contacted it, and retracted it, and the force-distance curves were
obtained by recording the cantilever deflection (Fig. A3.C). The difference in Fq between untreated and

LecB treatment groups was depicted in the parts of the results.
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Fig. A3: Single-cell force spectroscopy setup.

Depiction of a cell-adhesion measurement (A) for which characteristic approach (green) and retraction (blue) traces
are shown (B). (A) In this technique, the cell and the substrate are brought into contact (Al). The substrate that is
probed can be another cell, a functionalized surface or an organic matrix. The position on a PD of a laser beam (red
line) that is reflected off the back of the cantilever measures the deflection of the cantilever and thus the force that
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acts on the cantilever. During the approach (denoted by green arrows), the cell (probe) is pressed onto the substrate
until a pre-set force (usually <1 nN) is reached (All). After a contact time ranging from 0 to 20 minutes, the cell is
retracted from the substrate (marked by blue arrows), and a force-distance curve is recorded (B). This curve
corresponds to a cell-adhesion signature. As the strain on the cell increases, bonds that have been formed between
the substrate and the cell break sequentially (Alll) until the cell has completely separated from the surface (AlV).
During the separation of the cell from the surface, two types of molecular unbinding events can occur. In the first
event, the receptor remains anchored in the cell cortex and unbinds as the force increases (denoted as jumps). The
second type of unbinding event occurs when receptor anchoring is lost and membrane tethers are pulled out of the
cell. In the unbinding-force—distance curve, long plateaus of constant force characterize tethers. The shaded area in
B represents the measured work of cell detachment from the substrate [73]. (C) SCFS setup for detecting integrin
crosstalk. AFM cantilevers are coated either with ECM proteins as primary substrates. ECM proteins enable the
specific attachment of a single cell to the functionalized cantilever [70].

A. 1.1.2. Dynamic cell adhesion

Cell-ECM, flow circulation, and the signalization process under blood flow in vivo are known to be dynamic
processes. Cell attachment is a crucial parameter which influences the whole process as a low attachment
efficiency will lead to a low expansion yield [74]. Cell attachment involves interaction between several cell
adhesion molecules (CAMs) and substrates on the surface of the microcarrier [74]. The integrin family is
the main surface receptor family regulating cell adherence (Fig. A4)[75], which is introduced in detail in a
next chapter. Various cells adhere to their surrounding surfaces, a crucial mechanism for their survival.
This adhesion process plays a pivotal role in essential cellular processes, including embryogenesis, cell
orientation, morphogenesis, cell motility, immune responses, development, and reorganization [60]. The
process is influenced by a diverse range of factors, both intrinsic and extrinsic to the cell membrane. These
factors include the cytoskeleton, membrane-bound adhesion proteins, and glycocalyx elements [60][76].
A wide range of receptors is expressed on the surface of the cells, which helps to bind different ligands
with varying affinity. The longer the cell adhesion time to the substrate, the stronger the adhesion
strength, which is directly proportional to the number of integrin-ligands pairs, thus increasing the overall
contact time [60]. The in vivo dynamic cell adhesion is mediated through molecular bonding along with
the non-covalent cascade and signaling pathways [60]. The in vivo cell adhesion cascade and signaling
events involve two main phases: the docking phase occurring between the rolling of cells to ECs and to
cell arrest, and the locking phase consisting of firm adhesion to the transmigration of the cell [77]. The
adhesive bond is defined as the sum of non-covalent interactions, such as hydrogen bonds, electrostatic
interactions, van der Waals forces, and dipole-dipole interactions between two macromolecules [57].
Moreover, cell adhesion cascade and signaling events in vivo involve three basic steps: selectin-mediated
rolling, chemokine-triggered activation, and integrin-dependent arrest [57][78]. Here, in my project, |

focused more on integrin-mediated cell adhesion.
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Fig. A4: Main steps and molecules involved in cell adhesion to matrix.

Cell surface receptors, primarily integrins, play a crucial role in the interaction with specific molecules within the
extracellular matrix. This interaction facilitates the attachment and spreading of the cell. Further, the attachment
process is reinforced through the interplay between focal adhesion proteins (FA proteins) and integrins. Ultimately,
a cytoskeleton rearrangement takes place, resulting in the cell spreading over the surface, completing the process

of cellular adhesion and migration. [74].

A. 1.1.3.Integrins: key receptors of cell adhesion

Cell adhesion serves two vital functions in cell migration. First, it generates traction by linking the
extracellular substratum, like ECM, to the cellular cytoskeleton. Second, it organizes the signaling
networks that regulate migration. Integrin-ECM engagement leads to integrin clustering and the
formation of integrin adhesion complexes (IACs) that support cell adhesion [78]. The schematic
representation of integrins at the plasma membrane in both bent (inactive) and extended (active)
conformations (Fig. A5), where collagen fibers promote clustering and IACs formation. Changes in the
conformation of integrin extracellular domains are responsible for the changes in integrin monomer
affinity. Similarly, clustering of integrins can enchance the binding of multivalent ligands and kindlins have
recently emerged as major players in clustering [79]. There are three distinct conformations observed in
an inactive integrin: an inactive, bent conformation with a closed headpiece; a primed, extended
conformation with a closed headpiece; an active, extended conformation with an open headpiece, bound
to a ligand (Fig. A5)[80]. The capacity of intracellular signals to change the conformation of the
extracellular domain requires a remarkable transmemebrane allosteric change, a change that must
traverse the integrin transmembrane domain (TMD)[49]. Truncation of the integrins at the C-termini of

extracellular domains results in constitutively active integrins [81], indicating that TMDs and cytoplasmic
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tails limit the activation state of integrins [49]. Integrins are among the most abundant cell surface
receptors and are expressed in all cell types apart from erythrocytes [82]. Integrins represent a sizable
family of cell surface adhesion receptors comprising 24 non-covalently associated subunits, consisting of
18 a subunits and 8 B subunits. These subunits exhibit overlapping substrate binding capabilities,
contributing to the versatility and functionality of integrins in cellular adhesion processes [80]. Both
subunits are tightly bound to each other by interactions between the a-propeller and the R-like domain
in the extracellular “head” regions of both subunits. a subunit binds collagen ligands, while B subunit binds
fibronectin ligands [62]. For example, some integrins, such as a5B1, interact with a limited number of ECM
ligands, while others, such as avp3 and a4p1, have multiple ECM binding partners [83]. a4B1-integrin can
interact with fibronectin, vitronectin and fibrinogen [84]. avB3-integrin can interact with fibronectin and
osteopontin [84]. Here, in my project, | investigated more on the function of B1-integrin induced by LecB
since R1-integrin can interact with ECM, like fibronectin [80][85].
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Fig. A5: Composition and signal of the integrin family.

Integrins serve as bidirectional signaling molecules, with "inside-out" signals regulating the binding of talin to integrin
B-tails, thus precisely controlling the integrin's affinity for ECM ligands. Upon ECM binding, various protein
complexes, such as scaffolding and adaptor proteins, kinases, and phosphatases, are recruited to the integrin
cytoplasmic tails, facilitating integrin downstream signaling (outside-in signaling). Moreover, integrins can also signal
from within endosomes (inside-in signaling), supporting FAK activity and suppressing anoikis, a process of

33



programmed cell death when cells detach from their ECM. Additionally, integrins play a role in promoting signaling
downstream of co-trafficking mesenchymal-epithelial transition (MET), which supports anoikis resistance, tumor
growth, and the dissemination of cancer cells to the lungs [83].

Integrins are activated through “inside-out” signals (Fig. A5): an intracellular signal promoting the binding
of proteins such as talin and kindlin to the B-integrin tail switching the receptor into an extended
conformation with high affinity for ECM ligands. Integrin binding to ECM ligands, in turn, triggers “outside-
in” signals that recruit protein complexes, consisting of scaffolding/adaptor molecules, kinases, and
phosphatases, to regulate cell behavior (Fig. A5). The network of proteins recruited to integrin adhesion
sites, like talin and vinculin, varies in composition and size giving rise to multiple classes of integrin-ECM
adhesions [83][86]. Moreover, integrins can also induce the signals from within endosomes, inside-in
signaling, to support FAK activity and suppress anoikis to promote signaling downstream of co-trafficking
MET to support anoikis resistance, tumor growth, and cancer cell dissemination to lungs [83][87]. Anoikis
resistance refers to the ability of cell death that would typically occur when cells lose their normal
anchorage to the ECM or neighboring cells. Anoikis is a critical mechanism that helps maintain tissue
integrity and prevents the survival and growth of detached cells, which could otherwise lead to
uncontrolled cell proliferation and metastasis [88]. Thus, | also focused on the phosphorylation of FAK and

its activation mediated by R1-integrin induced by LecB.

Within the cellular environment, the integrin tails serve as platforms to recruit regulatory elements. These
IACs play a crucial role in reinforcing the cytoskeleton and initiating downstream signaling cascades that
are essential for cell survival, proliferation, polarization, and migration [78](Fig. A6). Integrin heterodimers
exhibit the ability to interact with multiple ligands, and some heterodimers can bind the same ligand,
albeit with varying affinities or eliciting different intracellular responses. For example, both a5B1- and
avP3-integrins can bind to fibronectin, but only avf3 is capable of binding to vitronectin [89]. Considering
the diverse cell types and extracellular environments present in the body, IACs can adopt various forms
in both migrating and non-migrating cells. Among these, the most extensively studied are FAs and FA-like
structures, which will be discussed in more detail below. Furthermore, specialized cell types employ
unique IACs, including hemidesmosomes, podosomes, invadopodia, and the immunological synapse. It is
important to note that not all of these specialized IACs are directly involved in the migration process [90,
91]. IACs possess the capability to integrate both biochemical cues, such as ECM composition, and
mechanical cues, like ECM stiffness. They transduce this information through a combination of
biochemical signaling cascades and mechanical organization of the cytoskeleton. In the context of directed
cell migration, IAC signaling plays a crucial role in mediating durotaxis (migration toward stiffer substrates),
chemotaxis (migration toward regions of higher chemokine concentration), and haptotaxis (migration
toward regions of higher ECM concentrations)[92]. IACs are phosphorylation platforms that are especially
enriched for tyrosine phosphorylation, suggesting an important regulatory role of kinases and

phosphatases at these signaling hubs [78]. For example, CDK1, acting as the central regulator of the cell
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cycle, predominantly forms complexes with cyclins A2 (outside of mitosis) and B1 (during mitosis). It
orchestrates intricate morphological processes by phosphorylating over a hundred target proteins.
Among these targets are various cytoskeletal and adhesion proteins. Additionally, recent
phosphoproteomic analysis of IACs has indicated the likelihood of many more targets being involved in
this complex regulatory network [93]. Cell migration and proliferation, driven by FAK- and Src-dependent
phosphorylation, are observed to proceed independently of IAC composition [94]. This finding suggests
the potential existence of distinct functional modules for signaling and mechanosensing within 1ACs,

indicating a possible segregation of these processes within the complex.
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Fig. A6: Integrin signaling and activation.

The diagram illustrates integrins positioned on the plasma membrane, displaying both bent (inactive) and extended
(active) conformations. Collagen fibers play a pivotal role in promoting clustering and the formation of IAC.
Downstream signal transduction emanates from the IAC complex, reinforcing the actin cytoskeleton [78].

A. 1.1.4. Extracellular matrix: key attachments of cell adhesion

Cell-ECM interactions are essential for the regulation of cell behavior and fate in multiple developmental
and homeostatic processes, among them tissue and organ formation, remodeling, and repair [95]. The
crosstalk between cells and environments is further complicated by the physiological heterogeneity of the
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ECM, with its wide variety of adhesion ligands that are recognized by multiple adhesion receptors, which
might interact with each other, either positively or negatively [96]. For example, vav guanine nucleotide
exchange factor 3 (Vav3) can regulate fibronectin-dependent cell adhesion in lung epithelial cells via the
interaction between Vav3 and R1-integrin [97], suggesting that fibronectin is essential for the process of
cell adhesion. av-class integrin governs fibroblast cell adhesion to fibronectin, and av-class integrin
mediating signaling acts together to orchestrate a5R1-integrin mediating adhesion strengthening [85].
Meanwhile, fibronectin alters integrin clustering and FA stability with a concomitant enhancement in
force-triggered integrin signaling along the FAK-Src complex in fibroblasts [98]. It indicates that the
interaction between integrins and fibronectin can alter the activity of the cytoskeleton and induce the

FAK-Src complex.

A. 1.2. Focal adhesion

The most well-characterized adhesive structures involved in the process of cell migration and cell
adhesion are FAs and FA-like structures [78]. FAs are sites where integrins and proteoglycans mediated
cell adhesion links to the actin cytoskeleton. The components of FAs are diverse and include scaffolding
molecules, GTPases, and enzymes such as kinases, phosphatases, proteases, and lipases [99]. FA
formation and maturation require the involvement of various proteins in different contexts [100]. For
example, focal adhesion kinase (FAK) can regulate the cytoskeleton, structures of cell adhesion sites, and
membrane protrusions to regulate cell movement [101]. Moreover, the intermediate proteins talin and
vinculin are fundamental mechanosensors, as they can change conformation and signaling properties
upon force-induced stretching, and they allow force transmission through B subunit, inducing cell
migration and detection of stiffness [86]{102, 103]. The loss of talin and recruitment of tensin is linked to

FAs, which in fibroblasts can lead to metabolic reprogramming at these more stable complexes [104, 105].

A. 1.2.1. The structure of focal adhesion

FA structures, called “apical plaques”, are localized on the apical side of ECs [106]. Numerous studies have
indicated that ECs have some mechanism for responding to fluid flow [106]. When ECs line the interior of
blood vessels, they form a continuous monolayer known as the endothelium. ECs interact with the
underlying ECM through FAs, which serve as anchor points [107]. Spatially, adhesions physically interact
with the ECM and neighboring cellular systems, which affect the developing structures and can be
considered functional domains of the adhesion sites [95]. Meanwhile, for FAs, these are the lamellipodium,
and the attached stress fiber, which passes directly through the upper surface of the cell, are connected
to this apical plaque [95][108]. ECM, integrins, and cytoskeletal proteins, such as talin, paxillin, and
vinculin, are localized in both the apical plague and the FAs. FAK-Src complex is also localized in both the
apical plaque and the FAs at the basal portion of the cell, which indicates that the complex acts as signal

transduction machinery (Fig. A7). Meanwhile, ECM-bound integrins can link to the actin cytoskeleton or
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intermediate filaments [93]. For example, both NPXF motifs, binding sites for talin and kindlin in 2-
integrin, are required for force transmission through integrin [93]. The evidence suggests that integrins
play a crucial role in binding to certain actin cytoskeletons. Small FA-like structures first form at the
adhesion surface, and the cells eventually begin to elongate as spindles along the boundary between the
adhesive micropattern and the nonadhesive region. For example, some small FA-like structures are
formed at the distal end of the cell undergoing extension, and well-developed FAs are formed at the

boundary of the micropattern [109].
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Fig. A7: The structure of focal adhesion.

Schematic illustration of a cell adherent on the border of the adhesive micropatterns. FAs at the bottom of the cells
and the apical plaque are shown. FAK is highly accumulated at the border of the adhesive micropatterns, and the
FAK seems to be tyrosine phosphorylated. The asterisk indicates tyrosine phosphorylated active FAK [109].

A. 1.2.2. Focal adhesion kinase
FAK s discovered as a kinase that is highly phosphorylated in response to cell adhesion and a key signaling

component at the FA complex [99][110]. FAK is identified as a substrate of the viral Src oncogene and a
highly tyrosine-phosphorylated protein that is localized to integrin-enriched cell adhesion sites that are
known as focal contacts [101]. Focal contacts are formed at ECM-integrins junctions, which bring together
cytoskeletal and signaling proteins during cell adhesion, cell migration, and cell spreading [101], indicating
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that FAK is also a key player in the processes of cell adhesion and cell migration. The genomic designation
of human FAK is protein-tyrosine kinase-2 (PTK2), located at human chromosome 8q24 term [101]. FAK is
a 125 kDa tyrosine kinase that is composed of an N-terminal 4.1 protein, ezrin, radixin, moesin (FERM)
and kinase domain in the middle, and a C-terminal focal adhesion targeting (FAT) domain (Fig. A8.A)[111].
Regarding the FERM domain, it serves as a major regulator of FAK activity through binding to the kinase
domain, blocking the accessibility to tyrosine phosphorylation site Y397, and preventing
autophosphorylation [112], which means that the FERM domain plays an important role in the cellular
processes. Interestingly, the Src SH2 domain binds to FAK phosphorylated at Y397, and Src activity
contributes to the activation of FAK at Y576, Y577, Y861, and Y925 [113]. In other signaling pathways
involving the FERM domain, it can interact with vascular endothelial cadherin (VE-cadherin), resulting in
the regulation of phosphorylation of B-catenin in the cell-cell junctional complex [114]. Upregulation of
the FERM domain blocks FAK activation and inhibits G-protein-stimulated cell migration [101]. Meanwhile,
FERM can be localized to the nucleus and may directly bind to the transactivation region of p53 to block
the transcriptional activity of p53 [113], suggesting that FAK is involved in the processes of cell
proliferation and cell survival. The kinase domain contains two tyrosine phosphorylation sites, Y576 and
Y577, in the activation loops (Fig. A8.A)[110][113]. With regards to the FAT domain, it promotes the
colocalization of FAK with integrins at focal contacts, which shows that FAK can bind to the cytoplasmic
tails of integrins through some integrin-associated proteins, like paxillin and talin (Fig. A8.A, B)[113].
Moreover, the FAT domain contains two proline-rich regions binding sites for the Src SH3 domain (Fig.
A8.A, C). SH3 domain-mediated binding of the adaptor protein p130Cas to FAK is vital in promoting cell
migration through the activation of Rac at membrane extensions [101][113]. The FAT region also contains
two main tyrosine phosphorylation sites, Y861 and Y925, both of which are phosphorylated by the Src
kinase (Fig. A8.A)[110].
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Fig. A8: Simplified binding interactions between R-integrins, FAK and Src.

(A) Structural features and domains of FAK. Src and p130Cas contain interaction domains such as SH2 and SH3
domains that recognize phosphorylated tyrosines and proline-rich motifs (PR1 and PR2), respectively. Src SH2
domain binds to FAK phosphorylated at Y397 and Src activity contributes to maximal FAK activation by
phosphorylation of FAK at Y576, Y577, Y861 and Y925. The p130Cas SH3 domain binds to PR1 and PR2 domains in
the FAK C-terminal domain. (B) Structural features and domains of B-integrin. FAK is recruited to the B-integrin
cytoplasmic domain in part by association with the integrin binding proteins talin and paxillin. (C) Structural features
and domains of Src. The Src SH3 domain binds to p130Cas within a proline-rich motif termed the Src binding domain
and both FAK and Src can phosphorylate p130Cas within the substrate domain at multiple sites to promote Crk
binding to p130Cas [113].

FAK can mediate the regulation of Rho-family GTPases, which control the formation and disassembly of
actin cytoskeletal structures, like stress fibers, lamellipodia, and filopodia in the cells [101]. In particular,
the FAK-Src complex can regulate the transient suppression of integrin mediating RhoA-GTP levels [115]
and the activation of Racl and Cdc42 [116]. It indicates that FAK signaling and FAK-Src complex can also
be involved in cell motility. For example, the activation of integrin/Src/FAK signaling and suppression of
AMP-activated protein kinase (AMPK) signaling induce the process of cell adhesion in fibroblasts [117].
FAK signaling is required in the promotion of cell migration in fibroblasts [118], and the activated
FAK/phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling can mediate cell invasion induced
by galectin-1 [119]. In addition, FAK signaling is involved in cell survival [111], cancer progression, and
metastasis [120]. For example, tubulointerstitial nephritis antigen-like 1 (Tinagll) can reduce tumor
growth and metastasis via a581-integrin/FAK signaling [120]. Integrin-mediated adhesion induces the
autophosphorylation of FAK at Y397, creating a binding site of Src (Fig. A9)[121]. Meanwhile, B-catenin

Y142 is a direct FAK substrate promoting 3-catenin activation in ECs facilitating cell-cell adhesion
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breakdown [114]. Upon FAK activation, the FAK-Src complex phosphorylates and recruits several
downstream signaling targets, including PI3K/AKT. These hints indicate that the FAK-Src complex can
regulate the signaling of R-catenin. Glycogen synthase kinase 3 (GSK3) generally acts as a downstream
signaling protein molecule of AKT [122]. Growth factor receptor-bound protein 2 (Grb2) coordinates
signaling downstream of integrin/FAK to activate c-Jun N-terminal kinase (JNK). Grb2 also interacts
directly with dishevelled (Dvl)[123]. Dvl can stimulate c-Jun-dependent transcription activity and the
kinase activity of INK [124]. Loss of phosphatase and tensin homolog (PTEN) function causes the activation
of PI3K/AKT and JNK pathways [125]. PTEN also controls FAK. FAK promotes Wnt/B-catenin pathway
activation by phosphorylating GSK3B [126]. This phosphorylation inhibits the activity of GSK3B which
otherwise would drive rapid degradation of B-catenin. In addition, FAK is shown to trigger the B-catenin
signaling pathway through nuclear translocation of B-catenin and transcriptional activation of B-catenin
target genes (Fig. A9)[127]. | have known that LecB can also induce proteasomal B-catenin degradation in
lung cancer cells [5], but FAK signaling mediating the degradation of B-catenin is unclear. Thus, a

hypothesis that LecB can trigger the degradation of B-catenin via FAK signaling has risen.
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Fig. A9: The scheme of FAK signaling crosstalks.
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This figure summarizes the main known crosstalks existing between Wnt and FAK that have been described in the
text and in the literature, and the different Wnt and FAK inhibitors tested in clinical trials. FAK appears to be an
important regulator of the Wnt signaling pathway. However, a wide range of FAK-Wnt interactions at different levels
that are context- and cell-type dependent. Thus, a better understanding of the nature and physiological relevance
of this interaction is necessary, before devising combinatorial therapeutic strategies. Arrows indicate
activation/induction [127].

A. 1.2.3. Regulation of integrins through focal adhesions
As | mentioned previously, integrins are the vital players that link to ECM, the FAK-Src complex, and the

cytoskeleton. Thus, integrins can mediate the structures of FAs, resulting in some cellular processes, like
cell adhesion and cell migration. For example, in the case of fibroblasts cultured on fibronectin,
translocating a5B1-integrin transmits cytoskeleton-generated tension to extracellular fibronectin
molecules to form the process of cell adhesion [128]. Meanwhile, FAs of ECs assembled on a5B1-integrin-
selective substrates rapidly recruit avp3-integrins, causing the maturation of FA and cell spreading [129].
Besides, integrins can regulate the FAK-Src complex in FAs. Integrin-mediated activation of the FAK-Src
complex stimulates the activity of Cdc42 and Racl, leading to the formation of filopodia and membrane-
ruffling lamellipodia [121]. It means that integrins can mediate FAK-Src complex in FAs. It has been
established that LecB can interact with B1-integrin in MDCK cells [10], and in lung cancer cells, LecB is
capable of inducing proteasomal degradation of B-catenin [5]. According to the other introduction and
hypothesis mentioned before, | suspect that if LecB can alter the processes of cell adhesion and cell

migration via B1-integrin/FAK-Src/R-catenin signaling in the cells.

A. 1.3. Flotillins

A. 1.3.1. The structure and cellular function of flotillins

Flotillin-1 and flotillin-2 (also called reggie-2 and reggie-1) are discovered as neuronal proteins
upregulated in retinal ganglion cells during the regeneration of axons after lesions of the optic nerve,
implying that they contribute to regeneration [130]. Flotillin-1 and flotillin-2 are widely distributed and
highly conserved proteins, showing approximately 50% amino acid sequence identity. They are monotopic
integral membrane proteins, with molecular weights of 49 kDa and 47 kDa, respectively [131]. Flotillins
have three domains, an N-terminal stomatin/prohibitin/flotillin/HfIC/K (SPFH) domain, also known as
prohibitin homology domain (PHB) or “band 7 domain,” a central linear a-helical region, and a C-terminal
flotillin domain (Fig. A10.A)[132, 133]. The SPFH domains of flotillins present with six antiparallel B sheets
and four partially exposed a helices, forming an ellipsoidal-like globular domain, which is associated with
the cytoplasmic face of the bilayer [133, 134]. The SPFH domain contains two hydrophobic stretches that
could mediate its interaction with the inner leaflet of the plasma membrane (Fig. A10.B)[131]. Meanwhile,
the SPFH domain also contains putative cholesterol recognition amino acid consensus (CRAC) motifs

outside of the hydrophobic stretches, and these might participate in mediating the interaction of flotillins
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with membranes, and more specifically, with lipid rafts [131][135]. For example, flotillins can interact with
CRAC domains, and the translocation of flotillin-2 from the plasma membrane to the endocytic
compartments depends on at least one of these protein CRAC domains [136]. Meanwhile, the SPFH
domain allows the association of flotillins with cholesterol-rich membrane domains via interaction with
the hydrophobic amino acid stretches or with putative CRAC motifs and through posttranslational
modifications [137]. The SPFH domain of flotillins is involved in some cellular processes. For example, the
trafficking of flotillin-1 to the plasma membrane has been suggested to take place via a Golgi-independent
pathway and to depend on the SPFH domain [138]. The SPFH domain of flotillin-2 can bind to F-actin, and
this interaction regulates the lateral motility of flotillin microdomains [139]. It indicates that flotillin-2 is
involved in cell motility, which is the reason why | included flotillins in my project. With regards to C-
terminus, it includes the so-called flotillin domain that has been suggested to be involved in
oligomerization [131][140]. Heterooligomerization of flotillin-1 with flotillin-2 has been reported to be
mediated by the C-terminal part of the proteins [140]. Interestingly, the SPFH domain might also contain

some determinants that regulate flotillins heterooligomerization [131].
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Fig. A10: Structural features of flotillins.

(A) This figure depicts the linear representation of flotillin-1 and flotillin-2, highlighting the main functional motifs
and identified residues. It shows the coiled-coil (CC) motifs that have been experimentally proven to be involved in
the association between flotillin monomers. Specifically, the CC1 (amino acids 184-238) and CC2 (amino acids 239-
321) in flotillin-2 are represented. (B) The schematic representation illustrates a flotillin tetramer formed through
coiled-coil interactions between the flotillin domains. It also shows the association of the flotillin tetramer with the
plasma membrane in cholesterol-rich micro-domains through the SPFH domains [131].

Flotillins are shown to be involved in various cellular processes such as cell adhesion, cell migration, signal
transduction through receptor tyrosine kinases, as well as in cellular trafficking pathways [141]. The

functions of cell adhesion and cell migration are introduced in a next chapter. Here, in this paragraph, |
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focus on the functions of signal transduction and cellular trafficking. On the one hand, it has been reported
that flotillins are regulators of epidermal growth factor receptor (EGFR)/mitogen activated protein kinases
(MAPK) signaling upon direct stimulation of the EGFR in keratinocytes [142]. Meanwhile, flotillins are
identified as downstream targets of the mitogen activated kinases ERK1/2, leading to the activation of
growth factor receptors and transcription factors [143]. There are also many signaling pathways mediated
by flotillins [137], but | will only introduce two examples. Flotillin-1 can induce GTPase HRas and HRas/AKT
activation, inducing HRas-mediated invasion/migration in breast cancer cells [144]. Upregulating flotillin-
2 expression enhances the activity of PI3K/AKT3 and NF-kB, promoting malignancy of nasopharyngeal
carcinoma cells [145]. On the other hand, flotillins are the components of lipid rafts and are involved in
clathrin-independent endocytosis (CIE)[146]. Flotillins may mediate the transfer of a ligand to the
invagination rather than contribute to the endocytic process [146]. For example, flotillin-1 can colocalize
with early endosome (EE) marker, early endosome antigen 1 (EEA1), mediating protein kinase C (PKC)-
triggered endocytosis [147]. Meanwhile, flotillin-2 is a regulator of the Rab11a/SNX4-controlled sorting
and recycling pathway in Hela cells [148]. Flotillins not only interact with EE and recycling endosome (RE),
but also localize to some other endosomal structures, like late endosome (LE) and lysosome [149]. It

suggests that flotillins display a dynamic cellular localization and assist in endocytic trafficking cargo [141].

A. 1.3.2. The role of flotillins in cell adhesion
The membrane domains have crucial roles in the regulation of cell adhesion and signaling cascades [137].

As we know, flotillins are lipid raft-associated proteins that are present in nearly every type of vertebrate
cell and are highly conserved among organisms [133]. Thus, flotillins can play an important role in the
process of cell adhesion. It has been reported that flotillins are regulators of integrin-ECM adhesions [150],
and flotillin-2 can regulate a5R1-integrin trafficking and FA [151]. Indeed, flotillins play a role in
modulating integrin signaling and function, which are crucial for cell-ECM interactions, cell adhesion,
migration, and other cellular processes that depend on integrin-ECM adhesions. They are involved in the
dynamic regulation of integrin clustering and focal adhesion turnover, contributing to the overall
coordination of cell-ECM interactions and cellular responses to the extracellular environment [152].
Specifically, the knockdown (KD) of flotillin-2 leads to the increased number of FAs upon the stimulation
of fibronectin, and FAs are disorganized, as seen with paxillin and a581-integrin in the absence of flotillin-
2 [151]. Moreover, the flotillin-2 deletion mutant can enhance the activity of FAK and regulate cytoskeletal
remodeling [153]. Flotillins can colocalize with y-catenin and E-cadherin, and interaction domains in y-
catenin contain 12 ARM protein domains which is implicated in mediating protein-protein interactions
[154], resulting in epithelial cell-cell adhesion [155, 156]. Interestingly, flotillin-2 interacts with B-subunit
integrin via a-actinin, activating FAK phosphorylation which may affect FA and cell migration in vitro [152].
However, most research is about the function of flotillin-2 in cell adhesion, and the impact of flotillin-1 is
less understood. Here, in my project, | focused more research on the role of flotillin-1 in cell adhesion and

cell migration induced by LecB.
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A. 1.3.3. The role of flotillins in cell migration
In addition to the role of flotillins in cell adhesion and endocytosis, flotillins are a vital player in the process

of cell migration. For example, flotillins can bind to the insulin receptor CAP in vitro, resulting in the
activation of Rho GTPases, which contribute to cell migration through tissues and tissue-like environments
[157-159]. Specifically, the migration rate of ECs is upregulated by flotillin-1 and mediated by
phosphorylated flotillin-1 [160]. Meanwhile, Flotillin-1 is involved in the EMT process of several solid
tumors to promote metastasis, cell migration, and cell invasion [161]. The KD of flotillin-2 blocks wound
healing in A549 cells [162], suggesting that not only flotillin-1 but also flotillin-2 can mediate the process
of cell migration. Interestingly, the downregulation of flotillin-2 cells showed an overall reduced level in
activated Src kinases, which can positively regulate the B-catenin/Wnt signaling pathway [156][163, 164].
It indicates that a small panel of molecules relevant to Wnt/B-catenin pathway activity is devised, like
flotillins and Src, which arouses my interest regarding if flotillins mediate FAK-Src complex and Wnt/B-

catenin signaling induced by LecB.

A. 1.4. R-catenin signaling

A. 1.4.1. The structure of R-catenin

-catenin is an oncogenic protein that plays an important role in the Wnt signaling pathway and is an
important component of the cadherin cell adhesion complex [165, 166]. R-catenin has three domains, a
central domain, an N-terminal domain, and a C-terminal domain (Fig. A11.A). The central armadillo repeat
domain (residues 141-664) is composed of 12 armadillo repeats, and an N-terminal domain harbors the
binding site for B-catenin as well as the GSK3 and CK1 phosphorylation sites that are recognized by the 13-
TrCP ubiquitin ligase [167]. Specifically, the central domain is the most conserved region of B-catenin,
which is consistent with its role as the binding site for most B-catenin binding partners. The N-terminal
and C-terminal domains are sensitive to trypsin digestion and thus may be structurally flexible, whereas
the central domain forms a relatively rigid scaffold [167, 168]. The N-terminal and C-terminal domains can
interact with the armadillo repeat domain by a fold-back mechanism, which could regulate the partner-
binding properties of the armadillo repeat domain [167][169]. With regards to the N-terminal GSK3
phosphorylation sites (Fig. A11.B, C), B-catenin can phosphorylate at serine S33 and S37, which is an
essential tool in defining the interactions, distribution, regulation, and deregulation of B-catenin and its
role in signal transduction [165][167]. Besides, there are lots of phosphorylation sites of R-catenin
reported in the research. For example, Src can stimulate the phosphorylation of B-catenin at Y654,
resulting in the decreased affinity of E-cadherin for R-catenin [167].
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Fig. A11: Schematic representation of the B-Catenin.

(A) The protease-resistant fragment of B-Catenin, containing the armadillo repeat region, adopts a three-
dimensional structure. The core region of B-Catenin consists of 12 repeats of a 42-amino acid sequence motif known
as the armadillo repeat. These 12 repeats form a super helix of helices, resulting in a long, positively charged groove
in the proteolytically resistant fragment. However, the structure of the N and C terminal domains of B-Catenin
remains unresolved. (B) The full primary structure sequence of B-Catenin is depicted, with the 12 armadillo repeats
shown in green. The phosphorylation site containing the consensus motif DpSGXXpS is highlighted in yellow. (C) The

sequence of the phosphorylated B-Catenin fragment is provided for reference [165].

A. 1.4.2. The role of cadherin-catenin complex in cell adhesion
The cadherin-catenin complex plays a crucial role in epithelial cell-cell adhesion and the maintenance of

tissue architecture [170]. Cadherins extracellular domains join with the cytoplasmic tail to form signaling
hubs called AJs [171]. The catenins bind the intracellular domain of the cadherin to the actin cytoskeleton
through Als [170]. This interaction between the transmembrane cadherin and actin filaments of the
cytoskeleton is necessary for strong cell-cell adhesion (Fig. A12 right panel)[170][172]. Any dysfunction of
the cadherin-catenin complex reduces cell adhesion. For example, the dysfunction of the cadherin-catenin
complex has been reported in the neoplastic process leading to B-catenin accumulation in the cytoplasm
and nucleus of the tumor cells [171][173]. Interestingly, my target proteins, flotillins, can be involved in
the cadherin-catenin complex in cell adhesion. For example, flotillin-1 can interact with B-catenin and E-
cadherin and is required to build a cadherin-catenin complex containing membrane microdomains [174],
suggesting that flotillin-1 is a major regulator of the cadherin-catenin complex mediating cell adhesion in
both mesenchymal and epithelial cells. Meanwhile, the downregulation of flotillin-2 can induce the
disruption of the cadherin-catenin complex at Als in A431 cells [156], indicating that flotillin-2 also is

involved in the cadherin-catenin complex. Thus, | linked flotillins to B-catenin signaling induced by LecB.

E-cadherin, a transmembrane glycoprotein of five repeats and a cytoplasmic domain, is expressed

primarily in epithelial cells [175]. It has been reported that a5R1-integrin increases the transactivation of
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B-catenin, resulting in cell migration in glioma cells [176]. Meanwhile, the R1-integrin receptor can
activate GSK3pB phosphorylation and result in the nuclear translocation of B-catenin under the matrix
stiffness signal [177]. In addition, the nuclear accumulation of B-catenin can be triggered by integrins via
FAK signaling [123], and | have known that LecB can interact with B1-integrin [10]. It indicates that
integrins can be involved in the activation of B-catenin, which arouses my hypothesis that R1-integrin can
mediate the nuclear translocation of B-catenin via FAK signaling induced by LecB in the cells.

A. 1.4.3. The regulation of R-catenin signaling
Whnt signaling is a well-known potent pathway that activates nuclear R-catenin [178]. The highly branched

Wnt pathway includes a B-catenin-dependent transcriptional cascade and other branches that signal
through cytoskeleton, calcium, or planar cell polarity [179]. The Wnt/B-catenin signaling pathway is built
in such a manner that the activation of the signal at the membrane via the Frizzled receptors [180]. In the
absence of a Wnt signal, free cytoplasmic B-catenin is phosphorylated by serine/threonine kinases, casein
Kinase la (CKla) and GSK3R in a large APC/axin scaffolding ‘B-catenin destruction complex’ that targets R-
catenin for degradation (Fig A12 left panel)[167][178]. In the presence of Wnt signaling, this destruction
complex is disrupted, and dissociation of GSK3R prevents phosphorylation of B-catenin. This increased
stability of B-catenin leads to its translocation in the nucleus and induces transcriptional activation of
target genes by R-catenin interaction with T cell factor/lymphoid enhancer factor (TCF/LEF) DNA-binding
proteins (Fig. A12 left panel)[167][178]. Besides, integrin-mediated adhesion induces the
autophosphorylation of FAK at Y397, creating a binding site of Src [121]. FAK is probably responsible for
Src-dependent phosphorylation, resulting in the nuclear translocation of R-catenin in migration-induced
epithelial cells [181].

B-catenin locates at three positions, plasma membrane, cytoplasm, and nucleus, which have different
functions. B-catenin at the cell membrane balances adhesion and signaling [182], which have been
introduced previously regarding the cadherin-catenin complex in cell adhesion. In the cytoplasm, free -
catenin is recognized by the destruction complex and rapidly targeted for degradation. The
phosphorylated R-catenin is mediated by GSK3RB, undergoing degradation [182]. From our previous
research, | have verified that LecB can induce proteasomal B-catenin degradation depending on GSK3R
activity in H 1299 cells [5]. The inhibition or bypassing of B-catenin destruction leads to increased levels
of B-catenin, which accumulates in the cytoplasm and then translocates into the nucleus [182]. Nuclear
B-catenin signals are involved in many cellular functions, such as cell proliferation [183] and cell migration
[166][184]. Specifically, the wound healing process can promote the accumulation of R-catenin in the
nucleus [184], which arouses my interest regarding the effect of nuclear R-catenin on cell migration and
cell adhesion induced by LecB.
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Fig. A12: Roles of B-catenin in the cells.

Roles of B-catenin in the cell. B-catenin binds to E-cadherin and a-catenin at AJs. In the vicinity of these juctions, a-
catenin binds to actin as a homodimer. In the absence of Wnt signaling, B-catenin joins the destruction complex
(green, left panel), where it is phosphorylated by CK1a and GSK-3B, which causes it to be ubiquitylated by the B-
TrCP ubiquitin ligase and subsequently degraded by the proteasome. This results in the activation of Wnt-target
genes. Mutations in APC, axin or B-catenin lead to stabilization of B-catenin in the absence of a Wnt signal and
consequent upregulation of Wnt-target genes. B-catenin binds to E-cadherin and R-catenin at AJs (right panel) [167].
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A. 2. Project objectives

P. aeruginosa, an opportunistic pathogen, poses a significant threat to humanity as it continues to develop
increasing resistance against current treatment options. The virulence factors of P. aeruginosa, including
the fucose-specific lectin LecB, can cause severe infections in the host cells. According to the study of Dr.
Roland Thuenauer and Catherine Cott, LecB can block epithelial cell migration by triggering R-catenin
degradation. However, the molecular mechanisms of R-catenin degradation induced by LecB are unclear.
My hypothesis suggests that LecB enhances cell adhesion, leading to a larger number of cells adhering to
each other or the culture plate, ultimately resulting in a majority of immobilized cells. During my
investigation, | explored factors related to LecB, including flotillins and R1-integrin, as they play crucial
roles in cell adhesion and cell migration processes. The overall aims are to investigate the effect of P.
aeruginosa lectin LecB on cell adhesion and cell migration and the molecular mechanisms after the binding
of LecB on the host cells.

The three significant aims are:

Aim 1: To investigate the impact of flotillins on the process of cell adhesion and cell migration induced by
LecB

Numerous studies showed that flotillins are involved in the process of cell adhesion and cell migration. In
this project, the primary objective is to gain a deeper understanding of how flotillins mediate cell adhesion
and cell migration induced by LecB.

Aim 2: To verify the colocalization and co-precipitation of LecB with molecular factors, such as flotillin1/2
and R1-integrin

Based on our previous research, LecB can interact with B1-integrin in MDCK cells, and LecA can interact
with flotillin-1 in H1299 cells. This has led to a hypothesis that LecB may also interact with flotillins. Thus,
the second goal of our project is to investigate the potential crosslink between flotillins and R1-integrin

induced by LecB.

Aim 3: To investigate the molecular mechanisms behind LecB-induced nuclear accumulation of R-catenin.

LecB can induce a clear accumulation of B-catenin around centrosomes in H1299 cells in our previous
studies, resulting in the blockage of cell migration. While the specific molecular mechanisms that occur
after the binding of LecB to H1299 cells remained unclear. As the third aim of my project, | aimed to

investigate the outcomes following the binding of LecB in H1299 cells.
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A. 3. Materials and methods

A. 3.1. Cell culture and stimulation

The human non-small cell lung cancer cell H1299 (American Type Culture Collection, CRL-5803) control
cells and corresponding AFLOT1 cells (flotillin-1 knockout model) were cultured in Roswell Park Memorial
Institute (RPMI) 1640 medium (Gibco) supplemented with 10% fetal calf serum (FCS) (Gibco) and 2 mM L-
glutamine (Gibco) at 37°C and 5% CO,. The AFLOTI1 cell line was created previously using the CRISPR/Cas9
system [185].

Recombinant LecB (UniProt ID: Q9HYN5_ PSEAE) was transformed with the plasmid pET25pa21 and
produced from E.coli BL21 (DE3). LecB was purified as previously described [9]. LecB was dissolved in PBS
(with Ca/Mg) (Gibco) and used at a concentration of 50 pg/ml (1.06 uM). LecB was fluorescently labelled
with Alexa Fluor488 (Thermo Fisher Scientific) monoreactive NHS ester and purified with Zeba Spin
desalting columns (Thermo Fisher Scientific) according to the manufacturer’s instructions. The fluorescent
LecB was called LecB-A488. Biotinylated LecB was obtained using sulfo-SS-Biotin (Thermo Fisher Scientific)
according to manufacturers’ instructions and dialyzed twice for 1 h in water and once in PBS overnight at
4°C. The biotinylated LecB was called LecB-Biotin.

To block fucose-binding sites of LecB, L-fucose (Sigma-Aldrich) was dissolved in ultrapure water, sterile
filtered, and used at a final concentration of 43 mM in the presence or absence of LecB according to our

previous research [5][10].

A. 3.2. Transient siRNA transfection
H1299 control and AFLOT1 cells were transfected with on-target SMART pools of control siRNA (Horizon

Discovery, D-001810-01-20) and flotillin-2 (FLOT2) siRNA (Horizon Discovery, L-003666-01-0010). The
silencing of flotillin-2 in H1299 control cells was called FLOT2 knockdown (KD) cells, while the silencing of
flotillin-2 in AFLOT1 cells was called AFLOT1/FLOT2 KD cells. During the incubation with a mixture of 100
nM siRNA and Lipofectamine 2000 (Thermo Fisher Scientific, 11668027), cells were kept in serum-free
medium for 12 h incubation at 37°C and then in RPMI 1640 medium supplemented with 10% FCS and 2%
L-glutamine at 37°C, according to the manufacturer’s protocol. LecB stimulation was performed 48 h post-
silencing.

A. 3.3. Wound healing assay

Cells were seeded in 6-well plates (Sigma-Aldrich) and allowed to form monolayers with 100% confluent
for 2 days at 37°C. Then, the monolayers were scratched with a 200 ul tip to create a wound. Images were
acquired at indicated time points using a 10X air objective (NA=0.25) under an optical microscope (EVOS

XL Cell Imaging System). Distances between both cell fronts were measured by Image J. A dashed line was
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drawn at the wound's edge, indicating the cell front. The distance between two dashed lines was
measured at 0 h as the initial distance of the wound. At the indicated time points, the migration distance

was described as the distance of the wound subtracted from the initial distance.

A. 3.4. Cell adhesion assay

24-well plates (Sigma-Aldrich) were coated with 0.5 mg/ml streptavidin or 1 pg/ml fibronectin (R&D
Systems) overnight, and all procedures were conducted at 37°C. After that, plates were blocked with 1%
(wt/vol) BSA (Sigma-Aldrich) or TBST buffer (LI-COR Biosciences) for 1 h. After washing with PBS twice,
either 50 ug/ml LecB-Biotin for streptavidin-coated plates or 50 ug/ml LecB for fibronectin-coated plates
was added into the wells for 1 h. Then, cells were seeded in the plate at a density of 1 x 10° cells per well.
The non-adherent cells were washed away with PBS after the indicated time points. Cells were stained
with Cell Mask deep red plasma membrane stain (Thermo Fisher Scientific, C10046), and images were
acquired for indicated time points using 20X air objective (NA=0.45) with the EVOS microscope. The
number of adherent cells in the images was counted by Image J.

A. 3.5. Single-cell force spectroscopy measurements and analysis
35 mm Petri dishes with a polymer coverslip bottom (ibidi) were coated with 1 pug/ml fibronectin (R&D

Systems) overnight, and all procedures were conducted at 37°C. After blocking with TBST buffer (LI-COR
Biosciences) and washing twice with PBS, 50 pug/ml LecB was added to the surface for 1 h incubation in
LecB treatment groups. After that, Petri dishes were washed twice with PBS, and changed to Hanks'
balanced salt solution (HBSS) (Gibco) supplemented with 1% (vol/vol) FBS, 1% (vol/vol) L-glutamine, 1%
(vol/vol) non-essential amino acids solution (NEAA) (Pan Biotech), 0.55% (vol/vol) Glucose solution (Gibco),
10 mM (vol/vol) HEPES buffer solution (Gibco).

All force measurements were performed using a CellHesion 200 (JPK BioAFM, Bruker Nano GmbH)
integrated with an inverted Nikon Ti microscope equipped with a 20X multi immersion objective
(NA=0.45). The incubator chamber in which the AFM was housed was conditioned at 37°C. Silicon nitride
probes (cantilever C, MLCT-010, Bruker Nano GmbH) were first plasma-cleaned and coated with 3.5 pg
Cell-tak (Corning, 354240)/cm? for 20 min. The redundant Cell-tak was washed away with Milli-Q H.O.
Using the AFM system, we caught a suspended H1299 cell with the Cell-tak-coated cantilever constants
of 0.02+0.005 N/m. During the measurement, the cantilever slowly approached the fibronectin-coated
surface, became in contacted, was retracted it, and the force-distance curves were obtained by recording
the cantilever deflection. For the curve measurements, the approach and retract velocity was 1 um/s, the
contact force was 1 nN, the contact time was either 0 s or 5 s, and the pulling length was 50 um. Each data
set was generated using about 30-40 cells, and 1-5 force curves were recorded in each cell. The Fq curves

were computed using JPK data processing software (version 6.1.163).
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A. 3.6. Immunofluorescence, confocal microscopy and image analysis
Cells were grown on 12 mm glass coverslips in a 4-well Nunc plate (Thermo Fisher Scientific) to 70%

confluence at 37°C. Cells were treated with either 50 pg/ml LecB or 50 pg/ml LecB-A488 for indicated time
points. Then, cells were fixed with 4% (wt/vol) paraformaldehyde (PFA) for 10 min at RT, and quenched
with 50 mM ammonium chloride for 5 min at room temperature (RT). For the staining of flotillin-1
antibody, the cells were subjected to ice-cold methanol for 8 min at -20°C after the quenching. The cells
were incubated with 0.2% (vol/vol) Saponin (Thermo Fisher Scientific) in PBS at RT. After that, the cells
were blocked with 3% BSA (vol/vol) (Carl Roth) in PBS and subsequently stained with primary and
corresponding secondary antibodies at RT. The nucleus and F-actin were counterstained with DAPI
(Sigma-Aldrich) and phalloidin ATTO 565 (Sigma-Aldrich), respectively. Cells were mounted using Mowiol
medium (Carl Roth) containing DABCO (Carl Roth). Images were acquired with a Nikon microscope (Eclipse
Ti-E A1R system) with a 60X oil immersion objective (NA=1.49). Co-localization was calculated by Fiji
Imagel) 1.0 software using the Coloc2 plugin, and the accumulation of R-catenin in the nuclei was
measured using a home-made FlJI macro available here: https://github.com/taras-sych/Beta-catenin-

guantification.

The following antibodies were used for immunofluorescence stainings in this study: anti-Flotillin-1 (Cell
Signaling Technology, #18634), anti-EEA1 (BD Biosciences, 610457), anti-Rab9 (Cell Signaling Technology,
#5118), anti-Rab11(Cell Signaling Technology, #5589), anti-R-catenin (BD Biosciences, 610153), anti-FAK
(Y397) (Thermo Fisher Scientific, 44-624G) followed by goat-anti-rabbit Alexa Fluor 647 (Thermo Fisher
Scientific, A21245 ). Anti-Flotillin-2 (BD Biosciences, 610383) and anti-LAMP1 (Cell Signaling Technology,
#9091) followed by goat anti-mouse Alexa Fluor 647 (Thermo Fisher Scientific, A21236). Anti-R1-integrin
(R&D Systems, AF1778) followed by donkey anti-goat Cy3 (Jackson ImmunoResearch, 705-165-147), and
anti-FAK (Thermo Fisher Scientific, AHO1272) followed by donkey anti-mouse Alexa Fluor 488 (Thermo
Fisher Scientific, A21202).

A. 3.7. SDS-PAGE and immunoblot analysis
Cells were seeded in a 6-well plate (Sigma-Aldrich) at a density of 3 x 10° cells per well at 37°C. After the

LecB treatment, the cells were washed with cold PBS and lysed in RIPA buffer [20 mM Tris-HCI, pH 8, 0.1%
(wt/vol) SDS, 10% (vol/vol) glycerol, 13.7 mM NacCl, 2 mM EDTA and 0.5% (wt/vol) sodium deoxycholate
in water] supplemented with protease (Merck) and phosphatase inhibitors (Merck). The protein
concentration was determined by using a BCA kit assay (Thermo Fisher Scientific) according to
manufacturer’s instructions. Then, the protein samples were separated via SDS-PAGE gel electrophoresis
and subsequently transferred onto a nitrocellulose membrane. The membranes were blocked in either 5%
(wt/vol) non-fat milk powder (Carl Roth) or 1% (wt/vol) BSA powder (Sigma-Aldrich) in TBS supplemented
with 0.1% (vol/vol) Tween-20 (Bio-Rad) at RT for 1 h, and incubated with target primary antibodies
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overnight at 4°C and corresponding secondary antibodies for 1 h at RT. For stripping membranes, the
membranes were incubated in harsh stripping buffer [1 M Tris-HCI, pH 6.8, 10% (wt/vol) SDS in water]
supplemented with 0.8% (vol/vol) B-mercaptoethanol at 55°C for 30 min, then blocked in 5% non-fat milk
blocking buffer for 1 h at RT, followed by the incubation of target primary antibodies overnight at 4°C and
corresponding secondary antibodies for 1 h at RT. Finally, protein bands were visualized via ECL
chemiluminescent substrate (Bio-Rad) using the Vilber Lourmat Fusion FX chemiluminescence imager

(Peqglab Biotechnology).

Following antibodies were used for immunoblot analysis in this study: anti-flotillin-1 (Cell Signaling
Technology, #18634), anti-FAK (Y397) (Thermo Fisher Scientific, 44-624G), anti-Src (Y416) (Cell Signaling
Technology, #6943), anti-Src (Cell Signaling Technology, #2123), anti-GAPDH (Sigma-Aldrich, G9545)
followed by anti-rabbit-HRP (Cell Signaling Technology, #7074). Anti-flotillin-2 (BD Bioscience, 610383)
and anti-FAK (Thermo Fisher Scientific, AHO1272) followed by anti-mouse-HRP (Cell Signaling Technology,
#7076). Anti-R1-integrin (R&D Systems, AF1778) followed by donkey anti-goat-HRP (Jackson
ImmunoResearch, 705-035-147).

A. 3.8. Immunoprecipitation
For immunoprecipitations, the Capturem IP & Co-IP kit (Takara, 635721) was used according to the

manufacturer’s instructions. Briefly, H1299 cells were treated with 50 ug/ml LecB for indicated time points
at 37°C and lysed by the provided lysis buffer supplemented with a protease inhibitor cocktail. After the
normalization of the protein concentrations based on the BCA assay, an aliquot of the protein lysates was
set aside to serve as input protein. The remaining protein lysates were incubated with the target primary
antibodies for 1 h at 4°C. The antibody/antigen complex was loaded on equilibrated spin columns. The
unbound antibodies were washed away with the provided washing buffer. After that, the complex was
eluted in the elution buffer. Input samples and eluate samples were mixed with 5X SDS loading buffer and
subjected to SDS-PAGE gel electrophoresis for further analysis.

The following antibodies were used for immunoprecipitation in this study: anti-flotillin-1 (Cell Signaling
Technology, #18634), anti-flotillin-2 (Sigma-Aldrich, F1680), anti-R1-integrin (BioLegend, 303002).

A. 3.9. Pull-down assay
H1299 cells were seeded in a 6-well plate (Sigma-Aldrich) at a density of 3 x 10°cells per well at 37°C. Cells

were stimulated with 50 pg/ml LecB-Biotin for indicated time points and lysed with a lysis buffer [25 mM
Tris/HCl, 150 mM NaCl, 1 mM EDTA, 1% (wt/vol) NP-40 and 5% (vol/vol) glycerol in water] supplemented
with protease (Merck) and phosphatase inhibitors (Merck). After the normalization of the protein
concentrations based on the BCA assay, an aliquot of the protein lysates was set aside to serve as input

protein. Input proteins were denatured with 5X SDS loading buffer and boiled at 95°C for 10 min. The
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remaining protein lysates were incubated with magnetic streptavidin beads (Thermo Fisher Scientific)
overnight, rotating at 4°C. Subsequently, beads were washed with lysis buffer three times at 4°C. Pulled-
down (PD) proteins were eluted with 2X SDS loading buffer and boiled at 95°C for 10 min and subjected
to SDS-PAGE gel electrophoresis for further analysis.

A. 3.10. Statistical analysis
All data were obtained from at least three independent experiments and are presented as the means +

standard error of the mean (SEM). Statistical analysis was performed using two-tailed unpaired t-test,
one-way or two-way ANOVA, or Kruskal-Wallis test to determine the significance of the data. Tests with

a P-value < 0.05 are considered statistically significant and marked by asterisks.
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A. 4. Summary of results and discussion

A. 4.1. LecB enhances flotillins-mediated cell adhesion and attenuates cell migration
As an opportunistic pathogen, P. aeruginosa is one of the most common pathogens found in infected
wounds [186]. It was reported that LecB attenuates epithelial cell migration significantly [5][9] and LecB
was involved in cell adhesion which plays an integral role in cell communication and regulation, such as
cell migration [57]. In order to assay if LecB is sufficient to promote cell adhesion to a substrate, | first
conducted cell adhesion assays with LecB bound via biotin to streptavidin-coated plates. The presence of
LecB increased cell adhesion in a time-dependent manner from 1.3- (1 h) to 3.5-fold (24 h) compared with
the untreated groups. As L-fucose applied in higher concentrations (43 mM) saturates the carbohydrate-
binding pockets of LecB, highly reduced binding of LecB to the cell membrane of MDCK cells [10] and
H1299 cells [5] could be detected in former studies. In this study, L-fucose (applied in a concentration of
43 mM) blocked LecB-mediated cell adhesion for indicated time points (Fig. A13.A, Supplementary Fig.
1.A). Flotillins (flotillin-1 and 2) play a role in cell-matrix adhesion during cell spreading [152][187]. To
investigate the impact of flotillin-1 in LecB-triggered cell adhesion and cell migration, | used an established
stable CRISPR-Cas9 knockout model of FLOT1 (AFLOT1) in H1299 cells [185], which was verified by SDS-
PAGE and immunoblot analysis (Supplementary Fig. 2.A). | performed cell adhesion assays in AFLOT1 cells,
and found that the adhesion of AFLOT1 cells on LecB-coated surfaces only increased significantly after 12
h with a rise from 1.2- to 1.4-fold, in comparison to H1299 control cells for which the LecB-triggered cell
adhesion significantly increased after 30 min. The presence of L-fucose dampened the effect of LecB on
cell adhesion to approximately the untreated level in AFLOT1 cells (Fig. A13.B, Supplementary Fig. 1.B).
Additionally, to figure out the effects of flotillin-2, | used RNA interference (RNAi) technique with flotillin-
2 siRNA to silence the expression of flotillin-2 in H1299 control cells (FLOT2 KD cells), which was confirmed
by SDS-PAGE and immunoblot analysis (Supplementary Fig. 2.B). From the immunoblot results, | observed
more than 95% silencing of flotillin-2 expression in H1299 control cells after RNAI. In the following, | aimed
at elucidating the role of flotillin-2 alone and together with flotillin-1 for cell adhesion. The adhesion of
FLOT2 KD cells on LecB-coated surfaces only increased significantly after 12 h with a rise from 1.1- to 1.3-
fold. The presence of L-fucose suppressed the increased LecB-triggered cell adhesion compared with the
untreated groups (Fig. A13.C, Supplementary Fig. 1.C). Upon the depletion of both flotillin-1 and flotillin-
2 (AFLOT1/FLOT2 KD cells), LecB did not further enhance cell adhesion at indicated time points (Fig. 13.D,
Supplementary Fig. 1.D). Notably, the number of adherent AFLOT1/FLOT2 KD cells was significantly lower
than the number in H1299 control, AFLOT1, and FLOT2 KD cells. Since flotillins are required for the
formation of functional cell-cell junctions (CCJs) and cell-cell adhesions [131][174]. | speculated that the
silencing of both flotillin-1 and flotillin-2 decreased the ability of cell adhesion to the Petri dish, indicating
fewer AFLOT1/FLOT2 KD adherent cells. These findings clearly point to a functional link between the

microbial virulence factor LecB and the host cell flotillins in cell adhesion processes.

The dynamic cell adhesion is mediated through molecular binding with the non-covalent interactions

between cell surface receptors and their ligands of the ECM. Cell-ECM mechanical interactions can
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influence lots of cell behaviors and functions [60]. For example, cells interact mechanically with the ECM
by their internal actin-myosin machinery, mediating distant cell communication and essential cellular
processes such as cell migration and orientation [188]. Thus, | conducted to mimic the ECM-coated plates
to assess the ability of cell adhesion for the treatment of LecB. | coated the glass bottom of Petri dishes
with fibronectin overnight, then blocked the surface with TBST blocking buffer, followed by an incubation
either with or without 50 pg/ml LecB at 37°C for 1 h. After that, the AFM cantilever with a single,
immobilized H1299 cell was slowly approach to the coated surfaces (i.e. fibronectin-only or fibronectin
plus LecB), and force-distance curves with contact times of 0 s and 5 s, respectively, were recorded by
SCFS. The maximum downward force exerted on the cantilever of the AFM is referred to as F4[73], which
was depicted as the strength of cell-fibronectin or cell-LecB-fibronectin binding in our study. For a contact
time of 0 s, the average Fq4 value for fibronectin-coated surfaces (23.8£19.3 pN) was significantly lower
than for fibronectin plus LecB-coated surfaces (224.1+174.5 pN) (Supplementary Fig. 3.A). Extending the
contact time to 5 s, it depicted that the average Fq4 value for fibronectin-coated surfaces (53.8+18.2 pN)
was significantly smaller than for fibronectin plus LecB-coated surfaces (419.6+211.6 pN) (Supplementary
Fig. 3.A). Our data provided an additional shred of evidence that LecB incubation significantly increased
the interaction forces with cells by binding to fibronectin for a contact time of 0 s and 5 s, respectively. It
suggested that LecB increased fibronectin-dependent cell adhesion ability in H1299 cells. By analyzing
typical retraction curves in untreated and LecB groups, | found that the majority of rupture events (or
unbound events) occured in LecB groups (Supplementary Fig. 3.A). More incidences of adhesion on the
LecB-fibronectin complexes at the cell membrane were detected, indicating the higher affinity when LecB
was bound to fibronectin. Besides, | performed cell adhesion assay via fibronectin-coated plates with
H1299 control and AFLOT1 cells, and histograms showed similar trends compared with that in LecB-Biotin-
streptavidin-coated surfaces. The adhesion of H1299 control cells on fibronectin-coated surfaces
constantly increased after LecB treatment (Supplementary Fig. 3.B), compared with AFLOT1 cells for which
LecB only significantly increased cell adhesion forces on fibronectin-coated surfaces after 12 h
(Supplementary Fig. 3.C). Nevertheless, L-fucose inhibited the rise of fibronectin-dependent cell adhesion
mediated by LecB in H1299 control and AFLOT1 cells.
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(Untreated). Cells were stained at 0.5, 1, 3, 6, 12, 18 and 24 h with Cell Mask deep red plasma membrane stain (red)

(A) H1299 control cells, (B) AFLOT1 cells, (C) FLOT2 KD cells, and (D) AFLOT1/FLOT2 KD cells were seeded in 12-well
plates which were coated with streptavidin and LecB-Biotin sandwich with or without L-fucose or only streptavidin

Fig. A13: LecB enhances cell adhesion and attenuates wound healing influenced by flotillins.



and counted via Imagel. Error bars indicate means + SEM of N = 5 biological replicates. **p <0.01 vs Untreated, ***p
< 0.001 vs Untreated (two-way ANOVA). #itp < 0.001 vs LecB groups (two-way ANOVA). (E) H1299 control cells, (F)
AFLOTI cells, (G) FLOT2 KD cells, and (H) AFLOT1/FLOT2 KD cells were grown to 100% confluent in 6-well plates,
scratched by a pipette tip, and stimulated LecB with or without L-fucose as indicated. Distances between the cell
fronts were acquired after 0.5, 1, 3, 6, 12, 18 and 24 h. Error bars indicate means = SEM of N =5 biological replicates.
**p < 0.01 vs Untreated, ***p < 0.001 vs Untreated (two-way ANOVA). ##p < 0.01 vs LecB groups, ###p < 0.001 vs
LecB groups (two-way ANOVA).

To investigate the migratory activity of cells, | performed scratch wound healing assays. The cell
monolayers were scratched with a 200 pl pipette tip to create a wound either with or without the
treatment of 50 pg/ml LecB and the presence of 43 mM L-fucose. LecB stimulation inhibited the wound
healing process with a significant rise from 1.8- to 25.8-fold decrease compared with untreated groups
from 0.5 h to 3 h, however, the presence of L-fucose neutralized to untreated level in H1299 cells. For
longer stimulation periods from 6 h to 24 h, LecB stimulation significantly blocked the process of cell
migration from 25.3- to 6.0-fold (Fig. 13.E, Supplementary Fig. 4.A). To investigate the impact of flotillins
on LecB-mediated cell migration, | also performed scratch wound healing assays with AFLOT1 cells, FLOT2
KD cells, and AFLOT1/FLOT2 KD cells. With the silencing of flotillin-1 and flotillin-2 alone in the cells, the
collective cell migration and wound healing was dampened after 12 h LecB treatment. LecB significantly
inhibited the AFLOT1 cells migratory rate by 32% and 44% after 18 and 24 h, respectively (Fig. A13.F,
Supplementary Fig. 4.B), and decreased the FLOT2 KD cells migratory rate from around 18% to 40% at 18
h and 24 h, respectively (Fig. A13.G, Supplementary Fig. 4.C). It indicated that the silencing of flotillin-1
and flotillin-2 alone postponed the wound healing process, which was blocked by LecB in H1299 control
cells. Adding L-fucose restored flotillin-mediated cell migration induced by LecB. Notably, there was no
blockage of cell migration for the condition of LecB in AFLOT1/FLOT2 KD cells (Fig. A13.H, Supplementary
Fig. 4.D), suggesting that the silencing of both flotillin-1 and flotillin-2 suppressed the blockage of LecB on

wound healing.

In summary, LecB had the ability to enhance cell adhesion and attenuate cell migration, which was
neutralized by L-fucose in H1299 control cells. Meanwhile, LecB had less capability to increase cell
adhesion and decrease cell migration with the situation of silencing of flotillin-1 or flotillin-2 alone
expression in the cells. Nevertheless, LecB could not mediate the cell adhesion and cell migration with the

silencing of both flotillin-1 and flotillin-2.

A. 4.2. LecB colocalizes and co-precipitates with flotillin-1 and flotillin-2 and is

involved in the cellular trafficking pathway
Since the absence of host flotillins somehow dampens the effects of the bacterial lectin LecB, | were

curious about if and where LecB and flotillins could interact. First, we investigated by immunofluorescence

whether LecB colocalizes with flotillin-1 and/or flotillin-2. H1299 control cells were incubated with LecB-
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A488 for indicated time points, fixed and stained with antibodies towards flotillin-1 or flotillin-2. The
immunofluorescence results demonstrated that the recruitment of flotillin-1 and flotillin-2 to the plasma
membrane and cytoplasm was mediated by LecB in a time-dependent manner (white asterisks in Fig. 14.A,
B). The fluorescence signals overlapped between flotillin-1 and LecB at the plasma membrane at 1 h, with
the Manders' colocalization coefficient (M1=0.090+£0.040) (Fig. A14.C, Supplementary Fig. 5.A). After that,
| found that LecB was observed in puncta-like structures that colocalized with the signal of flotillin-1 in
perinuclear regions at 3 h of stimulation with the Manders' colocalization coefficient (M1=0.317+0.022)
(Fig. A14.A, C). During longer stimulation periods, the Manders' colocalization coefficient (M1) between
LecB and flotillin-1 increased from 0.394+0.012 (12 h) to 0.464+0.014 (24 h) (Fig. A14.C). For the
recruitment of flotillin-2, flotillin-2 was detected almost exclusively in the perinuclear region in the
untreated cells but re-localized to the plasma membrane upon LecB treatment at 1 h, with the Manders'
colocalization coefficient (M1=0.102+0.004) (Supplementary Fig. 5.B). Then, LecB was observed in
punctuated structures that colocalized with flotillin-2 in perinuclear areas at 3 h, with the Manders'
colocalization coefficient (M1=0.105+0.005) (Fig. A14.B, C). For the longer stimulation periods, the
Manders' colocalization coefficient (M1) between LecB and flotillin-2 increased from 0.344+0.013 (12 h)
to 0.457+0.017 (24 h) (Fig. A14.C). Besides, | performed immunoprecipitation of LecB to assess potential
interactions between LecB and flotillins. The normalized protein lysates were incubated with flotillin-1 or
flotillin-2 antibodies on ice for 1 h, and the unbound antibodies were washed away. The protein
lysate/antibody complexes were loaded to the spin column for further SDS-PAGE and immunoblot analysis.
On the one hand, in a time-course immunoprecipitation assay, | found an increase of the co-precipitated
levels of flotillin-1 and flotillin-2 in the eluted fractions with LecB (Fig. A15.A, B), which indicated that LecB
interacted with both flotillin-1 and flotillin-2 in H1299 control cells. On the other hand, | screened for
potential LecB-interacting proteins via a pull-down assay in control cells. Lectin-bound membrane
fragments were isolated using streptavidin beads together with biotinylated LecB and were assessed by
SDS-PAGE and immunoblot analysis. | detected the recruitments of flotillin-1 and flotillin-2 in the eluted

fractions, suggesting that LecB interacted with flotillin-1 and flotillin-2 (Fig. A15.C).
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Fig. Al4: Flotillins are recruited to the plasma membrane with LecB treatment.

(A) H1299 control cells were treated with LecB-A488 (green) as indicated and analyzed by a confocal fluorescence
microscope with immunostaining for flotillin-1 (red) and counterstained for DNA (DAPI, blue). White asterisks
pointed at colocalizations. Scale bar, 20 um. (B) H1299 control cells were treated with LecB-A488 (green) as indicated
and analyzed by a confocal fluorescence microscope with immunostaining for flotillin-2 (red) and counterstaining
for DNA (DAPI, blue). White asterisks pointed at colocalizations. Scale bar, 20 um. (C) Manders’ colocalization
coefficient (M1) quantified between the fluorescence signals of LecB and flotillin-1 were statistically compared to
untreated groups. Error bars indicate means + SEM of N = 3 biological replicates. *p < 0.05 vs Untreated, **p <0.01
vs Untreated, ***p < 0.001 vs Untreated (Kruskal-Wallis test).
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Fig. A15: Flotillins can interact with LecB.

(A) H1299 control cells were stimulated as indicated, and immunoprecipitation of flotillin-1 co-precipitated LecB
after 1 h and 3 h stimulation. (B) Immunoprecipitation of flotillin-2 co-precipitated LecB after 1 h and 3 h stimulation.

(C) Pull-down assay verified that flotillins interacted with LecB.

Intracellular trafficking plays a vital role in the delivery of proteins in various eukaryotic cells [189]. From
the literature, the intracellular trafficking of LecB has for so long been ill defined, but the trafficking of
other lectins has been revealed. For example, endogenous lectin, galectin-3, is a B-galactoside binding
lectin that mediates many physiological functions, including the binding of cells to the ECM for which the
glycoprotein a5B1-integrin [190], and the intracellular trafficking pathways between the plasma
membrane and endosomal organelles [191]. It was reported that galectin-3 was sorted into the EE.
Consequently, galectin-3 converged with newly synthesized cargo from the trans-Golgi network (TGN) in
EE to the RE [191]. Therefore, | hypothesized that LecB could be trafficked to different endocytic
compartments in the cells, like galectin-3. To uncover the trafficking pathway of LecB, | focused on the
different endocytic compartments, such as EE marker EEA1, LE marker Rab9, RE marker Rab11l and
lysosome marker LAMP1 via immunofluorescence assay. H1299 cells were incubated with LecB-A488 for
indicated time points. To determine the intracellular trafficking of LecB, the fixed cell were stained for
EEA1, Rab9, Rab11, and LAMP1, respectively. The EE is the initial destination for protein internalized from
the plasma membrane [191]. Here, LecB was observed in puncta-like structures that colocalized with the
signal of EEA1 in a time-dependent manner (Supplementary Fig. 6.A) with the Manders' colocalization
coefficient (M1) between 0.100+0.005 and 0.510+£0.026 from 3 h to 24 h stimulation, respectively (Fig.
A16). Then, the EE compartment is a major cellular sorting station from which cargo molecules can either
be trafficked to the LE [192]. The co-localizations between LecB and Rab9 were observed in perinuclear
regions after 6 h stimulation (Supplementary Fig. 6.A). However, the Manders' colocalization coefficient
(M1) between LecB and Rab9 was at the peak with the value of 0.437+0.023 at 18 h, which was lower
than the Manders' colocalization coefficient (M1) of LecB and EEA1 (Fig. A16). After that, the LE travels to
the lysosome for degradation or is transported to the RE for recycling to the plasma membrane [192]. On
the one hand, the fluorescence signal of LecB and LAMP1, which was represented by Manders'
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colocalization coefficient (M1), overlapped predominantly in perinuclear regions from 0.197+0.020 (6 h)
to 0.213+0.015 (24 h) (Fig. A16, Supplementary Fig. 6.C), with a maximum Manders' colocalization
coefficient (M1=0.280+0.020) at 12 h (Fig. A16). On the other hand, in addition to the trafficking of
lysosome, LecB revealed considerable co-staining on Rab11 after 3 h stimulation (Supplementary Fig. 6.D),
with a maximum Manders' colocalization coefficient (M1=0.43440.013) at 6 h (Fig. A16). Interestingly, the
values calculated for the Manders' colocalization coefficient (M1) of LecB with Rab9, LAMP1, and Rab11
were lower than that for LecB with EEA1. Especially, the decreasing colocalizations of LecB with Rab9 and
LAMP1 were reported after 12 h treatment of LecB. While the colocalizations of LecB with EEA1 went up
continually with the treatment of LecB, which indicated that degradation of LecB was later than the
accumulation of LecB with EE, the majority of cargo occurred in EEA1-positive EE and was recycled back
to the plasma membrane partly. Based on our results, we clearly observed that LecB bound on the cell
membrane at 1 h and 3 h of stimulation, then LecB was endocytosed to cytoplasmic and perinuclear

regions after 6 h stimulation.
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Fig. A16: The Manders' colocalization coefficient (M1) between LecB and endosome markers.

Manders' colocalization coefficient (M1) quantified between the fluorescence signals of LecB with different
endosome markers were statistically compared to untreated groups. Error bars indicate means + SEM of N = 3
biological replicates. *p < 0.05 vs Untreated, **p <0.01 vs Untreated, ***p < 0.001 vs Untreated (two-tailed unpaired
t-test).

In summary, flotillins were recruited to the plasma membrane in the course of LecB stimulation. Flotillin-
1 and flotillin-2 colocalized with LecB in H1299 cells. In the time-course of LecB stimulation, LecB was
transported to EE, LE, lysosomes and RE, and the trafficking pathway of LecB was interfered by the

expression of flotillins in the cells.
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A. 4.3. Flotillin-1 co-precipitates with B1-integrin and attenuates the internalization

and expression of B1-integrin in the cells
Integrins are a family of transmembrane molecules which constitute the principal cell adhesion receptors

for the ECM [82], and the establishment of solid cell adhesion inhibits cell migration [193]. From our
previous results, LecB interacted directly with the carbohydrate of R1-integrin, verified by lectin blot assay,
and caused its internalization, which had a potential role in the blockage in cell migration in MDCK cells
[10]. A supposition arose if there is a link between flotillins and B1-integrin, since it was demonstrated
that LecB interacted with both, flotillins and B1-integrin.

To elucidate potential interactions between flotillins and R1-integrin already before or as a result of LecB
treatment, | first verified if LecB interacts with R1-integrin in H1299 cells. | performed an
immunoprecipitation assay, the normalized protein lysates were incubated with R1-integrin antibodies,
and the unbound antibodies were washed away. The protein lysate/antibody complexes were loaded to
the spin column for further SDS-PAGE gel electrophoresis and immunoblot analysis. The result
demonstrated that R1-integrin could be detected with LecB in the eluates of the corresponding
immunoprecipitation of LecB-treated H1299 cell lysates (Fig. A17.A). Interestingly, | also noticed a
decrease in co-precipitated R1-integrin, while an increase in co-precipitated LecB from 1 h to 3 h in
comparison with the untreated condition (Fig. A17.A). In addition, | investigated the interactions between
flotillins and R1-integrin via immunoprecipitation assay, the normalized protein lysates were incubated
with flotillin-1 antibodies. The results confirmed that flotillin-1 and R1-integrin could be detected together
in the corresponding eluates of the immunoprecipitation as a result of LecB treatment (Fig. A17.B), but
not flotillin-2 and R1-integrin (Supplementary Fig. 7.A). In detail, | observed a faint band of co-precipitated
flotillin-1 and a strong band of co-precipitated R1-integrin in the untreated condition, suggesting that
flotillin-1 slightly interacted with R1-integrin without LecB treatment (Fig. A17.B). To the contrary, a much
stronger band of co-precipitated flotillin-1 was shown upon LecB stimulation at 1 h compared with the
untreated conditions, and a strong band of co-precipitated R1-integrin was observed upon LecB treatment
at 1 h as well (Fig. A17.B). Furthermore, the co-precipitated R1-integrin at 3 h decreased compared with
the untreated conditions (Fig. A17.B). It indicated that LecB promoted the interaction between B1-integrin
and flotillin-1 at 1 h stimulation, while the interaction started dissociating at 3 h stimulation. Thus, |
focused more on the interaction between 1-integrin and flotillin-1 afterwards. | further investigated the
colocalization between flotillin-1 and R1-integrin via immunofluorescence assay, where | stained H1299
control cells with antibodies directed towards R1-integrin and flotillin-1, respectively. From the results, |
found a time-dependent colocalization between flotillin-1 and R1-integrin for the condition of LecB in cells
(colocalization marked by white asterisks in Fig. A17.C, Supplementary Fig. 7.B). From 1 h to 3 h incubation
of LecB, R1l-integrin and flotillin-1 partially colocalized at the cell membrane, and other parts of the
colocalizations were nearby the nuclei in puncta-like structures. From 6 h to 24 h incubation of LecB, the
colocalizations between B1-integrin and flotillin-1 concentrated only in perinuclear regions (A17.C,
Supplementary Fig. 7.B). | quantified the Manders’ colocalization coefficient (M1) of flotillin-1 and R1-
integrin with or without LecB treatment of H1299 cells via Image J, the histogram depicted that the
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Manders’ colocalization coefficient (M1) increased by 1.3- to 1.7-fold from 1 h to 24 h stimulation of LecB
(A17.D).

Next, to uncover if flotillins influence R1-integrin internalization triggered by LecB treatment, | incubated
H1299 control cells, AFLOT1 cells, FLOT2 KD cells, and AFLOT1/FLOT2 KD cells with LecB in a time-course.
The fixed cells were stained for 1-integrin. Immunofluorescence results showed that R1-integrin started
to concentrate in perinuclear regions already after 1 h LecB treatment, and more than 90% of internalized
R1-integrin were observed nearby nuclei from 6 h to 24 h LecB treatment in H1299 control cells (Fig.
A18.A). Similarly, in AFLOT1 and FLOT2 KD cells, the fluorescence signal of B1-integrin was also in vesicular
structures and perinuclear regions after 6 h of LecB treatment (Fig. A18.B, Supplementary Fig. 7.C).
Strikingly, in AFLOT1/FLOT2 KD cells, the majority of the fluorescence signal of R1-integrin was detected
at the cell membrane, while the minority of B1-integrin was internalized into the cytoplasm from 1 h to
24 h LecB incubation compared with the untreated conditions (Supplementary Fig. 7.D). Moreover, | used
SDS-PAGE gel electrophoresis and immunoblot analysis to detect the expression of R1-integrin in H1299
control and AFLOT1 cells. The results demonstrated that the expression of R1-integrin increased around
1.3- to 1.7-fold from 1 h to 6 h of incubation with LecB, but decreased by 1.2- to 2.0-fold from 12 h to 24
h LecB treatment compared with untreated conditions in H1299 control cells (Fig. A18.C). In comparison,
the expression of R1-integrin raised around 1.1- (6 h) to 2.1-fold (24 h) in AFLOT1 cells (Fig. A18.D). This
indicated that the expression and internalization of R1-integrin were affected by flotillins, especially by
flotillin-1 triggered by LecB incubation.
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Fig. A17: Flotillin-1 can interact with B1-integrin induced by LecB.
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(A) H1299 control cells were stimulated as indicated, and immunoprecipitation of R1-integrin co-precipitated LecB
after 1 h and 3 h stimulation. (B) H1299 control cells were stimulated as indicated, and immunoprecipitation of 81-
integrin co-precipitated with flotillin-1, after 1 h and 3 h LecB stimulation. (C) H1299 control cells were treated with
LecB as indicated and analyzed by a confocal fluorescence microscope with immunostaining for 81-integrin (red),
flotillin-1 (green), and counterstained for DNA (DAPI, blue). White asterisks pointed at colocalizations. Scale bar, 20
pm. (D) Manders’ colocalization coefficient (M1) quantified between the fluorescence signals of flotillin-1 and $1-
integrin were statistically compared to untreated groups. Error bars indicate means + SEM of N = 3 biological
replicates. *p < 0.05 vs Untreated, **p < 0.01 vs Untreated, ***p < 0.001 vs Untreated (one-way ANOVA).
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Fig. A18: Flotillin-1 interferes the expression of B1-integrin induced by LecB.

(A) H1299 control cells and (B) AFLOTI cells were treated with LecB as indicated and analyzed by a confocal
fluorescence microscope with immunostaining for R1-integrin (red), and counterstained for DNA (DAPI, blue). Scale
bar, 20 um. (C) H1299 control cells and (D) AFLOT1 cells were treated with LecB as indicated and R1-integrin protein
level was expressed by SDS-PAGE and immunoblot analysis. Histograms depict R1-integrin protein level. Error bars
indicate means + SEM of N = 3 biological replicates. **p < 0.01 vs Untreated, ***p < 0.001 vs Untreated (one-way

ANOVA).
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Taken together, R1-integrin interacted with flotillin-1 but not with flotillin-2 in H1299 cells. LecB triggered
the cellular internalization of B1-integrin in the cells, while host cell flotillins attenuated the internalization

and expression of B1-integrin with LecB treatment.

A. 4.4. Flotillin-1 mediates FAK signaling induced by LecB
Cell adhesion and cell migration suggest cytoskeletal remodeling, which is led by the crosstalk between

FAK and Wnt/R-catenin signaling pathway [127]. Flotillin-deficient A431 cells migrated faster in a wound
healing assay. In addition, increased membrane motility in flotillin-deficient Hela cells correlated with high
FAK expression [151]. Thus, | sought to characterize the flotillin-1 and FAK/R-catenin expression axis

induced by LecB.

First, to determine the interaction between flotillins and FAK, | utilized immunoprecipitation assays. The
normalized protein lysates were incubated with flotillin-1 and flotillin-2 antibodies individually, the
unbound antibodies were washed away. The results confirmed a time-dependent recruitment of FAK to
flotillin-1 in H1299 cells, which is only induced by LecB treatment (Fig. A19.A), but not flotillin-2 and FAK
could be detected together in the corresponding eluates of the immunoprecipitation as a result of LecB
treatment (Supplementary Fig. 8.A). This indicated that FAK interacted with flotillin-1 in a LecB-dependent
manner. Meanwhile, | observed an IgG heavy chain band in the immunoprecipitation elutes (Fig. A19.A),
slightly higher than the flotillin-1 band. According to the literature, the higher band was an unspecific
band. It pointed towards IgG heavy chain around 50-55 kDa from the protein A sepharose incubated in
anti-flotillin-1 in the absence of the eluted samples [194]. Integrin-mediated cell adhesion leads to the
phosphorylation of FAK Y397 (pFAK), which serves as the major site of autophosphorylation, creating a
binding site for Src kinase [121]. This active FAK-Src complex facilitated Rac activation, lamellipodia
formation and cell migration in polarized cells [101]. Thus, | detected the level of pFAK in H1299 control
and AFLOTI cells after LecB treatment via SDS-PAGE gel electrophoresis and immunoblot assay. From the
analysis, | monitored a nearly 1.3-fold increase of pFAK from 1 h to 6 h LecB treatment and a decrease
from 2.3-fold to 2.9-fold from 18 h to 24 h compared with the untreated conditions respectively, in H1299
control cells (Fig. A19.B). The amounts of pFAK did not change before 12 h LecB treatment, while
significantly increased by 2.4-fold at 24 h LecB treatment in AFLOT1 cells (Fig. A19.C). Moreover, | also
observed the phosphorylation of Src at Y416 (pSrc) in H1299 control and AFLOTI1 cells, respectively. The
results indicated that a burst from 1.4-fold to 1.7-fold from 1 h to 6 h of LecB stimulation in H1299 control
cells, while a strong rise of approximately 1.8-fold from 18 h to 24 h in AFLOT1 cells (Supplementary Fig.
8.B, C). FAK promotes normal and cancer cell migration by regulating focal adhesion formation and
turnover through multiple signaling connections [113]. Thus, | further investigated in detail the
distribution of FAK and pFAK in H1299 control and AFLOTI1 cells via immunofluorescence assay. H1299
cells were treated with LecB for indicated time points, fixed and stained with antibodies towards pFAK
and FAK, and with phalloidin to stain F-actin in the cells. White boxes point to the cell periphery, where
FAs are mostly located . From the insets, the puncta of FAK and pFAK were typically localized at the leading
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edges, such as lamellipodia and filopodia in the untreated control cells (examples are indicated by white
asterisks in Fig. 6d). In H1299 control cells, the FAK and pFAK staining rather concentrated in the cytoplasm
and less at the leading edges at different time points from 1 h to 24 h LecB stimulation compared with
untreated conditions (white asterisks in Fig. A19.D, Supplementary Fig. 8.D). Regarding F-actin, the
formation of stress fibers was observed in the untreated groups in H1299 control cells, which contrasted
with redistribution and dissociation of F-actin for the LecB-treated conditions after 12 h of LecB
stimulation (Fig. A19.D, Supplementary Fig. 8.D). Strikingly, there were more protrusions of FAK and pFAK
at the front of lamellipodia and filopodia AFLOT1 cells in the untreated and 1 h to 6 h LecB-treated
conditions, and the puncta of FAK and pFAK localized in the cytoplasm in the untreated and LecB-treated
conditions (white asterisks in Fig. A19.E, Supplementary Fig. 8.E). Moreover, | counted the number of FAs,
which showed a significant drop from 2.2- (1 h) to 116.6-fold (24 h) and a slighter decrease from 1.3- (1 h)
to 6.4-fold (24 h) in H1299 control and AFLOT1 cells, respectively (Fig. A19.D, E), suggesting that flotillin-

1 mediated the number of FAs with the treatment of LecB.

To sum up, FAK interacted with flotillin-1, but not with flotillin-2 in H1299 cells. LecB induced the
phosphorylation of FAK at Y397 and Src at Y416, and distributed the location of FAs. Furthermore, flotillin-

1 mediated FAK-Src complex expression and the distribution of FAs induced by LecB in the cells.

A. 4.5. LecB induces flotillins-dependent nuclear translocation of B-catenin
B-catenin is localized in several intracellular pools, which indicates different functions. For instance, the

membrane-bound pool of B-catenin is involved in intercellular adhesion, whereas the cytoplasmic and
nuclear pool of 3-catenin is a central component of the Wnt pathway [195]. The FAK-triggered -catenin
signaling pathway through the nuclear translocation of R-catenin and transcriptional activation of 13-
catenin target gene in vivo, such as c-Myc [126]. Our results identified that flotillin-1 interacted with FAK
and changed the expression and distribution of pFAK and FAK with the treatment of LecB. Thus, |
speculated that flotillin-1 probably mediates the translocation of R-catenin activated by LecB-induced
phosphorylation of FAK.
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(A) H1299 control cells were stimulated as indicated, and immunoprecipitation of FAK co-precipitated with flotillin-
1, after 1 h and 3 h LecB stimulation. (B) H1299 control cells and (C) AFLOT1 cells were treated with LecB as indicated
and FAK Y397 and FAK protein level was expressed by SDS-PAGE and immunoblot analysis. Histograms depict FAK
Y397 protein level in H1299 control and AFLOT1 cells, respectively. Error bars indicate means = SEM of N = 3 biological
replicates. **p < 0.01 vs Untreated, ***p < 0.001 vs Untreated (one-way ANOVA). (D) H1299 control cells and (E)
AFLOT1 cells were treated with LecB as indicated and analyzed by a confocal fluorescence microscope with
immunostaining for FAK Y397 (green), FAK (red), F-actin (magenta) and counterstained for DNA (DAPI, blue). White
boxes show the cell periphery of FAs, and white asterisks point at FAs which are counted for analysis. Histograms
depict the number of FAs per cell. Error bars indicate means + SEM of N > 50 cells. *p < 0.05 vs Untreated, **p < 0.01
vs Untreated, ***p < 0.001 vs Untreated (one-way ANOVA). Scale bar, 20 um.

To investigate if LecB has an impact on the membrane-bound pool of R-catenin, | used the
immunofluorescence technique for staining cells with a R-catenin antibody to observe the localization of
R-catenin in LecB-treated cells. The results confirmed a reduction of B-catenin fluorescence at the cell
membrane in a time-dependent manner, and a significant accumulation of B-catenin in nuclei from 3 h to
24 h LecB treatment in H1299 control cells (Fig. A20.A). It indicated that B-catenin was located from the
plasma membrane to nuclei, especially after 3 h stimulation there was less signal of $-catenin at the
plasma membrane compared with the untreated groups. | also quantified the fluorescence intensity of
nuclear R-catenin, the histogram depicted a significant increase from 1.5- (1 h) to 2.6-fold (24 h) with the
treatment of LecB. Besides, the presence of 43 mM L-fucose blocked the accumulated intensity of nuclear
3-catenin at 24 h of LecB stimulation in H1299 control cells, while incubation with L-fucose alone did not
influence the membrane-bound pool of B-catenin (Fig. A20.A, Supplementary Fig. 9). To understand the
effect of flotillins on the LecB-induced nuclear translocation of R-catenin, | stained with an antibody
towards B-catenin in AFLOT1 cells, FLOT2 KD cells, and AFLOT1/FLOT2 KD cells. | monitored a reduction of
-catenin at the plasma membrane of AFLOT1 cells, and an accumulation of R-catenin in the perinuclear
regions but not in the nuclei from 1 h to 24 h stimulation of LecB. Meanwhile, the perinuclear areas of -
catenin were normalized to the untreated level (i.e. without LecB) in presence of L-fucose (Fig. A20.B).
The distribution of B-catenin in FLOT2 KD cells was similar to that of AFLOT1 cells, where more signals of
R-catenin were located in the cytoplasm compared to less accumulation of B-catenin in the nuclei (Fig.
A20.C). In addition, LecB stimulation did not change the nuclear translocation of B-catenin in
AFLOT1/FLOT2 KD cells, where less fluorescent R-catenin was accumulated in the nuclei in the untreated
and LecB-treated groups (Fig. A20.D).

In summary, LecB induced the nuclear translocation of R-catenin, which was blocked by L-fucose.
Moreover, the silencing of flotillins interrupted the accumulation of B-catenin in LecB-treated cells.

68



A Control ControI+F LOT2 KD

Untreated Untreated

12 h 24 h+L-fucose 24 h+L-fucose

3.5+ 3.5
‘D 3.04 D 3.0~
o — - e
S 2 * o 2 254
o g 254 2c
® £ 204 i o E 2.0+
c o B
'?'E 1.5 = c 154
® o 29
c = © 1.0 -
o © 1.0+ @ .
o9 =1 ¢
< 0.5 2 0.5
0.0 - T T T T 0.0 = T T T T
Untreated1 3 6 12 18 24 24 Untreated1 3 12 18 24 24
LecB 5 § i + + * + LecB + - + + . - ks
L-fucose +
L-fucose Time (h) + Time (h)
B AFLOT1 AFLOT1+FLOT2 KD
Untreated Untreated
24 h+L-fucose 24 h+L-fucose
3.5+ 3.5+
3.0 4 3.0 4
2.5 - 25+
2.0 4 2.0

Density ratio of
-catenin in nuclei

] ko

STl |11

Density ratio of
B-catenin in nuclei

B

Untreated1 24 Untreated1 12 18 24 24

LecB + LecB +* + + +

A L-fucose +
L-fucose Time (h) + Time (h)

Fig. A20: LecB triggers the accumulation of B-catenin to nuclei depending on flotillins.

(A) H1299 control cells, (B) AFLOT1 cells, (C) FLOT2 KD cells, and (D) AFLOT1/FLOT2 KD cells were treated with LecB
or without LecB (Untreated) and analyzed by a confocal fluorescence microscope with immunostaining for B-catenin
(red) and counterstained for DNA (DAPI, blue). Scale bar, 20 um. Histograms depict the density ratio of B-catenin in
nuclear. Error bars indicate means £ SEM of N > 150 cells. **p < 0.01 vs Untreated, ***p < 0.001 vs Untreated
(Kruskal-Wallis test). ###p < 0.001 vs LecB groups (Kruskal-Wallis test).
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A 4.6. Discussion
In this study, | reveal that LecB can trigger flotillin-1-mediated R1-integrin/FAK-Src signaling and

downstream signal R-catenin, which leads to the promotion of cell adhesion and attenuation of cell
migration in H1299 cells. In accordance with previous studies, LecB reduces the level of cytoplasmic -
catenin depending on GSK3R-dependent phosphorylation, resulting in the inhibition of tissue repair
processes in H1299 cells [5]. Meanwhile, LecB significantly inhibits collective cell migration and wound
healing, which is blockable with L-fucose in MDCK monolayers [10]. Here, our findings provide more
evidence of the molecular mechanisms of the LecB-induced suppressed cell migration and elevated cell
adhesion, which is blocked by L-fucose in H1299 cells.

| demonstrate that LecB can enhance flotillins-mediated cell adhesion and attenuate cell migration in
H1299 cells. Flotillins form a family of two ubiquitously expressed and highly conserved proteins with
particularly high expression levels in heart, brain and lungs [196]. However, the molecular mechanism of
flotillins still need to be understood, especially in the aspect of cell adhesion and cell migration. On the
one hand, flotillins are involved in the process of cell-cell adhesion, whereas they can stabilize adherens
junctions on the plasma membrane [131]. Meanwhile, flotillin-1 from lamprey shares is highly
homologous with the sequence from humans, and the overexpression of flotillin-1 can upregulate the
adhesion molecules mRNA levels, such as intercellular cell adhesion molecule 1 (ICAM1) and vascular cell
adhesion molecule 1 (VCAM1) in human carcinoma cells, indicating that flotillin-1 plays an essential role
in cell adhesion [197]. On the other hand, flotillin-1/2 are reported to colocalize and interact with E-
cadherin and -catenin at CClJs in myoblasts [174]. Flotillins are required to build E-cadherin-containing
lipid microdomains and allow E-cadherin stabilization at CCJs, triggering cell-cell adhesion integrity and
for the formation of functional CCJs [131][174]. These are in agreement with our results that flotillins have
an impact on lung cancer cell adhesion. However, in microenvironments, ECM is essential for cell adhesion
and cell migration. Thus, | mimic a fibronectin circumstance instead of a streptavidin-coated Petri dish to
measure the flotillin-1-mediated cell adhesion via cell adhesion assay and SCFS. There is not much
literature regarding the research on flotillins and fibronectin. One example is that the overexpression of
flotillin-2 accelerates, and its depletion inhibits cell spreading on fibronectin [187]. A similar phenotype is
described in that significantly fewer flotillin-1 and FLOT2 KD cells have migrated towards fibronectin as
compared to control siRNA-transfected Hela cells [152]. Furthermore, FLOT2 KD affects the distribution
of FAs and increases the number of FAs in Hela cells on fibronectin [151]. These examples suggest that
flotillins are essential for cell-matrix adhesion structures. Our data provide an additional line of evidence
that LecB increased fibronectin-dependent cell adhesion ability with a significantly high value of F4 in
H1299 cells with the contact times of 0 s and 5 s, which means that LecB can promote more cells adherent
to fibronectin. Besides, cell adhesion histograms show that LecB increases the ability of cell adhesion in
H1299 control cells in a fibronectin environment, but the risen ability of cell adhesion is postponed in
AFLOTI cells after 12 h LecB treatment. Our new insight that LecB enhances the fibronectin-dependent
cell adhesion mediated by flotillin-1 in human lung cancer cells, which favors that flotillins KD can increase

FAs formation on fibronectin, inducing a stable adhesion [57][187].
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Regarding cell migration, | have known a shred of evidence of the blockage of LecB-induced cell migration
but less understanding of flotillins-mediated cell migration. Cott et al. found that LecB can block wound
healing and cell proliferation with the reduced level of cytoplasmic -catenin in H1299 cells [5]. Thuenauer
et al. found the inhibition of epithelial cell and polarized cell migration caused by LecB with the
internalization of a3R1-integrin and the activation of PI3K and Rac, respectively [10]{40]. In comparison
with these results, | first introduce the research on LecB-induced cell adhesion and cell migration with the
interactions between LecB and flotillins in H1299 cells. Whereas the same results of the migration rate via
scratch assay perform on endothelial cells and endothelial cells overexpressing flotillin-1, indicating that
flotillin-1 does not affect cell migration [160]. To the contrary, the overexpression of flotillin-1 not only
promotes the gastric cancer cell migration and invasion, but also increases the wound healing ability of
gastric cancer cells [161]. Various studies describe the different cellular functions of flotillin-1 on different
cell types regarding the process of cell migration. Considering this diversity of flotillin-1-mediated cell
migration, it arouses our interest in the impact of host cell flotillins on LecB-suppressed cell migration.
Thus, | first find that LecB can enhance flotillins-mediated cell adhesion and attenuate cell migration in
H1299 cells. Moreover, | observe that the silencings of flotillin-1 or flotillin-2 and both flotillin-1/2 do not
significantly influence the wound healing rate in H1299 cells. Those findings are strongly supported by the

overexpression of flotillin-1 does not affect cell migration [160].

Interestingly, the intracellular trafficking of LecB is first observed via EE, LE, lysosome, and RE in H1299
cells in our findings. From our previous paper, Landi et al. have demonstrated a similar intracellular
trafficking of LecB in keratinocytes, where LecB is transported to autophagosomes, LEs, and lysosomes [9].
Nevertheless, LecB is not detected in REs in keratinocytes [9], which is quite different to the intracellular
trafficking of LecB in H1299 cells. Because LecB is endocytosed together with IGF1R and subsequent
transports towards autophagosomes without receptor activation, inducing the suppression of
keratinocyte survival and cell cycle arrest [9]. The internalized structures of LecB in keratinocytes [9] are
similar to puncta-like structures of LecB in the perinuclear regions in H1299 cells. In addition, galectin-3
can be transported to EE, LE and RE for recycling to the cell membrane in polarized MDCK cells [191][198],
which is similar to the trafficking of LecB in H1299 cells. Furthermore, galectin-3 is reported to colocalize
with N-cadherin and B-catenin at CCJs, decreasing the stability of CCJs and the integrity of cell-cell
adhesion in human carcinoma cells [199]. Galectin-3 can bind cells to the ECM via R1-integrin in mouse
embryonic fibroblasts, driving cell membrane bending and the glycosphingolipid-dependent formation of
plasma membrane invaginations [198]. Besides, it also binds to R1-integrin in breast cancer cells,
organizing the redistribution of integrins on the cell surface thereby enhancing cellular spreading or
motility [200]. These results favor that galectin-3 can bind to integrins and change the cellular morphology
to enhance cell migration, which is the opposite of our results. Here, | find that LecB can bind to host cell
R1-integrin and distribute the FA structures to block the process of cell migration in H1299 cells. In
polarized MDCK cells, basolateral LecB application leads to marked clustering of endogenous galectin-3,
suggesting that LecB outcompetes galectin-3-integrin interaction [10]. Thus, B1-integrin could bind to
more LecB than endogenous galectin-3 to block lung cancer cell migration.
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Which signaling cascades are LecB able to trigger during the process of cell adhesion and cell migration?
Here, | pay more attention on RB1-integrin/FAK-Src/R-catenin signaling cascades in H1299 cells. The first
line of evidence can be deduced from our experiments regarding the interactions between LecB and
flotillins, LecB and R1-integrin and flotillins and R1-integrin. | have known that LecB interacts with R1-
integrin in MDCK cells [10], and lectin LecA interacts with flotillin-1 and internalizes into H1299 cells
together [185]. Thus, | hypothesize that LecB may cross-link different molecular factors, like flotillin-1 and
B1-integrin, due to its character as a tetramer [35], then it generally activates signaling pathways, like FAK-
Src complex and R-catenin signaling intracellularly. Here, | find the colocalization between LecB and
flotillins on the cell membrane, the co-precipitation of LecB and flotillins, and the co-precipitation of LecB
and B1-integrin in H1299 cells. These findings indicate the fact that LecB regulates flotillins and R1-integrin
interacting together, which triggers the downstream signaling, leading to the process of cell adhesion.
Besides, results depict the co-precipitation between flotillin-1 and B1-integrin, but not with flotillin-2 in
H1299 cells. After LecB stimulation, there is less B1-integrin interacting with flotillin-1 in H1299 control
cells, indicating that B1-integrin potentially degrades with the LecB treatment, which is also shown in the
B1-integrin protein expression starting to decrease after 12 h LecB treatment. This is in agreement with
the finding by others that degradation of internalized R1-integrin induced by LecB in polarized cells with
the inhibition of epithelial wound healing [10]. Without the expression of flotillin-1, R1-integrin
endocytoses into cells partly in comparison with B1-integrin internalizing into H1299 control cells after 6
h LecB treatment, and the protein expression of R1-integrin goes up constantly. Based on these results, |
demonstrate that flotillin-1 mediates the expression of R1-integrin induced by LecB. The second derives
from our previous mass spectrometry data. By mass spectrometry analysis of LecB pull-down fractions in
keratinocytes, | determine that LecB may interact with flotillins and FAK capable of cell migration and cell
adhesion [9]. This makes it on one hand more hints for us to investigate FAK signaling cascade. On the
other hand, there has been speculation in the literature about flotillins involved in FAK signaling in the
process of cell adhesion and migration. It has been reported that flotillin-2 co-traffics with a5R81-integrin
and affects the turnover of FAs in Hela cells [151], but the co-trafficking between flotillin-1 and R1-integrin
remains still unclear. Flotillin-1 is capable of binding a-actinin [152], where the cytoplasmic integrin B-
subunit tail can bind in Hela cells. These results point out that flotillin-1 activates FAK and colocalizes with
a-actinin in lamellipodia-like structure upon integrin stimulation, inducing enhanced cell migration,
especially the increased metastasis formation [152]. These examples are in agreement with our finding
that LecB triggers flotillin-1-mediated FAK signaling pathway and reorganizes the localizations of FAs in
H1299 cells.

The nuclear accumulation of B-catenin through the LecB-triggered cascade | describe here will need
further clarification. It has been depicted that integrin mediates the FAK-Src complex [113], and its
engagement results in elevated levels of nuclear R-catenin, increasing R-catenin-regulated promoter
activation, and transcriptional activation of Wnt/R-catenin target genes, like GSK3R in ovarian carcinoma
cells [201]. Interestingly, the N-terminal SPFH domain of flotillins can bind to F-actin, which regulates the

lateral motility of flotillin microdomains and influences the formation of flotillin platforms [131]. In
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addition, FAK is connected to alterations in the polymerization or stabilization of F-actin and microtubule
[101], which is supported by our observations that the scaffolding protein flotillin-1 assembles with FAK
triggered by LecB in H1299 cells. LecB activates the R1-integrin downstream FAK-Src complex at early time
points and inactivates FAK-Src complex after 12 h LecB stimulation, followed by the nuclear translocation
of B-catenin in H1299 cells. These signaling cascades are also mediated by flotillin-1 that FAK-Src complex
is activated constantly with LecB treatment after 12 h, followed by more R-catenin concentrating
perinuclear areas and cytoplasm in AFLOT1 cells. Interestingly, flotillin-1 assists B-catenin export via
exosomes to regulate the Wnt signaling pathway through the exosomal discharge of R-catenin in HEK
293T cells [202], and flotillins can interact with R-catenin and E-cadherin at CCls as mentioned above [174].
Meanwhile, membrane-cytoskeletal protein 4.1 N interacts with flotillin-1 in non-small cell lung cancer
cells [163]. 4.1 N KD can enhance the protein expression of flotillin-1 and cytosolic -catenin, resulting in
the suppression of cell proliferation and migration [163]. These samples highly favor our observations
that flotillins mediate the intracellular expression of R-catenin induced by LecB in H1299 cells. FAK-Src
complex can activate the Racl-GTP level, resulting in membrane ruffling lamellipodia which is the
formation of the motile cell surface [121].In particular, Src can interact with flotillin-1, and cytoskeleton
remodeling precedes flotillin re-ordering related to spectrin remodeling during capacitation in vivo [203].
This evidence substantially agrees with our hypothesis that LecB can bind with B1-integrin and triggers
the following FAK-Src complex and B-catenin signaling mediated by flotillin-1 in H1299 cells. Khalili et al.
has depicted an evaluation of cell adhesion stages in the literature. Phase | is initial attachment, Phase Il
is flattening, which is intervened by integrins bonding, and Phase Il is fully spreading and the structural
organization decided by FA structures [57]. Our results favor the steps of cell adhesion in that LecB has its
tetrameric crystal structure to attach the host cells and promote the majority of cells adhere together.
After that, LecB can regulate the interaction of flotillins and R1-integrin, and activate the expression of
R1-integrin bond to ECM. Then, LecB can trigger FAK-Src complex and its downstream 3-catenin signaling
and distribute the localizations of FAs, lamellipodia- and filopodia-like structures mediated by flotillin-1 in
H1299 cells.

In addition, evidence has accumulated recently regarding FAK-Src complex and R-catenin signaling
triggered by bacteria and lectins. Foodborne pathogen Campylobacter jejuni activates the
phosphorylation of FAK at Y397 and Src via the fibronectin-binding protein CadF, which is a well-known
bacterial outer membrane protein, inducing filopodia formation and enhancing bacterial invasion in
fibroblasts [204]. | have known that LecA, which has a similar function to LecB since their similar
guaternary structures [34], has the ability to block H1299 cell migration [205] and LecA-mediated increase
in phosphorylation of Src kinases at Y416 from 1 h to 3 h stimulation in H1299 cells [185]. Besides, galectin-
1 can induce FAK hyperactivation by selectively amplifying the avp3-integrin signal, leading to
hepatocellular carcinoma cell invasion and lung metastasis [119]. Our findings that LecB inhibits H1299
cell migration with increased phosphorylation of FAK at Y397 and Src at Y416 from 1 h to 6 h stimulation
provide more insight into bacterial lectins trigger Src signaling cascade. Regarding R-catenin signaling, P.
aeruginosa infection reduces the cytosolic B-catenin level and increases the nuclear R-catenin level in
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murine macrophages, inducing macrophage autophagy [206]. It suggests that B-catenin is translocated to
the nucleus following P. aeruginosa infection, which favors our previous results regarding the degradation
of cytosolic R-catenin induced by LecB [5], resulting in the nuclear accumulation of B-catenin induced by
LecB in H1299 cells.

A. 4.7. My contributions
With support from Prof. Dr. Winfried Roémer (principal supervisor), DR1-CNRS Dr. Christopher G. Mueller

and helps from Dr. Taras Sych and Dr. Ramin Omidvar, | conceptualized and conducted the study. During
this time, | co-mentored two thesis students whose contributions were partly incorporated into the

publication manuscript:

e Celine Enderle: internship and B.Sc. thesis, manuscript co-author

e Anna-Sophia Kittel: internship and M.Sc. thesis, manuscript co-author

My contributions to the publication manuscript, all publication figures, and all the experiments include

these points:

1) Identify the increased cell adhesion and decreased cell migration induced by LecB, flotillins mediating
in the process of cell adhesion and cell migration (with Celine Enderle for the cell adhesion part, Anna-
Sophia Kittel for the cell migration part, Dr. Ramin Omidvar for the AFM part).

2) Investigate the interactions between LecB and flotillin-1/2 with imaging by confocal microscopy and
immunoprecipitation assay.

3) Investigate the interaction between flotillin-1 and B1-integrin and the internalization of B1-integrin
mediated by flotillin-1/2 with the treatment of LecB with imaging by confocal microscopy and
immunoprecipitation assay.

4) Identify LecB triggering B1-integrin/FAK-Src/R-catenin signaling cascade mediated by flotillin-1 with
imaging by confocal microscopy and immunoprecipitation assay (with Dr. Taras Sych for the
quantification of R-catenin signal).
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A. 5. Conclusions

With more and more cases of socioeconomic infections of P. aeruginosa, | should pay more attention to
the interplay between the bacterial virulence factor LecB and the process of cell adhesion and cell
migration. P. aeruginosa is an opportunistic pathogen that has the ability to adhere to host cells, which is
critical for initiating infections. Bacterial lectins are recognized as adhesins which are a specific target for
host cell surface glycoconjugates [47], followed by some cellular processes, such as the blockage of wound

healing [5][10], the arrest of the cell cycle [9] and the attenuation of cell proliferation [5].

Here, in my first part of the project, | introduce a scaffold protein, flotillin, which is involved in cell
adhesion, cell migration, and cellular trafficking [141]. Notably, flotillin-1/2 is reported to interact with
LecA, assisting P. geruginosa invasion into host cells [185]. The findings revealed that LecB, as a bacterial
adhesin, severely enhances the process of cell adhesion and attenuates the process of cell migration in
human non-small cell lung cancer cell H1299. | unraveled that LecB had less capability to increase
streptavidin-dependent cell adhesion and decrease cell migration with the knockout of flotillin-1 or the
KD of flotillin-2 alone expression in H1299 cells. It indicated that LecB enhanced flotillin-mediated cell
adhesion and attenuated cell migration in H1299 cells. | used fibronectin instead of streptavidin and LecB-
Biotin to mimic the common microenvironment. | found that LecB increased fibronectin-dependent cell
adhesion ability, which was mediated by flotillin-1. Moreover, | found the colocalization and interaction
between LecB and flotillin-1/2. Furthermore, | introduced R1-integrin as another interactor of LecB. |
found that B1-integrin could interact with flotillin-1 but not with flotillin-2 induced by LecB. Meanwhile,
the silencing of flotillin-1/2 could postpone the intracellular trafficking of R1-integrin triggered by LecB.
Consequently, | identified that LecB triggered the recruitment of flotillins, especially flotillin-1, as an
essential interactor of LecB. LecB also induced the FAK-Src complex, and LecB changed the position of FAK
from the leading edge of cells to the cytoplasm. The knockout of flotillin-1 recused the decreased FA
number induced by LecB. Moreover, LecB induced the nuclear accumulation of R-catenin, which was
blocked by the silencing of flotillin-1/2. In AFLOT1/FLOT2 KD cells, there was no translocation of B-catenin
in nuclei, but most B-catenin was in the cytoplasm nearby the nuclei. Thus, | revealed that LecB could
trigger B1l-integrin/FAK-Src signaling and its downstream signal R-catenin mediated by flotillin-1.
Translocation of R-catenin in the nucleus induces transcriptional activation of target genes by B-catenin
interaction with TCF/LEF DNA-binding proteins, leading to activate the expression of c-Myc and cyclin D1,
which induce cell proliferation, migration, and invasion [207](Fig. A21). Nevertheless, | did not verify the
interaction between of B-catenin and TCF/LEF and the expression of c-Myc and cyclin D1 induced by LecB.
| identified that L-fucose inhibited flotillins-mediated cell adhesion and cell migration and affected the
nuclear translocation of R-catenin induced by LecB, providing more evidence that L-fucose could heal the
wound infected by P. aeruginosa LecB.
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Fig. A21: The scheme of the crucial role of host cell flotillins in aggravating LecB-mediated cell migration and adhesion

and signaling cascades.

Upon infecting human body surfaces, skin or lung, P. aeruginosa-produced LecB would bind host cells. This leads to
dysfunction of cell adhesion and cell migration. As a consequence, LecB binds to host cell flotillins on the cell
membrane, and triggers R1-integrin/FAK/R-catenin signaling cascades, resulting in the enhancement of cell adhesion
and attenuation of cell migration. Dashed grey ovals point the undectcted results. Translocation of R-catenin in the
nucleus induces transcriptional activation of target genes by R-catenin interaction with TCF/LEF DNA-binding
proteins, leading to activate the expression of c-Myc and cyclin D1, which induce cell proliferation, migration, and

invasion.
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A. 6. Outlook

In the first part of the project, | demonstrated a novel interactor of LecB, flotillin-1, in H1299 cells.
Moreover, LecB could trigger R1-integrin/FAK-Src signaling and its downstream signal B-catenin mediated
by flotillin-1, resulting in promoted cell adhesion and suppressed cell migration. However, some open

guestions require further attention.

Flotillins have been implicated in plenty of cellular processes, such as cell adhesion and cell migration,
cell-cell adhesion, cytoskeleton rearrangement, membrane trafficking as well as host cell invasion by P.
aeruginosa infection [141][174][185]. Moreover, mass spectrometry analyses revealed the presence of
receptors within the enriched proteins in the LecB pull-downs in keratinocytes [9]. The data showed the
potential interaction between LecB and flotillin-1. Besides, | screened several interesting molecular factors,
which are also involved in the process of cell adhesion and cell migration, like ICAM1, epithelial cell
adhesion molecule (EPCAM), basal cell adhesion molecule (BCAM), and activated leukocyte cell adhesion
molecule (ALCAM). For example, the loss of ICAM1 inhibits wound healing, keratinocyte migration from
the edges of the wound toward the center, and granulation tissue formation [208]. Moreover, it has been
reported that N-glycosylation of EPCAM enhances the ability of cell adhesion by regulating the expression
of fibronectin and R1-integrin, activating the FAK/PI3K/Akt signaling pathway in breast cancer cells [209].
Similarly, BCAM is reported to bind with other ECM components, such as laminin. The preferential binding
of BCAM and a3R1-integrin to laminin a5 promotes A549 cell migration [210]. The inhibition of ALCAM in
endometrioid endometrial cancer cells decreases cell migration, invasion, and cell-cell adhesion [211].
These several shreds of evidence indicate that CAMs, including ICAM1, EPCAM, BCAM, and ALCAM, play
an essential role in cell adhesion and cell migration. Meanwhile, | have verified the colocalization between
CAMs and LecB in H1299 cells via immunofluorescence assy. The significant colocalization between LecB
and CAMs can be observed in H1299 cells (data not shown). Thus, | have a superficial clue that LecB
probably colocalizes with CAMs, resulting in promoted cell adhesion and suppressed cell migration.
Meanwhile, | can utilize the Pull-down assay and immunoprecipitation assay to verify the interaction
between LecB and CAMs again. | can also investigate if the binding of LecB to CAMs triggers FAK/R-catenin
signaling cascade. In addition to CAMs, the integrin family contains a subunits and R subunits, enhancing
the ability of cell adhesion. Here, in my first part of the project, | only concentrated on the research
between LecB and R1-integrin. Besides, not only R1-integrin can be involved in cell adhesion and cell
migration, but also many other integrins, such as a5-integrin and 82-integrin. For example, ubiquitination
of a5-integrin is required for proper fibroblast migration [212], and the activated R2-integrin reduces
macrophage cell migration and wound healing [213]. | can characterize the function of other integrins,
like R1-integrin, in cell adhesion and cell migration induced by LecB. The molecular mechanism of nuclear
-catenin-mediated cell migration and adhesion is unclear. As | mentioned above, translocation of R-
catenin in the nucleus induces transcriptional activation of target genes by B-catenin interaction with
TCF/LEF DNA-binding proteins, leading to activate the expression of c-Myc and cyclin D1, which induces
cell proliferation, migration, and invasion [207]. However, this is only my hypothesis. In the next steps,

the protein expression of c-Myc and cyclin D1 induced by LecB can be investigated by western blot assays.
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Then, the interaction of R-catenin and c-Myc and cyclin D1 can be shown with the incubation of LecB.
Moreover, | can also verify the interaction of B-catenin and c-Myc and cyclin D1 with the presence of
Wnt/B-catenin signaling inhibitor, such as FzM1 [214].

Here, | utilized L-fucose as an antagonist of LecB to block the function of LecB in the research. | found that
L-fucose inhibited the increased cell adhesion and decreased cell migration induced by LecB, and it
restored the nuclear accumulation of B-catenin induced by LecB. Nevertheless, | did not investigate if L-
fucose mediates the R1-integrin/FAK signaling cascade induced by LecB. Our collaborator, Prof. Dr.
Alexander Titz, works on the chemical structures of L-fucose and D-mannose. They successfully
investigated some derivatives from mannoside to block LecB [41][215]. | verified one L-fucose derivative,
DH445, to inhibit the decreased DC migration and T cell activation triggered by LecB in vivo in my second
part of the project, but | did not use DH445 jn vitro. | can compare the inhibition efficiency of DH445 with
L-fucose regarding cell adhesion and the signaling cascade induced by LecB.
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A. 7.Supplementary figures
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Supplementary Fig. 1: LecB enhances cell adhesion mediated by flotillins.

LecB+L-fucose

The representative figures of streptavidin-coated cell adhesion assays in (A) H1299 cells, (B) AFLOT1 cells, (C) FLOT2
KD cells, and (D) AFLOT1/FLOT2 KD cells at 0.5 h, 6 h, and 24 h treatment of LecB. Scale bar, 100 um. The
representative figures of scratch wound healing assays in (B) H1299 cells, (D) AFLOT1 cells, (F) FLOT2 KD cells, and
(H) AFLOT1/FLOT2 KD cells at 0 h, 6 h, and 24 h treatment of LecB. Scale bar, 100 um.

A B
Control  AFLOT1
Control siRNA Flotillin-2 siRNA

Flotillin-1 - 49 kDa Flotillin-2 " 47 kDa

Supplementary Fig. 2: The verification of AFLOT1 cells and the knockdown of flotillin-2.
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(A) H1299 and AFLOTI1 cells were lysed and flotillin-1 protein level was depicted. (B) H1299 cells were transfected

with control and flotillin-2 siRNA and lysed, and flotillin-2 protein level was depicted.
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Supplementary Fig. 3: LecB enhances fibronectin-dependent cell adhesion mediated by flotillin-1.

80



(A) A single H1299 cell was attached to the cantilever (upper panel, left), and representative force-distance curves

depicted untreated and LecB groups at dwell 0 s (upper panel, right). The F4 between untreated and LecB for 0 s and

5 s of dwell time (lower panel). Scale bar, 50 um. Error bars indicate means + standard error mean of N > 100 cells.

***p < 0.001 vs Untreated (two-way ANOVA). The representative figures of fibronectin-coated cell adhesion assay
in (B) H1299 cells, (C) AFLOT1 cells from 0.5 h to 24 h. Histograms depicted the number of adherent cells, *p < 0.05
vs Untreated, **p < 0.01 vs Untreated, ***p < 0.001 vs Untreated (two-tailed unpaired t-test). ##p < 0.01 vs LecB

groups, #it#p < 0.001 vs LecB groups (two-way ANOVA). Scale bar, 50 um.
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Supplementary Fig. 4: LecB attenuates wound healing mediated by flotillins.

The representative figures of scratch wound healing assays in (A) H1299 cells, (B) AFLOT1 cells, (C) FLOT2 KD cells,

and (D) AFLOT1/FLOT2 KD cells at O h, 6 h, and 24 h treatment of LecB. Scale bar, 100 um.
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Supplementary Fig. 5: Flotillins colocalize with LecB.

(A) H1299 control cells were treated with LecB-A488 (green) as indicated and analyzed by a confocal fluorescence

microscope with immunostaining for flotillin-1 (red) and counterstained for DNA (DAPI, blue). White asterisks
pointed at colocalizations. Scale bar, 20 um. (B) H1299 control cells were treated with LecB-A488 (green) as
indicated and analyzed by a confocal fluorescence microscope with immunostaining for flotillin-2 (red) and
counterstaining for DNA (DAPI, blue). White asterisks pointed at colocalizations. Scale bar, 20 um.
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Supplementary Fig. 6: The trafficking pathway of LecB in H1299 cells.
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H1299 control cells were treated with LecB-A488 (green) and analyzed by a confocal fluorescence microscope with
immunostaining for (A) EEA1 (red), (B) Rab9 (red), (C) LAMP1 (red), and (D) Rab11 (red) and counterstained for DNA
(DAPI, blue). Scale bar, 20 um.
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Merge Zoom R1-integrin  Flotillin-1

AFLOT1+FLOT2 KD
Untreated 1h 3h 6 h

18 h

Supplementary Fig. 7: R1-integrin is interfered by flotillins with the treatment of LecB.

(A) H1299 cells were stimulated as indicated, but there was no immunoprecipitation of R1-integrin co-precipitated
with flotillin-2, after 1 h and 3 h LecB stimulation. (B) H1299 control cells were treated with LecB as indicated and
analyzed by a confocal fluorescence microscope with immunostaining for B1-integrin (red), flotillin-1 (green), and
counterstained for DNA (DAPI, blue). White asterisks pointed at colocalizations. Scale bar, 20 um. (C) FLOT2 KD cells
and (D) AFLOT1/FLOT2 KD cells were treated with LecB as indicated and analyzed by confocal fluorescence

microscopy with immunostaining for B1-integrin (red), and counterstained for DNA (DAPI, blue). Scale bar, 20 um.
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Supplementary Fig. 8: Flotillin-1 mediated FAK-Src complex induced by LecB.

(A) AFLOTI1 cells were stimulated as indicated, but there was no immunoprecipitation of FAK co-precipitated with
flotillin-2, after 1 h and 3 h LecB stimulation. (B) H1299 cells, (C) AFLOT1 cells were stimulated as indicated and Src
Y416 and Src protein level was expressed by western blot analysis. Histograms depict Src Y416 protein level. Error
bars indicate means * standard error mean of N = 3 biological replicates. *p < 0.05 vs Untreated, ***p < 0.001 vs
Untreated (one-way ANOVA). (D) H1299 control cells and (E) AFLOT1 cells were treated with LecB as indicated and
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analyzed by a confocal fluorescence microscope with immunostaining for FAK Y397 (green), FAK (red), F-actin

(magenta) and counterstained for DNA (DAPI, blue). White boxes show the zoomed figures of FAs. Scale bar, 20 um.

Untreated L-fucose

3-catenin

Supplementary Fig. 9: The influence of L-fucose on the expression of R-catenin.

The influence of L-fucose on the expression of B-catenin was shown via immunofluorescence assay in H1299 cells.
R-catenin (red), and DNA (DAPI, blue). Scale bar, 20 um.
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3. Part B. The Pseudomonas aeruginosa lectin LecB suppresses the
immune response by inhibiting transendothelial migration of

dendritic cells

B. 1. Introduction

B. 1.1. Lymphatic system

The mammalian circulatory system comprises both the cardiovascular system and the lymphatic system
[216]. The lymphatic system is an open, low-pressure, and unidirectional transit network from the
extracellular space to the venous system. It plays a crucial role in regulating tissue fluid homeostasis,
absorption of gastrointestinal lipids, and immune surveillance throughout the body [217]. Moreover,
lymphatic vessels (LVs) are an extensive drainage network in the lymphatic system, including lymphatic
capillaries, pre-collecting LVs, and collecting LVs [217]. The fluid surrounding the body’s cells is termed
interstitial fluid. When this fluid enters the lymphatic system, it is referred to as ‘lymph’. It goes through
the lymphatic capillaries, which are also called initial lymphatics. From there, lymph drains into the
collecting vessels, which passes through at least one, but usually several lymph nodes (LNs) distributed
throughout the body. Collecting vessels merge into grander trunks which empty into the ducts. Finally,
the ducts return the lymph into the venous circulation via the right lymphatic duct and the thoracic ducts,

completing the circuit of fluid transport (Fig. B1)[218].

B. 1.1.1. The structure of lymphatic system

The lymphatic system is composed of a network of vessels, including LVs, LNs, and other lymphoid organs
[219]. Their sizes range from 10 um to 2 mm in diameter [220]. In this chapter, | will introduce more on
LVs and other lymphoid organs, and the characterized LNs are presented in detail in a next chapter.

Blood and LV networks form two arms of the vertebrate cardiovascular system that play complementary
roles in body homeostasis maintenance [221]. Lymphatic capillaries are comprised of a single thin layer
of oak leaf-shaped lymphatic endothelial cells (LECs) forming discontinuous button-like cell-cell junctions,
typically made up of one or two closed-ended tubes, highly attenuated cells in cross-section
[217][220][222]. The characterized markers of LECs are introduced in the chapter afterwards. The ECs in
the lymphatic capillaries are mural cells coverage and have little or no basement membranes [217][223].
Therefore, lymphatic capillaries are highly permeable to interstitial fluid and solutes, allowing the entry
of macromolecules, such as lipids, and even permitting the trafficking of immune cells [217]. The
interstitial fluid enters through the small lymphatic capillaries that gradually combine to form larger

diameter vessels, namely the pre-collectors, collectors, trunks, and ducts [219].
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Fig. B1: Schematic of the lymphatic system.

Initial LVs comprised of closed-end lymphatic capillaries branch into the tissue and then come together to form larger
LVs, with smooth muscle cells surrounding the endothelium for smooth peristaltic-like contraction toward the LN.
Besides, the lymphatic system includes the draining LN (dLN) and efferent lymphatics. The vessels maintain flow to
regulate fluid drainage away from tissues and back into circulation. First, fluid moves into the collecting LVs. Once
the vessels have sufficiently swelled with fluid, the change in stress pressures causes activation of the muscle cells,
which contract the affected segment of collecting LVs, perpetuating fluid movement, and the lymphatics valves

preventing subsequent backflow. Then, fluid and small molecules (<70 kDa) are permitted to enter into the LN [224].

Many molecules and proteins play an integral role in lymphatic function. On the one hand, the button-
like junctions display an alternating pattern of the adhesion proteins VE-cadherin and platelet endothelial
cell adhesion molecule (PECAM-1), forming overlapping flaps between adjacent ECs and providing the
foundational function of regulating vessel permeability [217][225, 226]. The characterized function of VE-
cadherin in LECs will be introduced in a next chapter. On the other hand, interstitial fluid pressure and the
strain of the ECM, which can be affected by skeletal motion, can determine the elasticity, strength, and
hydration of the lymphatics [220]. The collecting LVs have a continuous basement membrane composed

of collagen 1V, fibronectin, and laminins [227]. Besides, ECM can directly guide lymphatic vascular growth
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by providing adhesive gradients for the directional migration of cells [228]. Thus, ECM is a complex but

highly organized network of the regulation of the lymphatic system.

The immune organs are grouped as primary and secondary based on their functional roles. The primary
lymphoid organs are the sites of lymphocyte formation and acquisition of immunocompetency and
include the red bone marrow and the thymus [218]. The secondary lymphoid organs are where immune
responses occur, including LNs, spleen, and lymphoid follicles or nodules [223]. The spleen is the largest
single mass of an immune tissue in the body. The spleen provides a source of lymphocytes for the
bloodstream and is thought to assist in fighting infection because it becomes enlarged in certain diseases
where the blood is infected [223]. B cells and T cells carry out immune functions in the spleen, while spleen
macrophages destroy blood-borne pathogens by phagocytosis [223]. The spleen is also an organ were B
cell mature. Regarding the lymphoid follicles or nodules, they are spherical or ovoid structures composed
of aggregated lymphocytes and a meshwork of reticular cells [229]. They are found in the mucous
membranes, so are called mucosa-associated lymphoid tissue [230]. There are two types of lymphoid
nodules, including primary and secondary nodules [218]. The former consists of B cells surrounded by a
loose network of DCs. Upon encountering an antigen, the DCs stimulates the development of the
secondary nodules by the activation of the B cells, which are bounded by cortical dendritic cells, and
macrophages form what is termed a germinal center [218]. Surrounding this center, there is a
condensation of B cells, forming the outer part of the secondary nodule [231]. The gut-associated
lymphoid tissue (GALT) of mice includes two additional types of smaller organized lymphoid tissues,
cryptopatches (CPs) and isolated lymphoid follicles (ILFs)[232]. 90% of the cells in ILFs are lymphocytes
comprising a slightly higher proportion of T cells than B cells [233]. CD57"PD-1" follicular T cells and
CD4*CD25*CD1271L-2" Tregs are mostly found in ILFs, whereas cytokine-producing T-cell subsets are

mainly located in the GALT-free lamina propria [233, 234]. LNs are presented in detail in a next chapter.

B. 1.1.2. The function of lymphatic system

The principal function of the lymphatic system is to maintain tissue fluid homeostasis by removing the
protein-rich lymph from the extracellular space and returning it to the blood circulation [235]. In addition
to the regulation of tissue fluid, the lymphatic vasculature is important for the transport of immune cells
and soluble antigens to LNs, management of peripheral immune tolerance, and absorption of dietary fats
in the gastrointestinal organs [217]. On the one hand, the intestinal lymphatic system plays key roles in
fluid transport, lipid absorption, and immune function [236]. Part of the gut membrane in the small
intestine contains tiny finger-like protrusions called villi. Lymph flows from the small intestine via a
unidirectional process that originates at single lacteals that are contained within each small intestinal villi
[237]. Meanwhile, lymph flows directly from the small intestine via a series of LVs and nodes that converge
at the superior mesenteric lymph duct [236]. On the other hand, LVs are essential for the trafficking of

leukocytes and soluble antigens from peripheral tissues to dLNs [238]. Another critical function of the
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lymphatic system is to defend the body from exposure to potentially hazardous microorganisms via LNs.

The function of LNs and the trafficking of lymphocytes are introduced in a next chapter.

B. 1.1.3. Markers of lymphatic vessels

The lymphatic-specific markers help us to understand the study of LVs in healthy and diseased tissue. They
include lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1), vascular endothelial growth factor
receptor-3 (VEGFR-3), integral membrane glycoprotein podoplanin (PDPN), common lymphatic
endothelial and vascular receptor 1 (CLEVER1), junctional adhesion molecule 1 (JAM1) and prospero
homeobox 1 (PROX1)[217]. Here, | introduce more on the characters of PROX1 since | also utilized PROX1

as a lymphatic marker in the project.

Oliver et al. identified PROX1 in mice due to its homology to the Drosophila homeobox protein prospero
[239]. PROX1 is a nuclear transcription factor for the early steps of LEC differentiations from the embryonic
veins and remains required for lymphatic identity [217]. Beginning at embryonic day 9.5 (E9.5), a few
scattered cells around the developing forelimb begin to express PROX1, and at E10.5, this expression is
obvious in more cells [240]. Whereas ECs lining one side of the anterior cardinal vein start to express
PROX1, ECs position on the other side remain PROX1-negative [240]. At E12.5, the number of PROX1-
positive cells, which also express LYVE-1 and VEGFR-3, is substantially increased, whereas LYVE-1 and
VEGFR-3 expression is no longer apparent in ECs of the veins [241]. These findings strongly suggest that
the expression of PROX1 in the subset of cardinal vein ECs directs the initiation of a program leading to
the genesis of the lymphatic vascular system [240]. The lack of PROX1 can block the development of LVs

and lymphatic networks in mice [240].

Concerning other markers, LYVE-1 is an integral membrane glycoprotein and a useful marker for
identifying lymphatic capillaries [217][242]. It is an important component of ECM and a key molecule in
cell migration during inflammation, wound healing, and tumorigenesis [217]. For example, LYVE-1
deletion impairs DC migration to skin-draining LNs [243]. VEGFR-3 plays a critical role in embryonic
cardiovascular development and is thought to be expressed exclusively on the lymphatic endothelium,
high endothelial venules (HEVs), and rarely on adult vascular endothelium [244]. It is the quintessential
lymphatic receptor tyrosine kinase binding VEGFC and VEGFD, which is crucial for LEC proliferation and
migration in embryos and adults [217]. In embryos, VEGFR-3 is initially expressed in all vasculature, but
during development, its expression in blood vessels decreases and becomes restricted to the developing
LVs. Therefore, it is thought to be expressed almost exclusively by the lymphatic endothelium and is thus
considered a major regulator in lymphangiogenesis [244]. CLEVER1 is expressed in alternatively activated
macrophages and in sinusoidal ECs in various tissues such as liver, spleen and LN [245]. CLEVER1 has been
shown to function as a scavenger receptor for acetylated low density lipoprotein (ac-LDL) and its

derivatives [246]. It plays a role in angiogenesis and, most recently, and has been hypothesized to function
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as an adhesion molecule for leukocyte and tumor cell trafficking in the lymphatic system [245][247]. JAM

is an intercellular adhesion molecule that belongs to the Ig superfamily [248].

B. 1.2. Lymph node

B. 1.2.1.The structure of lymph node

LNs are found in groups that follow the routes of LVs [223]. They generate highly specialized
microenvironments for mounting effective immune responses [249]. The function of LNs is to filter the
lymph coming from the draining area and to scan the lymph for antigens [250]. There are many immune
responses initiated in LNs in mammals. In brief, antigen-loaded DCs from the draining area via the afferent
lymphatics present their antigens to T lymphocytes in the T cell zone (in the paracortex in the LN). T cells,
which are T cell receptor-specific for the presented antigens, are activated, and after that, they
differentiate and proliferate. Activated T helper cells migrate into the B cell zone (in the cortex in the LN)
to assist B cells. These antigen-specific B cells differentiate into plasma cells for effective antibody
production. Activated CD4* helpers or CD8" T cytotoxic cells, migrate to the medulla, from where they
leave the LN through efferent lymphatics and travel via the blood system to the inflamed or endangered
area of their specific draining area (Fig. B2)[250]. In the LNs, the majority of cells are leukocytes; and the
other cells are the non-leukocytic stromal cell types, which include blood vessel endothelial cells (BECs),
LECs, and fibroblastic reticular cells (FRCs). All cells are essential for the function of the organ [249]. The
afferent LVs with circular cross-sectional profiles transform into several branched sinus systems lined by
a layer of LECs. At the efferent side of the LN, lymphocytes use specialized lymphatic sinuses to enter the
efferent lymphatic vasculature, which finally drains these cells back into the blood circulation. Many
lymphocytes enter the LN from the blood via HEV, which are lined by unique BECs that are specialized for
supporting the multistep leukocyte extravasation cascade [249][251]. FRCs wrap paracortical collagen
conduits and provide a responsive scaffold that supports leukocyte survival, migration, and LN expansion
[252]. Along these FRCs linking conduits, the migratory path of mature antigen-presenting DCs intersects
naive and memory-circulating T lymphocytes that enter LNs via HEV [252]. Our previous results show that
LecB can block epithelial cell migration [5][10]. In the previous Ph.D. project of Dr. Janina Sponsel, she has
found that LecB can bind to LECs in the LN in vivo, which rasies my hypothesis that if LecB blocks DCs
migration to the LN, this would result in the fewer activated T cells in the LNs. In my second part of the

project, | focus on the DCs migration and T cell activation in the LNs exposed to LecB.
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Fig. B2: Schematic of the lymph node.

LNs are the sites where immune activation or suppression takes place. Within the paracortex of the LN, DC present
antigens to T cells which proliferate and differentiate into effector or memory T cells after recognizing the specific
antigen whereby an immune response is initiated. B cell activation occurs in the B cell follicles (in the cortex).
Activated B cells and T cells migrate to the medulla to leave the LN through the efferent lymphatics [250].

LN lymphangiogenesis, the proliferation of LECs within the subcapsular sinus (SCS), interfollicular zone,
and medulla, is acommon feature of non-malignant, immune-reactive LNs and is hypothesized to improve
DC migration through changes in lymph flow [252—-254]. In detail, the CC chemokine receptor (CCR) 7 and
its ligands C-C linked chemokine (CCL) 19 and CCL21 control a diverse array of migratory events in adaptive
immune function [255]. These chemokines are generally considered ‘homeostatic’ as they are
constitutively produced and are not normally induced by inflammation [255]. The primary sources of
CCL19 and CCL21 are a variety of stromal cells within primary and secondary lymphoid organs, while CCL21
is also expressed in LECs in peripheral tissues [255]. LECs form the boundaries of the SCS and create and
maintain chemokine gradients, like CCL21, that direct DC migration toward the paracortex for antigen
presentation to T cells [252]. The ECs within HEVs express peripheral node addressins (PNAd) and
transmembrane glycoproteins required for CCR7* naive and central memory T lymphocyte adhesion,
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rolling, and transmigration [252]. Moreover, the absence of CCR7 on DCs is shown to abolish DC
transmigration across the SCS into the LN parenchyma [256, 257]. In terms of CCL19, it is produced by
activated DCs, FRCs, and HEVs in secondary lymphoid organs [256]. It has been reported that CCL197/~
mice reveal no defect in DC migration through dermal LVs, and induce T cell activation [258]. To sum up,
the primary function of the CCR7/CCL19/CCL21 axis is to establish and propagate anatomical
microenvironments conducive to cognate interactions between antigen-presenting cells (APCs) and
antigen-specific lymphocytes, an important process in effective adaptive immune system function [255].
In addition, VEGF family members are homodimeric glycoproteins that are mitogenic for ECs and are
angiogenic factors that act via the endothelial-specific receptor tyrosine kinases [259]. They include VEGFB,
VEGFC, and VEGFD, which are all sufficient to activate lymphangiogenic responses in LNs (Fig. B3)[252].
VEGFB recognizes VEGFR1, VEGF is the ligand of both VEGFR1 and VEGFR2 [260], while VEGFC and VEGFD
were first identified as ligands of the tyrosine kinase receptors VEGFR2 and VEGFR3 [259]. In detail, both
VEGFR1 and VEGFR2 act early during endothelial differentiation although with different functions [259].
It has been reported that VEGFR1/- embryos die because of excessive endothelial proliferation [261] and
VEGFR2/- embryos die with no endothelial or hematopoietic cells [262]. VEGFC binds to its receptor
VEGFR3 that is mainly expressed in LECs after embryogenesis [263], which results in the transduction
signals that promote LEC survival, proliferation, and migration [260]. Other mediators include VEGFD,
which also binds to VEGFR3, fibroblast growth factors, ephrin-B2, and hyaluronic acid [263, 264]. VEGFR2
is crucial for the development of blood vasculature, while VEGFR3 plays vital roles in the growth and
remodeling of blood vessels [265]. To sum up, VEGFR signaling is essential for lymphangiogenic responses.
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Fig. B3: Schematic illustration showing the interaction of specific cytokines and their receptors.
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Postnatally, blood vessels express VEGFR1 and VEGFR2, while the lymphatic endothelium expresses VEGFR2, VEGFR3,
and Neuropilin-2. These receptors play a significant role in tumor vessels, as their binding induces specific
phosphorylation events. Consequently, VEGFA, VEGFC, VEGFD, and ANG-2 emerge as crucial cytokines that promote
lymphangiogenesis in both blood vessels and LVs [266].

B. 1.2.2. Lymphocytes entering into the lymph node via afferent lymphatic vessels

A hallmark of lymphocytes is their ability to recirculate between the bloodstream and secondary lymphoid
organs [267]. Lymphocytes enter the LN via afferent LVs (Fig. B4) or from the blood through the HEVs
[249]. It has been observed that T lymphocytes are the most common cell type in afferent lymph, 80%--
90% [256]. From a model of a LN in a sheep, it has been known that naive T cells home to LNs via HEVs,
which led to a model that effector and/or memory T cells, but not naive T cells, home to LNs via afferent
lymphatics [268, 269]. Nevertheless, it is different in the mouse model of LNs. Naive T cells enter into the
afferent LV draining towards a popliteal LN, the cells not only home to the T cell zone of the popliteal LN
but also to the T cell areas of LNs that are located further downstream, such as the medial iliac LN
[257][269]. Interestingly, Tomura et al. have found that T lymphocytes can migrate from one LN to another
LN via lymphatics [270]. In these T lymphocytes, the majority are CD4* T cells, while CD8* T cells are only
found in small numbers [256]. On the one hand, CD4* T cells play critical roles in mediating adaptive
immunity to a variety of pathogens [271]. On the other hand, they help B cells make antibodies, enhance
and maintain responses of CD8* T cells, regulate macrophage function, orchestrate immune responses
against a wide variety of pathogenic microorganisms, and regulate immune responses [271]. As for CD8*
T cells, they are vital effectors of the adaptive immune system and play a crucial role in combating
intracellular pathogens and cancers [272]. Antigen-specific CD8" T cells are identified by B220" B cell
follicles in the LN [272]. CD4* T cells and CD8* T cells both recognize their respective antigens on the same
DC [273]. Antigen-specific contact with the CD4* T cell enables the DC to optimize antigen presentation
and deliver specific cytokine and co-stimulatory signals to the CD8* T cell that promote its clonal expansion
and differentiation into an effector or memory T cell [273]. There are some key molecules involved in the
migration of DCs into the LN. CCR7 and its ligand CCL21 are well-known as the predominant pathway
involved in T cell egress from peripheral tissue via afferent LVs in a steady state and inflammation [274].
For example, around 50% of skin-associated CD4" T cells express CCR7, and almost all migratory T cells are
CCR7 positive [275]. In addition, T cells also use various adhesion molecules, like CLEVER1, for their
migration through afferent lymphatics [274]. CLEVERL1 is expressed by both efferent and afferent LVs and
has been shown to be important for T cell entry into afferent LVs [276, 277]. It has been reported that the
KD of CLEVER1 significantly decreases skin egress of CD4" and CD8" T cells to the dLN in vivo [276, 277].
Meanwhile, lymphatic-expressed ICAM1 and VCAM1 are vital for T cell migration to dLNs [274]. For
example, VCAM1 antibody co-injection prevents Treg but not CD4* T cell migration from footpads to
draining LN in vivo [278]. The blockage of ICAM1 can reduce T cell adhesion, crawling, and transmigration
across lymphatic endothelium and decrease T cell advancement from capillaries into lymphatic collectors
of skin explants [279].
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DCs are also frequently found in afferent lymph; their proportion with other cells is estimated at 5--15%
[256]. The trafficking of DCs to LNs through afferent LVs is crucial for the execution of their functions [280].
It has been demonstrated that both bone marrow and skin-derived DCs directly enter the LN parenchyma
through the floor of the afferent side of the SCS, primarily via the interfollicular regions [269][281]. Besides,
DCs that migrate via afferent lymphatics to dLNs, also resident DCs exist in secondary lymphoid organs
[274]. For example, resident DCs can take up and present antigen that has arrived in dLNs in the absence
of a ‘cell-transporter’ via afferent lymphatics [274][282]. Interestingly, resident and migratory DCs also
display differences in the activation of the type of T cells. For example, migratory DCs are shown to
activate CD4* but not CD8* T cells in dLNs [283]. In comparison, resident DCs prime CD8" T cells in a delayed
manner, helped by the already activated CD4* T cells [274][283]. During the migration of DCs into the LN
via afferent lymphatics, there are lots of factors involved. On the one hand, for example, DCs need to
activate and upregulate the chemokine receptor CCR7, which guides their migration toward lymphatics
[274]. CCR7 is upregulated on both DCs in response to a maturation-inducing stimulus and on semimature
DCs migrating in steady-state conditions [274][284]. Moreover, CCL21 is involved in the trafficking of DCs
as well. Both KDs of CCR7 and CCL21 have been shown to severely impair DC migration to dLNs [285]. On
the other hand, some adhesion molecules mediate DC migration. For example, JAM1 is expressed by DCs
and the lymphatic endothelium. JAM1 helps DC migration to the LN via afferent lymphatics [280], and the
absence of JAM1 can increase the process of DC migration with the positive regulation of Bl-integrin
expression by JAM1 [286]. It has been reported that plasmacytoid DC migration to regional LNs is
mediated by interactions between integrins on plasmacytoid DCs and JAM1 on HEVs of regional LNs [287].
Meanwhile, other integrin ligands, like ICAM1 and VCAM1, can influence DC migration. Blockage of
VCAM1 and ICAM1 is shown to diminish DC migration to dLNs [274][288]. In my second part of the project,
I will study lymphocyte entry via afferent LVs since Dr. Janina Sponsel has found that LecB can induce
phenotypical changes in LECs and LecB is captured by dLNs.

B. 1.2.3.T cells activation by dendritic cells

DC subsets are exposed to the antigen, and after DCs enter from afferent lymph, migratory DCs join the
network of the largely sessile LN resident DCs, which are embedded in the stromal network of the T cell
zone [289]. DC migration is characterized by a pronounced CCR7-mediated directional movement towards
the SCS of the LN, where they cross the SCS floor in a CCR7-independent manner [269][290]. After that,
migratory DCs enter the interfollicular zone of the LN and enter the deep T cell zone [290]. Then, DCs

interact with naive T cells and prime the T cells [267].
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Fig. B4: Leukocyte entry and exit through lymphatics in the lymph node.

DCs and T cells enter the dLN through the floor LECs in the SCS. Lymphocytes migrate into the LN parenchyma via
the medullary sinus LECs. In the subcapsular sinus, innate-like lymphoid cells undergo constant patrolling between
the sinus lumen and parenchyma below the floor LECs. Granulocytes can adhere to the cortical and medullary sinuses.
Lymphocyte egress from the LN takes place mainly via the cortical sinuses. The best-characterized adhesive and
chemotactic signals involved in trans-sinusoidal leukocyte traffic [249].

DCs are the most potent APCs, for naive T cell activation. The cellular contact between a T cell and a DC
provides the opportunity for antigen recognition to occur through T cell receptor (TCR) interactions with
peptide, and major histocompatibility complexes (MHC), which are present at the DC surface (Fig.
B5)[291]. Individual TCRs are capable of recognizing different ligands, such as self-peptides and foreign
peptides, with a broad range of affinities [292]. The TCR has one a-chain and one B-chain forming a
heterodimer that confers ligand binding specificity to the TCR [293]. Most af TCRs recognize short
peptides that are expressed on the APC surface bound to MHC class | molecules, which are recognized by
CD8* T cells, or MHC class Il molecules, which are recognized by CD4* T cells [293]. ap heterodimers
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associate with CD3 and its three polypeptides and expressed in all T cells, including CD3y, CD36, and CD3¢
[292, 293]. TheCD3y, CD36, andCD3¢ subunits are genetically related to each other, belonging to the C-
type Ig superfamily [293]. TCR signaling plays a critical role in the lineage specification and development
of T cells [292]. TCR-CD3 subunits undergo a finely regulated process of assembly and secretion via the
endoplasmic reticulum (ER) and the Golgi apparatus. After the synthesis and assembly, TCR-CD3 subunits
are expressed on the cell surface [293]. TCR-CD3 complexes are not stable but continuously traffic
between the plasma membrane and endosomal compartments, undergoing constitutive rapid cycles of
endocytosis and recycling before eventually being degraded in lysosomes [293, 294] TCR signal
transduction is involved in several cellular processes. For example, TCR triggers Ca?* calcineurin signaling,
resulting in nuclear translocation of the nuclear factor of activated T cells [295]. TCR activates NF-kB
signaling, resulting in nuclear translocation of the REL and NF-kB transcription factors [296]. TCR also
induces MAPK signaling, resulting in actin polymerization and the activation of the transcription factors
FOS, JUN, and activator protein 1 (AP-1)[292].

In my second part of the project, | utilized CD45.1 x OT-II TCR transgenic mice to generate transgenic CD4*
recognizing an ovalbumin (OVA)-derived peptide. OT-Il mice are frequently used as a transgenic strain-
specific model to assess T cell help for responses to antigen presenting cells [297]. OT-Il CD4" T-cells
express transgenic OVA-specific aB-TCRs [297]. | also generated DCs from bone marrow precursors
(BMDCs) matured by LPS. DCs can be devided into two subtypes: plasmacytoid DCs and myeloid DCs [298].
In mice, CD8a* DCs present cytosolic chimeric antigens on the MHC class |, which induces CD8* T cell
activation and differentiation into cytotoxic T cells [299]. While, CD8a™ DCs process extracellular chimeric
antigens presenting them via MHC class Il receptors to induce CD4* T cell activation to helper T cells [298].
As in vitro-differentiated DCs, BMDCs cannot be readily classified into DC subsets [300]. In my project,
BMDCs were harvested, and 2 x 10° BMDCs were injected into ears and footpads of CD45.2 mice, which
had received an intravenous injection of 10 x 10 CD4* T cells from CD45.1 x OT-1I F1 mice. Allelic variants
of the pan-haematopoietic cell marker CD45 (Ptprc), identified as CD45.1 and CD45.2, have been
established as a marker system to track haematopoietic cells following congenic mouse bone marrow
transfers [301]. Different isoforms of CD45 have been identified in mice, and the common form is CD45.2,
which is expressed by C57BL/6 mice, and is encoded by the Ptprc® allele. An additional allelic variant,
Ptprc?, which translates to the CD45.1 form of the surface protein, has been identified in the SIL mouse
strain [302]. This CD45.1 allele has been successfully backcrossed on to the BL/6 mouse background and
has been widely used in immunological studies to track the contribution of specific genes to
haematopoietic cell development [303]. CD45.1 and CD45.2 cells are widely used in transplant and
adoptive transfer studies to track the donor and host cells. For example, CD45.1 bone marrow cells can
be transferred into a CD45.2 host mouse and then identified with an antibody specific for CD45.1 at a later
point in lymphoid tissues for infiltration and development into mature lymphocytes [304]. The CD45.1
specific antibody does not react with leukocytes expressing CD45.2, this is the reason why | generated
BMDCs from CD45.1 xOT-II mice to inject into CD45.2 x OT-II mice.
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In addition to the interaction between TCR and MHC complexes, DCs express important stimulators for T
cell activation, such as the B7 family molecules: CD80 (B7-1) and CD86 (B7-2)(Fig. B5), playing an important
role in either tolerogenic or immunogenic responses [305]. In detail, T cells express the CD28 receptor on
their surface as the main responsible molecule for binding to the B7-1 and B7-2 molecules [305]. CD28
induces several intracellular processes, such as the production of cytokines and the transduction of signals
triggering T cells to survive or to differentiate [306]. The interaction between CD28L/B7 induces the
secretion of IL-2 and interferes with the tolerogenic property of immature DC [307]. This occurs primarily
by decreasing the induction of Tregs and also by leveraging the differentiation of effector T cells [305][307].
The cytotoxic T lymphocyte antigen-4 (CTLA-4) molecule, also known as CD152, acts as an inhibitory
receptor of the immune response [308]. Moreover, CTLA-4 shares homology with CD28, competing for
binding their ligands, CD80 and CD86 [306]. The binding affinity of CTLA-4 for these ligands is stronger
than its affinity for CD28, which indicates that CTLA-4 blocks the interaction between CD28 and B7,
providing a negative signal to T lymphocytes, thus inhibiting the immune response [305, 306]. Under this
competition, CD80 preferentially binds to CTLA-4, and this interaction during antigen presentation can
result in IL-10-dependent TGF-B1* regulatory T cell induction [309].

In addition, the interaction between CD40 and CD40 ligand (CD40L), expressed on DCs and T cells,
respectively (Fig. B5), is strictly related to immune response [305]. CD40, initially characterized in B cells,
is expressed by DCs, monocytes, platelets, and macrophages, as well as by non-hematopoietic cells such
as myofibroblasts, fibroblasts, epithelial, and ECs [310]. CD40L, also known as CD154, is a member of the
TNF superfamily and is expressed primarily by activated T cells, as well as some activated B cells and
platelets [310]. The engagement of CD40 by CD40L promotes the clustering of CD40 and induces the
recruitment of adapter proteins, TNFR-associated factors (TRAFs), to the cytoplasmic domain of CD40.
The TRAFs activate different signaling pathways, including NF-kB signaling, MAPK signaling, and PI3K
signaling [310].

Fig. B5: Schematic representation of the dendritic cell and T cell interaction.
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Activation of T cell involves both interactions between the TCRs, CD28 with their cognate ligands, CD80, and CD86
as well as the CD40L/CD40 pathway. Other costimulatory molecules, such as 0X40/0X40-L and TIM-1 and PD-1/PD-

L1, are not represented here [305].

B. 1.3. Endothelial cells

B. 1.3.1. Lymphatic endothelial cells

The majority of LN cells are leukocytes, but the organ also comprises different non-leukocytic stromal cell
types, including BECs, LECs, and FRCs [249]. Within the LN, the SCS spans the whole LN cortex, which
includes both B cell follicles and interfollicular areas, and is lined by LECs on both sides [249]. The LECs
facing the capsule are called ceiling LECs, and those overlaying the lymphocyte-containing LN parenchyma
are called floor LECs [269]. On the opposite side, the medullary sinus LECs form the sinus-facing surface
of the medullary cords, which primarily contain lymphocytes and macrophages [249]. The afferent and
efferent LVs with circular cross-sectional profiles transform into several branched sinus systems lined by
a layer of LECs [249]. These hints indicate that LECs are essential in the LNs and LVs. | utilize a 10.1.1
antibody, which recognizes murine LEC surface protein calcium-activated chloride channel regulator 1
(CLCA1)[311]. Moreover, murine CLCA1 is also expressed on collecting and initial lymphatic vessels [312]
as well as on splenic red pulp stromal cells and thymic medullary stromal epithelial cells [313]. Furuya M
et al. have found that the role of murine CLCAlis as an interacting partner for LFA1 to mediate lymphocyte
adhesion to LECs, as treatment of LECs with the 10.1.1 antibody significantly reduced lymphocyte
adhesion in vitro [314]. The 10.1.1 antibody activates lymphatic endothelium in vitro, and also rapidly
induces LN lymphangiogenesis in vivo, suggesting a role for murine CLCA1 in regulation of LN lymphatic

sinus growth [311].

The LEC layer is likely continuous without any open gaps, allowing direct material exchange between the
sinus lumen and LN parenchyma [249][315]. Inter-LEC junctions in LNs contain both components of Als
and tight junctions, and the cells are underlined by a basement membrane [316]. ECs lining the vessel wall
are connected by adherens, tight and gap junctions, and endothelial junctional proteins that play vital
roles in tissue integrity but also vascular permeability, leukocyte extravasation, and angiogenesis [317].
For example, VE-cadherin is specific to ECs [318]. This is why | included VE-cadherin in the research on the
influence of LecB on ECs. VE-cadherin is the transmembrane component of endothelial AJs [319]. VE-
cadherin plays a multitude of roles in ECs, including the function of cell-cell adhesion and interaction, as
well as transmembrane signal transduction [226]. It has been demonstrated that LV permeability
increases significantly for both small and large solutes when vessels are exposed to VE-cadherin inhibition
[320]. It suggests that vascular permeability is intimately linked with immune cell transportation, which is
also the reason why | focus on VE-cadherin in my second part of the project. In addition, the VE-cadherin
cytoplasmic tail is regulated by phosphatases and kinases, which modify protein function, signaling, and
junctional permeability, resulting in the activation of vascular signaling pathways and ECs transmigration
[321]. For example, VE-cadherin binds to kinase Csk at Y645, leading to the inactivation of Src [322]. The
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three structural determinants of EC barrier integrity include: (1) actin stress fibers, (2) the
submembranous cytoskeleton, and (3) the cortical actin ring (Fig. B6)[323]. The cortical actin ring provides
centrifugal force to support and stabilize the EC membrane outwardly to allow contact with neighboring
cells and the basement membrane [324]. Furthermore, the cortical actin ring facilitates the formation of
lamellipodia, sheet-like lateral protrusions of the cell membrane, induced by rapid, branched actin
polymerization and filament network formation [325]. With regards to other cytoskeleton proteins, the
binding of the FAK FERM domain to the VE-cadherin cytoplasmic tail and the direct FAK phosphorylation
of B-catenin at Y142 facilitates VE-cadherin-B-catenin dissociation and EC junctional breakdown [114]. As
opposed to B-catenin, plakoglobin binds to either a-catenin or desmoplakin and vimentin [317]. It
indicates that the VE-cadherin complex interacts more strongly with the vimentin cytoskeleton in this
context [317]. In the previous Ph.D. project of Dr. Janina Sponsel, she has found that LecB can reduce VE-
cadherin protein level and causes cortical actin ring formation in HUVECs. However, it remains unknown
if LecB affects other cytoskeletons, like F-actin and FAK.

A VE-cadherin regulation B VE-cadherin signaling
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Fig. B6: Schematic of VE-cadherin regulation and signaling.

For simplicity, only p120-catenin and B-catenin are shown bound to VE-cadherin, excluding plakoglobin and a-
catenin. (A) The mechanisms modulating VE-cadherin activity are as follows: (1) Changes in VE-cadherin gene
expression through the activity of transcription factors Erg/Ets-1, TAL-1/SCL, and Twist/Slug/Snail. (2) Trafficking via
Golgi-associated protein cPLA2a. (3) Transport along actin filaments facilitated by myosin-X. (4) Stabilization at the
plasma membrane by p120-catenin, enhanced by FGF. (5) Phosphorylation induced by permeability factors, signaling
through various kinases to promote adherens junction complex disassembly and/or VE-cadherin internalization. (6)

Phosphorylation induced by leukocytes, promoting adherens junction complex disassembly. (7) Inhibition of
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phosphorylation by protein tyrosine phosphatases or Angl. (B) Regarding intracellular signaling through VE-cadherin,
the following mechanisms are implicated: (8) Indirect binding to VEGF-R2, preventing its phosphorylation,
internalization, and signaling to MAPK. (9) Binding to and assembly of the TGF- receptor complex, enhancing Smad-
dependent transcription. Signaling through small GTPases includes: (10) Rho/ROCK, promoting actomyosin
contraction. (11) Rac1/Tiam1. (12) Rap1/Epac. Indirect regulation of gene transcription occurs by: (13) Limiting the
amount of p120-catenin and B-catenin that can translocate to the nucleus. (14) Inhibiting FoxO1, leading to an
increase in claudin-5 mRNA [326].

B. 1.3.2. Human umbilical vein endothelial cells

Many BECs in the laboratory use are from venous ECs [327]. Thus, | utilized HUVECs to verify the effect of
LecB on ECs in vitro. EC monolayer forms a selective semipermeable barrier regulating the trafficking of
macromolecules and blood cells across the vessel wall [328]. Important regulators of EC barrier function
are the actin-myosin-based EC contractile machinery and actin cytoskeleton-anchored Als consisting of
VE-cadherin and catenins linked to the actin cytoskeleton [329, 330]. For example, a modified cAMP
analogue 8-pCPT-20-O-Me-cAMP is an exchange protein directly activated by cAMP (EPAC) agonist. It
simultaneously activates diverse signaling pathways in HUVECs, which has differential effects on
endothelial barrier function, including the reorganization of the actin cytoskeleton to the cell periphery,
the enhanced VE-cadherin localization at cell-cell junctions, and dephosphorylation of myosin light chains
[329]. Intriguingly, the phosphorylation of VE-cadherin is involved in the endothelial adhesive mechanism
[331]. For example, the overexpression of tyrosine/phenylalanine replacement mutants of VE-cadherin
for either Y731 or Y658 in HUVECs inhibited transendothelial migration of leukocytes, indicating that
phosphorylation of specific residues is involved in leukocyte extravasation [332]. Besides, small GTPases
and other molecules can affect VE-cadherin adhesiveness in ECs. Rac has been described as blocking as
well as promoting thrombin-induced permeability in HUVECs [331]. Meanwhile, Cdc42 was suggested to
stimulate the interaction between a-catenin and R-catenin, thereby preventing the increase of
permeability in lung endothelium caused by a dominant negative form of VE-cadherin [333]. It suggests
that the linkage of VE-cadherin to the actin cytoskeleton is the mechanism by which cadherin-mediated
adhesion occurs in ECs. Therefore, some cytoskeleton proteins, like F-actin and FAK, were included in
investigating VE-cadherin-mediated endothelial AJs induced by LecB.

B. 1.3.3. The endothelial adherens junctions

The endothelium is located at the inner side of all vessel types and is constituted by a monolayer of ECs.
Interendothelial junctions contain complex junctional structures, namely AJ, tight junctions (TJ), and gap
junctions (GJ), playing pivotal roles in tissue integrity, barrier function, and cell-cell communication,
respectively [317]. AJ, TJ, and GJ are often intermingled and form a complex zonular system with variations

in depth and thickness of the submembrane plaque associated with the junctional structure [317][334].

101



Lots of proteins exhibiting homophilic adhesive activities are located at interendothelial contacts, such as

VE-cadherin in AJ, claudins and occluding in TJ, or connexins in GJ [317].

Als are cell-cell adhesion structures pivotal to morphogenetic processes, lineage specification, and
proliferation [335]. Endothelial Als are essential for maintaining vascular integrity. Disruption of Als leads
to vascular leakage, tissue edema, hemorrhage, and other vascular complications (Fig. B7)[336, 337]. The
cytoplasmic domain of VE-cadherin is highly homologous to that of classic cadherins, such as N-cadherin
or E-cadherin, and shares with them some intracellular partners such as p120-catenin or R-catenin [338].
VE-cadherin downregulates the expression of N-cadherin and junctional localization in ECs through the
PI3K-AKT signaling pathway [339]. It suggests that the cytoplasmic tail of VE-cadherin is responsible for N-
cadherin exclusion from the Als. In addition, the anchorage of junctional proteins to the cytoskeleton has
a crucial role in the control of EC shape, movement, and permeability [338]. The relationship between VE-

cadherin and actin cytoskeleton has been introduced before.
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Fig. B7: Multiple Functions of adherens junctions in endothelial cells.

The organization of Als is provided by VE-cadherin, which is linked through its cytoplasmic domain to p120-catenin,
R-catenin, and plakoglobin. These proteins assemble in diverse complexes and have different functions. The
interactions of VE-cadherin with the growth factor receptors VEGFR2, FGFR1, and the TGFR-R complex modulate
their downstream signaling. The cytoskeletal remodeling controlled by VE-cadherin is through its indirect interaction
with various actin-binding proteins, such as a-catenin, vinculin, a-actinin, eplin, and others. In addition, the stability
of the Als is regulated by the clustering of VE-cadherin and its indirect association with different partners, such as
Tiam, the CCM complex, and vinculin. Conversely, phosphorylation of VE-cadherin by Src or FAK, as well as the VE-

cadherin interaction with B-arrestin, induces junction weakening [338].
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B. 2. Project objectives

The opportunistic pathogen P. aeruginosa is an important health problem. It increasingly develops
resistance against existing treatment options. The virulence factors of P. aeruginosa, including the fucose-
specific lectin LecB, can cause severe infections and immune responses in the host organism. According
to the previous project of Dr. Janina Sponsel, she has found that LecB can bind to LECs in the LN in vivo,
and LecB can reduce VE-cadherin protein level and causes cortical actin ring formation in HUVECs.
However, the physiological consequence of LecB on the immune response is not well understood.
Therefore, the overall aim is to investigate the effect of P. aeruginosa lectin LecB on immune response in

vivo by focusing on the LN as the center for immune activation against infectious organisms.

The three significant aims are:
Aim 1: To investigate the interaction between LecB and LVs

LecB was shown to bind to LECs in the LN, indicating that LecB can be transported into the LN. However,
the visualization of LecB entering or binding to the tissue capillary lymphatics at the site of injection was
lacking. Therefore, | injected LecB-A488 into the mouse ear pinnae to check if LecB-A488 can drain into
LVs and enter into the LNs.

Aim 2: To investigate the impact of LecB on immune cells, like T cells and DCs

| have known that LecB can block epithelial cell migration, and LecB can enter into the LNs after the
injection. Therefore, | suspected that LecB would block immune cell migration in the LN as well. | analyzed
DC migration into the T cell zone of LNs required for the activation of T cells.

Aim 3: To identify the underlying mechanism of the decreased VE-cadherin induced by LecB

To gain more insights into whether LecB alters ECs function, | utilized HUVECs. | have known that LecB can
bind to HUVECs in vitro, and LecB reduces the expression of VE-cadherin in HUVECs. The underlying
mechanism of the decreased VE-cadherin was unclear. | investigated cytoskeleton proteins, such as FAK

and myosin.
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B. 3. Summary of results and discussion

The results of my investigations were published in EMBO Reports, that | sign as second but equal
contributing author. It is reprinted in chapter B.6., where | also discuss the data further. the data is
discussed in full detail. Here, the major discoveries will be summarized, followed by an outline of my

particular contributions.

B. 3.1. LecB binds to lymphatic vessels in skin in vivo

Since Dr. Janina Sponsel has observed that LecB binds to LECs in the LN, | wanted to uncover if LecB can
bind to LVs in the skin from where LecB is probably transported into the LN. LecB-A488 was injected into
the ear pinnae of Prox1tf"? tdTomatos?#° (iProx-1tdT) mice that express the red fluorescent tdTomato
protein under the Prox1 promoter active in LECs [340]. 4 h later, the ears were split and imaged by
confocal microscopy. The results demonstrated that LecB colocalized with LVs and other cutaneous
structures resembling blood vessels (publ. Fig 3A), indicating that the injected LecB in the skin drained
into the LN via lymphatics. Therefore, the association of LecB with lymphatics raised the question of its

physiological relevance in the context of a bacterial infection, which | present in a next chapter.

B. 3.2. LecB interferes with migration of dendritic cells and subsequent T cell activation
in vivo

With regards to physiological relevance mediated by LecB, | investigate the DCs migration and T cell
activation. First, | generated DCs from BMDCs, matured by LPS, fluorescently labeled, and injected into
ears and footpads of mice treated twice with LecB on one side, while the other side was mock-injected
with saline. For the culture of BMDCs, | co-cultured 10x10° bone marrow cells with 25 ng/ml of human
fms-related tyrosine kinase 3 ligand (hFIt3L). Then, 1ug/ml OVA peptide was co-cultured with DCs for 18
h and 100 ng/ml LPS for 16 h before harvesting BMDCs after 8 days. | checked the BMDC generation from
bone marrow progenitor cells by flow cytometry (Fig. B8). | could observe MHC-II* CD11c* B220  DCs, and
during activation of BMDCs, BMDCs were seen as a CD86"" CD11c* cell population, which was between
20-40% in every experiment. The results showed that mature BMDCs could be generated in vitro from

bone marrow cells.
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Fig. B8: Gating strategy verifying dendritic cells from bone marrow precursors.

Cells were stained with I-A/I-E-FITC, CD11c-PE, B220-PerCp-Cy5.5, CD86-APC, and DAPI. First DAPI" live cells were
gated from single cells. Then, B220" cells were gated from live DCs. MHC II* CD11c"* cells and CD86" cells were both
gated from B220 cells.

Meanwhile, CD4* T cells from the CD45.1 x OT-Il mouse were purified by the MACS system and stained by
carboxyfluorescein succinimidyl ester (CFSE). CFSE was used to study cell proliferation in my project. This
versatile dye is membrane permeant, so it enters into the cytoplasm where its acetate groups are
removed by cellular esterases. Then, CFSE stably binds to the abundant amine groups present in
cytoplasmic molecules, conferring a stable fluorescence intensity to cells which is equally divided between
daughter cells after each division [341, 342]. Thus, | use a simple protocol to CFSE-labelled mouse T cells
and analyze their proliferation in vivo by flow cytometry. CFSE* CD4* T cells were injected intravenously
into a CD45.2 mouse. LecB was injected intradermally into the ear pinna and subcutaneously into the hind
footpad on the right side of mice, and 5-6 h later, BMDCs were harvested and injected at the left and right
side of mice. LecB was injected again at the same position after 24 h. Finally, after 4 days, auricular,
popliteal, inguinal, and para aortic LNs were taken for further analysis as described in publ. Fig, 4B. Firstly,
| used flow cytometric analysis to verify CD4* T cells labeled with CFSE staining. By staining for CD3e and
CD4, | could distinguish CD45.1* CD4"* T cells (data not shown).

In addition to the comparison between the control groups and LecB groups, some mice received an
intraperitoneal injection of LecB inhibitor DH445, which was provided by Prof. Dr. Alexander Titz,
Helmholtz Centre for Infection Research, Germany. After 4 days, the draining auricular and popliteal LNs
were recovered, stained for CLCA1* lymphatics and B220* B cells. The number of BMDCs associated with

lymphatics or localized within the central paracortical T cell zone, devoid of the peripheral B220* B cell
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follicles, was assessed (publ. Fig 4C and D). In detail, | counted the number of BMDCs in the central
paracortical T cell zone and the number in lymphatics via Image J software and did statics analysis. In the
absence of LecB, the majority of BMDCs were found within the paracortex, which was not influenced by
DH445. However, in the presence of LecB, many BMDCs failed to enter the T cell zone and were retained
within the subcapsular lymphatics. Strikingly, DH445 reversed LecB-mediated inhibition of BMDC

migration into the T cell zone.

To determine whether this abnormal migration alters T cell activation, | modified the above experiment
as described in publ. Fig 4E. First, | checked the T cells population. Among live CD45.1* cells, T cells were
distinguished as CD11c” CD3e* CD4* cell population (Fig. B9). The LNs were recovered, and the
proliferation of CD45.1* T cells was assessed by measuring the CFSE label by flow cytometry (publ. Fig 4F).
CFSE negative or low cells would indicate T cells having reduced the fluorescence intensity by cell division.
The data, expressed as T cell proliferation, was normalized in each experiment to control mice or mice
whose contralateral LN was not exposed to LecB (publ. Fig 4G). | found that LecB significantly reduced T
cell proliferation and that this effect was reversed by the LecB inhibitor DH445. Taken together, the data
uncovered the ability of LecB to inhibit the generation of adaptive immune response by restricting DC

migration across lymphatics from the periphery to the LN T cell zone.
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Fig. B9: Gating strategy showing isolation of T cells.

Cells were stained with I-A/I-E-APC, CD45.1-APC-Cy7, CD3e-PerCP-Cy5.5, CD4-AF700, and DAPI. First, DAPI" live cells
were gated from single cells. Then, CD45.1* cells were gated from live cells, and CD11c CD3e* cells were gated from

them. Finally, CD4* CD3e" cells were selected for next injections into mice.

B. 3.3. LecB rearranges endothelial cell membrane and cytoskeleton in vitro

To investigate the effect of LecB on ECs on a molecular level, | utilized HUVECs as the experimental model.
Since Dr. Janina Sponsel found that LecB reduced the protein expression of VE-cadherin, but the molecular
mechanism behind it was unclear. As | introduce above, endothelial adhesion molecule VE-cadherin can
bind to FAK FERM domain, resulting in EC junctional breakdown [114]. Thus, | wanted to investigate the

localization and expression of VE-cadherin and the cytoskeleton proteins, such as F-actin, FAK, and myosin.
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First, to determine the localization of VE-cadherin, FAK and F-actin, | performed immunofluorescence
assay. HUVECs were untreated or exposed to LecB for 1 h or 3 h, stained for VE-cadherin, filamentous F-
actin, FAK, and nuclei were colored with DAPI. The figures depicted that LecB perturbed the
perimembranous area of VE-cadherin, F-actin, and FAK (publ. Fig 2E). In untreated cells, VE-cadherin was
primarily distributed on the cell surface, forming Als. However, in the presence of LecB, the location of
VE-cadherin shifted into the cytoplasm and was often found in perinuclear positions. | analyzed VE-
cadherin protein levels by western blot and found a time-dependent decrease (publ. Fig 2F). Concerning
cytoskeleton proteins, visualizing F-actin with fluorescent phalloidin uncovered that LecB provoked the
reduction in cellular stress fibers and the formation of a cortical actin rim. FAK was frequently displaced
from a predominantly perimembranous location to an intracellular position after LecB (publ. Fig 2E). To
get more information from the figures, | quantified the pixels and areas in each image of perimembranous
and intracellular areas via Image J (Fig. B10). However, it was quite different in the quantification of VE-
cadherin. The pixels and areas of VE-cadherin were subtracted by the counterpart of DAPI (white circle
represented DAPI in Fig. B10). The histogram results showed that LecB significantly decrease the
perimembranous expression of VE-cadherin, F-actin and FAK in HUVECs. Given the reduction of actin
stress fibers that are central to cell mobility, | performed live imaging of HUVECs with Sir-actin exposed to
LecB or left untreated. While untreated cells exhibited actin dynamics concomitant with cell motility, the
3 h LecB exposure left the cells sessile with low levels of polymerized actin (publ. videos EV1,2). To further
explore the reduced cell contractility, | determined phosphorylation of the myosin regulatory light chain
2 that stabilizes myosin [288]. Western blot showed diminished myosin light chain2 phosphorylation at
Ser19, and quantification of immunofluorescence revealed a loss in the perimembranous area after 3h of

LecB exposure (Fig. B11).
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Fig. B10: Quantification of changes in adherens and cytoskelatal protein expression and subcellular localization in
endothelial cells induced by LecB.

Top: HUVECs were stained with VE-cadherin, DAPI, F-actin and FAK, and the cell perimembranous and intracellular
areas were identified on bright-field images. Bottom: The pixels of fluorescence of VE-cadherin, F-actin, FAK in these
subcellular areas were determined for each cell using Fiji (ImageJ software) and normalized for cell surface area. For
the intracellular VE-cadherin measures, the DAPI* nuclear area was subtracted. The graphs depict these measures
for each imaged cell. The data is expressed as + SEM with each data point representing one cell. ¥*P < 0.05, **P <
0.01, ***P < 0.001 as assessed by Kruskall-Wallis test. Scale bars, 20 um.
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Fig. B11: LecB reduces myosin light chain phosphorylation.

Western blot analysis of p-Myosin light chain2 Ser19 and GAPDH in HUVEC lysates treated with LecB for the indicated
times. Densitometric quantification of the western blot of p-Myosin light chain2 Ser19 relative to GAPDH. Below:
Imaging and quantification of p-Myosin light chain2 Ser19 immunofluorescence of HUVECs NT or treated for 3h with
LecB. The data is expressed as + SEM. *P < 0.05, ***P < 0.001 as determined by the Kruskall-Wallis test with the NT
condition.
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Dr. Alessia Landi found that a strong cyclin D1 degradation, which led to the arrest of cell cycle and, thus,
to the reduction of cell viability after 12 h LecB treatment in keratinocytes [9]. Thus, the reason for the
reduction of perimembranous expression of VE-cadherin, F-actin, and FAK in HUVECs was unclear. One
reason might be associated with the LecB treatment, while another reason might be related to the
cytotoxicity of LecB, resulting in apoptosis in HUVESc. To determine the reason, | performed MTT and
caspase-3 staining assays to assess the LecB toxicity. The results depicted that neither 1 h nor 3 h LecB
treatment influenced cell viability of HUVECs, in comparison with positive controls, such as staurosporine
and serum-free (Fig. B12.A). It has been reported that staurosporine can induce cell death and induces
caspases-3/7 activity, and reduces the level of ATP in rat astrocytes [343]. Thus, | utilized caspase-3/7
green detection reagent to verify the cytotoxicity of LecB again. The results showed that, in positive
control staurosporine groups, cells were stained with caspase-3 in green (Fig. B12.B). In contrast, cells
were not stained with caspase-3 in green under the treatment of 3 h LecB (Fig. B12.C), indicating that LecB
had no toxicity to HUVECs. In conclusion, LecB reorganizes the VE-cadherin positive adherens junction and
the associated FAK and F-actin cytoskeleton with reduced myosin regulatory light chain phosphorylation,
which would have a negative impact on cell contractility and therefore on leukocyte diapedesis. Moreover,
it was not because of LecB toxicity perturbing perimembranous area of VE-cadherin, F-actin, and FAK in

HUVECs.
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Fig. B12: LecB does not trigger apoptosis and leads to reduced myosin light chain phosphorylation.
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(A) HUVECs were left untreated (NT), or incubated with LecB, DMSO, Staurosporine in DMSO and in serum-free
medium for the indicated times, and cell viability assessed using the MTT assay. The data is expressed as + SEM. (A)
It is normalized to the NT conditions with each data point representing biological replica. *P < 0.05, **P < 0.01 ***p
<0.001 as determined by the Student’s t-test in comparison with the NT condition. (B) HUVECs undergoing apoptosis
with Staurosporine were imaged for caspase-3, and nuclei stained with DAPI. Scale bars, 20 um. (C) NT or LecB-
treated HUVECs were stained for the indicated proteins and caspase-3 to exclude imaging apoptotic cells. Scale bars,
20 um. The cell perimembranous and intracellular areas were identified on the bright field cell images. The pixels in
the subcellular areas for each cell image was determined using Fiji (Image) software) and normalized for cell surface
area. The data is expressed as + SEM. (A) It is normalized to the NT conditions with each data point representing
biological replica. *P < 0.05, **P < 0.01, ***P < 0.001 as determined by the Kruskall-Wallis test with the NT condition.

B. 3.4. My contributions

With support from DR1-CNRS Dr. Christopher G. Mueller (principal supervisor) and Prof. Dr. Winfried
Romer, and helps from Lutfir Hamzam and DH445 reagent provided by Prof. Dr. Alexander Titz, |
conceptualized and performed the study. My contributions to some publication figures and some

experiments include these points:

1) Colocalization between LecB and LVs in mouse skin in vivo with imaging by confocal microscopy.

2) Inhibition of DC migration and T cell activation by LecB in vivo with imaging by epifluorescence
microscopy and flow cytometry (with Lutfir Hamzam for the T cell activation parts, DH445 inhibitor
from Prof. Dr. Alexander Titz).

3) Investigate the rearrange of the EC membrane and cytoskeleton induced by LecB in vitro through
imaging by confocal microscopy.

4) Assess the toxicity of LecB on ECs with MTT assay and imaging by confocal microscopy.
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B. 4. Conclusions

My study sheds new light on the function of LecB, a lectin produced by P. aeruginosa. It has been reported
that the second P. aeruginosa lectin, LecA, also interacts with ECs. For example, in the mink airways, ECs
are marked by both LecA and LecB lining the vascular surface of the large vessel [344]. Lectins that have
protein homology with P. aeruginosa are produced by other bacteria, such as Burkholderia, which causes
morbidity and mortality among cystic fibrosis patients [345]. With regards to leukocyte migration, lectin
obtained from Lonchocarpus sericeus seeds attenuates the leukocyte-endothelium interaction, such as
rolling and adhesion, neutrophil transmigration and also the inflammatory hypernociception in response
to injection of inflammatory stimuli [346]. However, co-author found that LecA did not inhibit human DC
skin emigration, indicating that obstructing leukocyte migration is not a general property of bacterial
lectins. On the one hand, from our previous results, LecB induces differentiation and apoptosis of acute
monocytic leukemia cells with the reduction of B-catenin level [46], and causes BCR-dependent activation-
induced death of B cells in vitro [45]. It suggests that LecB is associated with immune cells, resulting in the
cellular processes, which supports my observations that LecB perturbs DC migration and the subsequent
T cell activation. On the other hand, the major difference between LecA and LecB is that LecA specifically
binds to galactose, while LecB specifically binds to fucose [47]. It has been reported that D-Gal-treated
mice exhibit changes in T cell function, redistributing CD4* T cell subsets [347]. Besides, galactose induces
the differentiation of tolerogenic DCs, supporting naive T cell differentiation toward the Treg phenotype
[348]. This evidence indicates that galactose has a cellular function on the immune cells, suggesting that
galactose-binding LecA might have the same effect on the immune cells. However, there is less literature
on the fucosylation and immune cells. My results will provide some hints regarding the physiological
consequence of fucose-binding LecB on immune cells.

Here, in my second part of the project, | found that LecB-triggered restriction of cell migration in mice
could be reproduced in an in vitro endothelial transmigration assay. The finding was that LecB could
colocalize with LVs in mice. After entry of the tissue-draining LecB into LN, LecB interfered with migration
of DCs and subsequent T cell activation in vivo (Fig. B13). Meanwhile, | also employed DH445, a LecB
inhibitor, to investigate if DH445 can block LecB regarding immune responses. The results depicted that
DH445 could rescue the reduced DC migration and T cell activation induced by LecB. Thus, DH445 may
find an application to P. aeruginosa infections. By studying HUVECs in more detail, | found that LecB
triggered the endocytic degradation of VE-cadherin, changes in FAK subcellular location, the formation of
a cortical F-actin rim, and reduced phosphorylation of myosin light chain. Importantly, the degradation of
VE-cadherin was not due to LecB toxicity-induced cell apoptosis. From the results of MTT and caspase-3
assay, LecB did not affect the cell viability of HUVECs, compared with positive controls, such as
staurosporine and serum-free. Moreover, untreated cells exhibited actin dynamics concomitant with cell
motility, the 3 h LecB treatment left the cells sessile with low levels of polymerized actin.
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Fig. B13: The scheme of the LecB-induced immune responses in vivo.

Upon infecting human body surfaces, skin or lung, P. aeruginosa-produced LecB would bind to ECs in the tissue. This
leads to dysfunction of intercellular adherence and cell mobility impeding the transendothelial passage of leukocytes.
As a consequence, LecB impairs the migration of dendritic cells through the draining lymphatics into the paracortex
of lymph nodes resulting in a reduced antigen-specific T cell response directed to fight the invading pathogen.
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B. 5. Outlook

In the second part of the project, | demonstrated that LecB could also inhibit immune cell migration, such
as DC migration, in vivo. Subsequently, LecB suppressed T cell activation in the LN in vivo, which was
rescued by DH445. LecB triggered the endocytic degradation of VE-cadherin, changes in FAK subcellular
location, the formation of a cortical F-actin rim, and reduced phosphorylation of the myosin light chain in

vitro.

T cell activation can initiate the cell-based functions of the immune system, where they support their local
defense mechanisms. Here, | found that LecB suppressed T cell activation in the LN in mice, which
indicates that exogenous antigen LecB induces a cytotoxic T cell response. Besides, there are lots of
researches about the effect of pathogen on T cell response. For example, SARS-CoV-2 virus results in the
delayed or insufficient activation of T cell responses, which can contribute to severe lung damage or
systemic inflammation [349]. Myeloid arginase-1 deletion mice lead to greater T cell recruitment and
activation in response to P. aeruginosa pneumonia [350]. This evidence suggests that T cell response is an
essential defense mechanism in the immune system after the pathogenic infection. However, the
reduction of T cell response against LecB would allow other pathogens to infect the organs. With the
intraperitoneal injection of LecB inhibitor DH445, | hope that it may be a novel method to cure the
dysfunctional immune responses after the infection of LecB. It will also be of great interest to take this
study further by injecting the PAO1 strain and the PAO1 AlLecB strain (LecB deletion) into mice,
investigating the effect of LecB on the immune response in mice with the infection of P. aeruginosa.
DH445 is an artificially synthesized derivative from methyl-a-L-fucoside, which is kindly provided by Prof.
Dr. Alexander Titz. It is the first time that the function of DH445 in the blockage of LecB was analyzed in
vivo. However, there are some other artificial derivatives that have a similar structure deriving from
methyl-a-L-fucoside. For example, Alexander Titz et al. have designed C-glycosides fucoside-based
compounds, which can bind to human Langerin protein in the millimolar range [42]. No toxicity is detected
for the same compound tested up to a concentration of 100 uM using an immortalized human hepatocyte
cell line [42]. It means that the safety window of the synthesized compound is quite high for humans.

In a further study, | tested the impact of LecB on the capacity to suppress the production of antibodies
directly against LecB in mice. Therefore, | performed an ELISA assay based on streptavidin and LecB-Biotin
(data not shown). In detail, the commercial streptavidin-coated 96-well plate was blocked with blocking
buffer [4% (wt/vol) non-fat milk in TBS-T buffer] and coated with LecB-Biotin. Then, the mouse sera
extracted after the 7-day and 14-day injection of LecB +/-DH445 were incubated at 37°C for 1 h. After
washing, anti-mouse antibodies (IgG y Fc and I1gM F) were diluted and incubated at 37°C for 0.5 h. After
washing, the TMB substrate is added to each well and incubated at 37°C for 15 min. The absorbance value
at 450 nm was acquired with a microplate reader. The purpose of this test was to check the levels of
certain antibodies in the serum. However, the data did not show a difference between mice injected with
LecB in the absence or presence of DH445. A further study used ovalbumin as antigen injected in the

absence or presence of LecB and in the absence or presence of alum as adjuvant. This experimental set
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up was also unsuccessful to find a difference between with and without LecB. Thus | was unable to show
that LecB had a repressive effect on the humoral immune response towards LecB that would be released
by DH445. 1t is likely that the regimen of injecting LecB twice was not sufficient to efficiently block the
humoral response. Moreover, owing to time, | did not carefully assess the generation of a germinal center
response implicating DC-T cell crosstalk. Further work is therefore required to assess the physiological
consequences of inhibition of DC migration by LecB on the immune response.

Integrins are essential for cell migration, and the cell surface expressions of CD18/R2-integrin, CD11c/aX-
integrin, and CD11b/aM-integrin induced by LecB in DC were investigated by collaborators. A reduction
in the CD18/R2-integrin-CD11c/R2-integrin heterodimer on dermal DCs triggered by LecB was found,
indicating that LecB negatively affects DC migration from human skin by binding to a cellular glycoligand
[53]. In microenvironments, ECM is essential for cell migration, and the binding of integrins to ECM is
introduced in detail in the previous charter. Therefore, it is important to investigate the effect of ECM
during the process of cell migration. | mimicked fibronectin-coated plates to characterize the function of
LecB in cell adhesion. It will be more meaningful to introduce ECM-integrin research in the mouse model
by injecting LecB. Adhesive interactions with the ECM are dynamically engaged during the development
and homeostatic turnover of tissues [351]. For example, B1l-integrin activity is required for laminin-
induced cellular position sensing to pattern the early mouse embryo [352]. It suggests that ECM is critical
to the research of integrins under the microenvironment.

In addition, flotillins were described as involved in various cellular processes such as cell adhesion, cell
migration, signal transduction through receptor tyrosine kinases, as well as in cellular trafficking pathways
[141]. Regarding cell migration, flotillins can also affectimmune cell cytoskeletons. For example, following
stimulation with chemoattractants, flotillin microdomains become rapidly redistributed to the uropod, a
contractile structure at the back of migrating white blood cells [158]. Meanwhile, there is a connection
between flotillin microdomains and actin-associated proteins, such as myosin IIA and spectrin [158].
Primary neutrophils isolated from flotillin-1-knockout mice show defects in myosin IIA activity, uropod
formation, and migration through a resistive environment in vitro [353]. It indicates that flotillin can also
mediate immune cell motility, inducing myosin IIA activity. In my first part of the project, | found that LecB
can suppress the flotillin-mediated cell migration in vitro. Therefore, it is interesting to investigate if
flotillin mediate immune cell migration induced by LecB in vivo.
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Abstract

Pseudomonas aeruginosa is a Gram-negative bacterium causing mor-
bidity and mortality in immuno-compromised humans. It produces a
lectin, LecB, that is considered a major virulence factor, however, its
impact on the immune system remains incompletely understood.
Here we show that LecB binds to endothelial cells in human skin and
mice and disrupts the transendothelial passage of leukocytes in
vitro. It impairs the migration of dendritic cells into the paracortex
of lymph nodes leading to a reduced antigen-specific T cell response.
Under the effect of the lectin, endothelial cells undergo profound
cellular changes resulting in endocytosis and degradation of the
junctional protein VE-cadherin, formation of an actin rim, and
arrested cell motility. This likely negatively impacts the capacity of
endothelial cells to respond to extracellular stimuli and to generate
the intercellular gaps for allowing leukocyte diapedesis. A LecB inhib-
itor can restore dendritic cell migration and T cell activation, under-
lining the importance of LecB antagonism to reactivate the immune
response against P. aeruginosa infection.
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Introduction

Lectins, widespread among animals, plants, bacteria, and viruses,
are proteins with carbohydrate binding properties (Meiers et
al, 2019). Microbial lectins play a role in pathogenesis, such as the
fimbria lectins FimH and FmlH for E. coli infection of the urinary
tract (Rosen et al, 2008) or the influenza virus hemagglutinin that
binds sialic acids of pulmonary epithelial cells (Lewis et al, 2022).
P. aeruginosa is a widespread, Gram-negative bacterium that causes
chronic cutaneous wound and airway infections. It belongs to the
ESKAPE pathogens and is listed by the World Health Organization
as one of the most critical bacterial pathogens. P. aeruginosa pro-
duces two lectins, LecA and LecB (formerly named PA-IL and PA-
IIL) that form homotetramers and have high affinity for galactose
and L-fucose, respectively (Gilboa-Garber, 1972). LecB is noncova-
lently linked to carbohydrate ligands of the outer bacterial cell sur-
face and can be liberated by interference with soluble sugars or
glycans (Tielker et al, 2005). It increases bacterial adherence to and
infection of epithelial cells of the skin (Landi et al, 2019; Thuenauer
et al, 2020) and the lung and contributes to pathogenicity in mouse
models of lung infections (Mewe et al, 2005; Chemani et al, 2009).
In addition, the lectin also contributes to the formation of biofilms
(Tielker et al, 2005; Diggle et al, 2006). Therefore, LecB has been
identified as a potential drug target in infections with P. aeruginosa
(Wagner et al, 2016).

During an adaptive immune response against microbial infec-
tions, the B cell-driven humoral effector arm generales high-affinity
and long-lived immunoglobulins for antibody and complement-
mediated cytotoxicity and to block infections of host cells. In paral-
lel, the T cell-mediated effector arm kills infected host cells. The
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dendritic cells (DCs) are key in initiating an efficacious immune
response against bacterial infections. They are professional antigen-
presenting cells, migrating from infected tissue via the lymphatic
vessels to the draining lymph nodes (LNs), where they present
pathogen-derived antigens to activate naive and memory T cells.
Under the influence of environmental cues, DCs direct the polariza-
tion of T helper cells supporting the humoral or cell-cytotoxic effec-
tor arms.

Microbial lectins, such as LecB, can modulate the immune
response through their potent mitogenic potential on immune cells
leading to uncontrolled cell proliferation, exhaustion, and cell death
(Avichezer & Gilboa-Garber, 1987; Singh & Walia, 2014). LecB and
BambL, a L-fucose-binding lectin from Burkholderia ambifaria,
induce B cell activation and subsequent cell death in vitro. Injection
of BambL into mice leads to polyclonal activation of B cells
(Wilhelm et al, 2019; Frensch et al, 2021), which could thwart an
efficient humoral immune response. However, on the whole, the
impact of microbial lectins on the immune system has remained
poorly studied.

Here, we investigated the effect of P. aeruginosa LecB on the vas-
cular and the immune systems using human skin explants and
mouse models. We found that LecB bound to blood and lymphatic
endothelial cells in vitro and in vive and caused profound cell junc-
tional and cytoskeletal changes, impairing transendothelial migra-
tion of leukocytes. LecB inhibits the migration of DCs from skin via
the lymphatics into the LN leading to a diminished T cell response,
which is restored by a synthetic LecB inhibitor. These findings illus-
trate how a microbial lectin can curtail an immune response by inhi-
biting immune cell migration across endothelial barriers.

Results and Discussion

LecB disrupts migration of human skin DCs and binds to
endothelial cells

To investigate the impact of the P. aeruginosa lectins on the immune
system, we exposed human skin explants to recombinant LecA and
LecB purified from E. coli (Chemani et al, 2009; Landi et al, 2019)
for 3 days in culture medium and assessed the spontaneous migra-
tion of leukocytes. The cells accumulating in the medium were iden-
tified as HLA-DR ™ lymphocytes (mostly memory T cells), epidermal
Langerhans cells, dermal CD14", and CD14  (CDla™) DCs
(Fig 1A). While T cells were not significantly affected by either
lectins, there was a significant reduction in dermal CD14" and
CD14™ DCs as well as in epidermal Langerhans cells with LecB but
not LecA (Fig 1B). Adding the LecB glycomimetic inhibitor DH445
(Sommer et al, 2018) restored cell migration (Fig 1C). In light of the
role of integrins (ITGs) in leukocyte migration and the loss of ITGb1
from epithelial cells by LecB (Thuenauer et al, 2020), we assessed
the cell surface expression of CD18/ITGb2, CD11c/ITGaX, and
CD11b/ITGaM. There was a reduction in the CD18/ITGb2-CD11c/
ITGb2 heterodimer on dermal DCs but not Langerhans cells
(Fig EV1). Thus, LecB negatively affects DC migration from human
skin by binding to a cellular glycoligand. Given that DCs and
Langerhans cells leave tissue via the lymphatic vessels, we next
assessed interaction of LecB with the skin lymphatics. To this end,
we cultured skin explants for 3 days with LecB conjugated to the
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fluorochrome AlexaFluor 488. The skin was then sectioned and
stained for CD31 and HLA-DR, expressed by endothelial cells and
the dermal DCs/epidermal Langerhans cells, respectively (Fig 1D).
There was a noticeable overlap between LecB-A488 and CD31"
endothelial cells. To confirm the LecB affinity for endothelial cells,
the cells were isolated from human skin, expanded and exposed to
LecB-A488 in the absence or presence of graded concentrations of
the inhibitor DH445. The cells were stained for CD31, CD146, and
glycoprotein 38 (podoplanin) and analyzed by flow cytometry
(Fig 1E). Both blood and lymphatic endothelial cells bound LecB
and the interaction was antagonized with increasing concentrations
of DH445. These findings show that treatment with P. aeruginosa
lectin LecB inhibits the emigration of DCs and binds to human lym-
phatic and blood endothelial cells.

The lectin inhibits human leukocyte transmigration in vitro and
rearranges endothelial cell membrane and cytoskeleton

In light of these findings, we next asked whether LecB inhibits trans-
endothelial passage of immune cells. To this end, human CMEC/D3
blood endothelial cells, which form tight cell junctions, were grown
as a monolayer on the filter of Transwell plates, and then peripheral
blood mononuclear cells (PBMCs), blood-isolated lymphocytes or
monocyte were added to the top chamber. The cells were exposed
to LecB and migration of the leukocytes across the endothelial cells
into the lower chamber was assessed 24 h later (Fig 2A). We found
that in the presence of LecB, significantly fewer cells migrated
across the endothelial barrier into the lower chamber (Fig 2B).
PBMCs and monocytes were most strongly impaired, although
CD14~ lymphocyte transmigration was also significantly decreased.
Next, we counted the number of cells remaining on the CMEC/D3
cell monolayer, and, inversely to cell passage, there were more
adherent leukocytes in the upper chamber in the presence of LecB
(Fig 2C). These findings demonstrate that LecB impairs leukocyte
passage across an endothelial monolayer. When staining CMEC/D3
cells for the adherens junctional protein VE-cadherin, we observed
that while in untreated conditions, the VE-cadherin was clearly
localized at the cell membranes, surprisingly, LecB disrupted this
distribution (Fig 2D). We, therefore, analyzed more closely the
changes inflicted by LecB on junctional proteins and the cytoskele-
ton of endothelial cells. First, we determined the binding of LecB-
A488 to different endothelial cell lines in vitro. The lectin bound to
the cell membrane of the human brain microvascular endothelial
cell line hCMEC/D3, human umbilical vein endothelial cells
(HUVECs), and skin lymphatic cells and was internalized in peri-
nuclear vesicles (Fig EV2A). HUVECs were then left untreated or
exposed to LecB for 1 h or 3 h, stained for VE-cadherin, filamentous
(F)-actin, focal adhesion kinase (FAK), nuclei were colored with
DAPI (Fig 2E), and images quantified for subcellular localization
(Fig EV2B). In untreated cells, VE-cadherin was primarily distrib-
uted on the cell surface forming adherens junctions, however, in the
presence of LecB, location of VE-cadherin shifted into the cytoplasm
and was often found in peri-nuclear vesicles. We analyzed VE-
cadherin protein levels by western blot and found a time-dependent
decrease (Fig 2F). Visualizing F-actin with fluorescent phalloidin
uncovered that LecB provoked the reduction in cellular stress fibers
and the formation of a cortical actin rim. FAK, which plays a central
role in initiating and integrating various signaling pathways with

© 2023 The Authors
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Figure 1. LecB binds to endothelial cells in the skin and obstructs cell emigration.

A Flow cytometry gating strategy to identify the leukocytes emigrating from human skin explants into cell culture medium.
B Human skin explants were cultured in complete medium for 3 days in the absence (nontreated, NT) or presence of LecB or LecA, emigrated cells counted and

identified by flow cytometry (panel A).

C  As for panel (B) with DH445 and/or LecB added to the culture medium, normalized to the untreated condition.
D Epifluorescence imaging of human skin cross-sections after incubation of skin explant in culture with LecB-A488 and then stained for CD31, HLA-DR and cell nuclei

(DAPI). Arrows point to CD31* endothelial cells bound by LecB-A488.

E  Flow cytometry of LecB-A488 binding to ex vive isolated CD31* CD146" podoplanin (Pdpn)~ blood and CD31* CD146 Pdpn* lymphatic endothelial cells in the

absence or presence of different concentrations of the LecB inhibitor DH445.

Data information: data are expressed as mean + SEM of individual skin donors, that are linked in (C). The data in (C) are normalized to the untreated (NT) condition. ns,
not significant, *P < 0.05, ***P < 0.001, as assessed by the Kruskall-Wallis test (B) and Friedman test (C). The scale bars represent 100 pm (D).

effect on cytoskeleton (Quadri, 2012), is frequently displaced from a
predominantly perimembranous location to an intracellular position
after LecB. The alterations in protein expression and localizations
were not due to LecB toxicity as assessed by cell viability by MTT
and caspase-3 staining (Fig EV3A-C). Given the reduction of actin
stress fibers that are central to cell mobility, we performed live
imaging of HUVECs with Sir-actin exposed to LecB or left untreated.
While untreated cells exhibited actin dynamics concomitant with
cell motility, the 3 h LecB treatment left the cells sessile with low
levels of polymerized actin (Movies EV1 and EV2). To further
explore reduced cell contractility, we determined phosphorylation of
the myosin regulatary light chain 2 that stabilizes myosin (Vicente-
Manzanares et al, 2009). Western blot showed diminished myosin
light chain2 phosphorylation at Ser19, and quantification of immu-
nofluorescence revealed a loss in the perimembranous area after 3 h
of LecB exposure (Fig EV3D). In conclusion, LecB reorganizes the
VE-cadherin* adherens junction and the associated FAK and F-actin
cytoskeleton with reduced myosin regulatory light chain phosphory-
lation, which would have a negative impact on cell contractility
and, therefore, on leukocyte diapedesis.

LecB binds to lymphatic endothelial cells in skin and LN in vivo

We next turned to mouse models to explore the functional conse-
quences for the immune system of LecB interaction with endothelial
cells. First, LecB-A488 was injected into the ear pinnae of
Prox]“*ERT? 1dTomato®°P 7% (iProx-1tdT) mice that express the red
fluorescent tdTomato protein under the ProxI promoter active in
lymphatic endothelial cells (Bazigou et al, 2011). 4 h later, the ears
were split and imaged by confocal microscopy (Fig 3A). LecB-A488
co-localized with the tdTomato™ lymphatic vessels in addition to
binding to other cutaneous structures resembling blood vessels. As
lymphatics drain into LNs, we next injected LecB-A488 into the ear
pinnae or into the footpad and 4 h later visualized its localization
within the auricular and popliteal LNs that respectively drain these
injection sites (Fig 3B). LecB bound not only vascular structures,
mostly lymphatics expressing both CD31 and CLCA1 and lining the
subcapsular and medullary sinuses, but also CD31" CLCA1~ blood
vessels. A higher magnification revealed that LecB-A488 labeled
structures extending from the subcapsular sinus across the cortex to
blood endothelial cells, which are likely conduits transporting
lymph-borne material from the lymphatic sinus to high endothelial
venules (HEVs) (Gretz et al, 2000). Indeed, in HEVs stained with
peripheral node addressins (PNAd), LecB-A488 labeling was appar-
ent on the subluminal side (Fig EV4A). We next examined LecB
binding to different cell populations by flow cytometry (Fig 3C).

4 of 13 EMBO reports e55971 | 2023

Lymphatic endothelial cells (LECs), blood endothelial cells (BECs),
and fibroblastic reticular cells (FRCs) were identified based on CD31
and gp38 expression, and the HEVs as a PNAd" BEC subset. The
remaining population that comprises pericytes was noted as double
negative (DN). LecB-A488 binding was assessed for each stromal
cell population by measuring its mean fluorescence intensity
(Fig 3D). We found that LecB primarily targeted LECs, followed by
BECs, HEVs, and FRCs. This finding confirms the microscopic
assessment of LecB-target cells and supports the conclusion that
LecB travels from the skin via the lymphatics to the LNs where it
reaches BECs and HEVs via the FRC-formed conduits. We also
assessed the mean fluorescence intensity of LecB-A488 in the differ-
ent hematopoietic cell populations (Fig EV4B-D). The lymphatic
sinus-associated macrophages (subcapsular and medullary sinus
macrophages, SSM and MSM) displayed the strongest fluorescence
followed by other macrophage subsets, whereas DCs showed a
much lower binding to LecB. T and B lymphocytes were hardly
targeted by the lectin. These data further support the lymphatic
draining of subcutaneously injected LecB into the LN, where it is
sampled by the lymphatic sinusoidal macrophages.

LecB interferes with migration of DCs from peripheral tissues
and subsequent T cell activation in vivo

We next assessed the functional consequences of LecB binding to
the lymphatics by assessing DC migration from skin to the LN para-
cortex, where they prime T cells. First, we determined whether DCs
were inhibited by LecB in their migration to LNs by exposing mouse
ear skin to the TLR-7 agonist imiquimod (Aldara cream) in the
absence or presence of two intradermal injections of LecB. In spite
of a strong increase in LN cellularity owing to the inflammatory
stimulus, LecB prevented the entry of the migratory skin DC subsets
and Langerhans cells into the draining LN (Fig 4A). Similar observa-
tions were made when targeting the DEC-205" skin DCs (Fig EVSA
and B). We then generated DCs from bone marrow precursors
(BMDCs), matured by LPS, fluorescently labeled, and injected into
ears and footpads of mice treated twice with LecB on one side, while
the other side was mock-injected with saline (Fig 4B). In addition,
some mice received an intraperitoneal injection of LecB inhibitor
DH445. Four days later, the draining auricular and popliteal LNs
were recovered, stained for CLCA1™" lymphatics and B220" B cells,
and the number of BMDCs associated with lymphatics or localized
within the central paracortical T cell zone, devoid of the peripheral
B220" B cell follicles, was assessed (Fig 4C and D). In the absence
of LecB, the majority of BMDCs was found within the paracortex,
which was not influenced by DH445. However, in the presence of

2023 The Authors
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Figure 2. LecB restricts leukocyte migration across endothelial cells and inflicts changes to cell membrane and cytoskeleton-associated proteins.

A Schematic illustration of the endothelial transmigration assay and its analysis.

B The graph shows the number of human peripheral blood monenuclear cells (PBMC), blood-isolated lymphocytes or monocytes transmigrated across the human
CMEC/D3 endothelial cell barrier in the presence of LecB, relative to the nontreated (NT) condition.
C The graph shows the number of the indicated leukocytes remaining on the endothelial monolayer.

o

Confocal images of the CMEC/D3 cells stained for VE-cadherin for the indicated experimental conditions.

E Confocal images of monolayers of HUVECs, nontreated (NT) or exposed to LecB for 1 or 3 h, were fixed and stained for VE-cadherin, F-actin, focal adhesion kinase

(FAK), and nuclei with DAPI.

F  Left: Western blot analysis of VE-cadherin and a-tubulin in HUVEC lysates treated with LecB for the indicated times. Right: Densitometric quantification of the west-

ern blot of VE-cadherin relative to a-tubulin,

Data information: (B, F) Data are expressed as mean £ SEM, n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 as assessed by the Student’s t-test (B)
Kruskal-Wallis test (F). (C) Data are expressed as mean == SEM, n = 2 biological replicates. The scale bars represent 40 pum (D) and 25 pm (E)

LecB, BMDCs failed to enter the T cell zone and were associated
with the subcapsular lymphatics. Strikingly, DH445 reversed LecB-
mediated inhibition of BMDC migration into the T cell zone. To
determine whether this abnormal migration alters T cell activation,
we modified the above experiment by injecting mature BMDCs
loaded with ovalbumin into mice having received CFSE-labeled
transgenic CD4" recognizing an ovalbumin-derived peptide (from
OT-II x CD45.1" mice) (Fig 4E). The LNs were recovered and the
proliferation of CD45.1" T cells assessed by dilution of the CFSE
label by flow cytometry (Fig 4F). The data, expressed as T cell pro-
liferation, was normalized in each experiment to control mice or
mice whose contralateral LN was not exposed to LecB (Fig 4G). We
found that LecB significantly reduced T cell proliferation and that
this effect was reversed by the LecB inhibitor DH445. Taken
together, the data uncovered the ability of LecB to inhibit the gener-
ation of an adaptive immune response by restricting DC migration
across lymphatics from the periphery to the LN T cell zone.

LecB, produced by the opportunistic bacterium P. aeruginosa, is
considered a virulence factor, however, its role on the immune sys-
tem has not been studied. Here, we assessed the consequences of
LecB administrated to human skin explants and to mice with respect
to immune cell migration and initiation of a T cell immune
response. We found that LecB targeted blood and lymphatic endo-
thelial cells in human skin and in mouse skin and LNs. It disrupted
the migration of the antigen-presenting cells from the skin via the
lymphatics into the LN T cell zone and thereby inhibited the
antigen-specific activation of T cells. The lectin restricted transen-
dothelial migration of leukocytes in vitro and caused endothelial cell
junctional and cytoskeletal changes. These findings support the con-
clusion that LecB is a potent virulence factor by restraining immune
cell trafficking across endothelial barriers and thus preventing the
immune system to mount an efficient response.

Immune cell migration is a prerequisite for an efficient immune
response by aclivating T and B cells in the LNs against infections in
peripheral tissue. Hereby, DCs play an important role through their
capacity to traffic from tissue to LNs linking the innate and the
adaptive immune effector arms. After exposing fluorescently tagged
LecB intradermally to human skin and the mouse ear, we observed
a strong association with blood and lymphatic endothelial cells.
Likewise, in the LNs, the lymphatics sinuses were predominantly
targeted. Other cells that efficiently bound LecB were the lymphatic
sinusoidal macrophages, specialized in sampling and scavenging
lymph-borne antigens, blood vessels, and fibroblastic reticular cells
that formed the conduits between the LN lymphatic sinus and the
HEVs. A molecular basis for the strong interaction of LecB with
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endothelial cells may be the glycocalyx, a thick layer of proteogly-
cans (e.g., syndecans, glypican), glycosaminoglycans, glycoproteins
(e.g., selectins, integrins), and glycolipids (Moore et al, 2021).

The association of LecB with lymphatics raised the question of
its physiological relevance in the context of a bacterial infection. We
addressed this by studying leukocyte migration. In humans, Langer-
hans cells and dermal DC were restricted in their ability to exit the
skin into the culture medium. T cells were less affected, indicative
of taking a nonlymphatic route. In mice, our data showed that
endogenous DCs or injected BMDCs were restrained in entering the
LN, which consequently resulted in a lower T cell response. By pro-
viding two doses of LecB, we tried to optimize the experimental con-
ditions to anticipate rapid and late BMDC arrival. Yet, because the
half-life of LecB interaction with endothelial cells is not known, a
more frequent regimen may have been required to observe a com-
plete absence of BMDC migration into the T cell zone and subse-
quent abrogation of T cell proliferation. Alternatively, the high
BMDC numbers may have contributed to overcome LecB-blockage
of trans-endothelial migration. The glycomimetic DH44S proved
effective in inhibiting LecB effects in skin explants and in vivo.
DH445, which was administrated intraperitoneally, revealed high
potency of inhibition, confirming its advantageous pharmacological
properties (Sommer et al, 2018). These findings underline DH445 as
a promising therapeutic option against P. aeruginosa.

We found that LecB-imposed restriction of cell migration from
human skin or in mice could be reproduced in an in vitro endothe-
lial transmigration assay. The finding that LecB strongly diminished
the passage of different types of leukocytes is in line with the notion
of general cell alterations rather than modifications of specific recep-
tors or chemotactic signals. By studying HUVECs in more detail, we
found that LecB triggered the endocytic degradation of VE-cadherin,
changes in FAK subcellular location and the formation of a cortical
F-actin rim. How do these changes correlate with reduced leukocyte
diapedesis? Leukocytes pass through endothelial barriers mainly via
the paracellular route, which involves destabilized cell-cell junc-
tions and active actin stress fibers to create intercellular gaps for cell
passage. Endothelial cell barrier enhancement agents lead to the dis-
appearance of central stress fibers to generate a cortical F-actin rim,
however, the adherens junctional VE-cadherin is stabilized at the
cell surface (Garcia et al, 2001; Liu et al, 2002; Birukov et al, 2004;
Birukova et al, 2007). One possible explanation for diminished leu-
kocyte transmigration is that LecB impairs leukocyte diapedesis by
preventing the development of transcellular tension necessary to
create the intercellular openings. This model is supported by loss of
stress fibers and reduced myosin regulatory chain phosphorylation,

© 2023 The Authors
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Figure 3. Assessment of LecB drainage from the skin to LNs in the mouse.

Janina Sponsel et al

A Whole mount confocal immunofluorescence of ear skin from Prox1-cre®"? tdTomato®® ™% (iProx1?") after injection with LecB-A488 or saline (nontreated, NT).

Arrows point to tdTomato+ lymphatic vessels bound by LecB-A488.

B Confocal imaging of LN sections after LecB-A488 injection and stained for chloride channel calcium-activated 1 (CLCA1), CD31 and cell nuclei (DAPI). Insets on the

right show close-ups of the subcapsular and the medullary areas.

C  Top: Flow cytometry gating strategy to identify LN stromal cell subsets among live CD45-TER-119 cells. Bottom: Flow cytometry histograms of green fluorescence for
the identified stromal subsets after LecB-A488 (red line) or saline (gray curve) injection.
D The graph depicts the median fluorescence intensity (MFI) of green fluorescence of LecB-A488 versus saline of the cells analyzed in panel B.

Data information: The data are expressed as = SEM with each data point represents one biological replicate (two LNs of one mouse). *P < 0.05, **P < 0.01 as
determined by the Wilcoxon-Mann-Whitney test. The scale bars represent 50 pm (A), 200 um (B left) and 50 um (B right). BEC, blood endothelial cells; DN, double
negative cells; FRC, fibroblastic reticular cells; HEV, high endothelial venules; LEC, lymphatic endothelial cells.

which would have a negative impact on cell contractility. However,
reduction in integrin cell surface expression by LecB such as CD11¢/
ITGaX and CD18/ITGb2 may affect migration, although BMDC hom-
ing to LNs was not found to be dependent on integrins
(Lammermann et al, 2008). Further work is required to clarify the
contribution of dysfunctional endothelial cells and compromised
leukocyte—endothelial interaction in LecB-mediated inhibition of leu-
kocyte migration.

It has been reported that the second P. aeruginosa lectin, LecA,
also interacts with endothelial cells (von Bismarck et al, 2001;
Kirkeby et al, 2007). Lectins that have protein homology with
P. aeruginosa are produced by other bacteria, such as Burkholderia,
which causes morbidity and mortality among cystic fibrosis patients
(Lameignere et al, 2008). However, we found that LecA did not
inhibit human DC skin emigration, indicating that obstructing leuko-
cyte migration is not a general property of bacterial lectins. An
important question is the dynamics of LecB production during an
infection and whether it remains associated with the bacterium. Of
consideration is also the role of LecB in biofilm formation that may
—in the light of our results—protect the bacteria from immunologi-
cal surveillance and attack. It is also reasonable to assume that the
lectins might serve the bacterium to cross the blood or lymphatic
endothelial barrier to spread systemically, as previously suggested
(Plotkowski et al, 1994). In this context, it is interesting to note a
case report of Pseudomonas in a mediastinal LN in the absence of
bacterial counts in the blood, suggesting entry via the lymphatic
drainage (Bansal et al, 2016). Our study employs purified LecB and
calls for further studies using live P. aeruginosa expressing or
lacking LecB. It also incites further investigation into the immunity-
altering impact of other bacterial lectins. LecB inhibitors, similar to
DH445, may find an application to bacterial infections beyond
Pseudomonas.

Materials and Methods

Human skin

Fresh abdominal skin was obtained from patients undergoing abdo-
minoplasty with written informed consent and institutional review
board approval, in agreement with the Helsinki Declaration and
French legislation. 2 cm? biopsies of ~ 1 mm thickness were placed
at air-liquid interface onto 40-um cell strainers in 6 ml complete
medium (RPMI1640 supplemented with 10 pg/ml gentamycin,
100 units/ml penicillin, 100 pg/ml streptomycin, 10 mM HEPES [all
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from Lonza], and 10% fetal calf serum [FCS]). Lec B (5 pM) or Lec
A (5 pM) was added to the skin explants. In some conditions, LecB
was preincubated for 30 min with 100 pM of DH445 (Sommer et
al, 2018). Human skin cells that had spontaneously emigrated into
the culture medium after 3 days were recovered and stained for
HLA-DR, Langerin/CD207, DC-SIGN/CD209 and CD14 (all from BD
Pharmingen) to identify CD14" and CD14~ dermal DCs as well as
Langerhans cells and T cells. Cells were also stained for the integrin
subunits CD18, CD11b, and CD11c (BD Pharmingen).

Mice

C57BL/GJ, CD45.1 (B6.SJL-Ptprca Pepcb/Boy)), OT-I (B6.Cg-Tg
(TeraTerb)425Cbn/J) (Charles River Laboratories, France), ProxI-cre™'?
(Bazigou et al, 2011), B6;12956-Gt(ROSA)26Sortmo(CAC Tomato)tze
(Jackson Laboratories) mice were kept in pathogen-free conditions.
The Prox1°*™ "2 tdTomato™ " (iProx-1tdT) mice received 50 mg/kg
tamoxifen (Sigma-Aldrich) in sunflower oil/5% ethanol twice with a
24 h interval by gavage 2 weeks before experimentation. The mice
then express the red fluorescent tdTomato protein in lymphatics under
the specific ProxI promoter. All experiments were carried out in con-
formity with the animal bioethics legislation (APAFIS#16532-
2018082814387618v4).

LecA and LecB preparation

The P. aeruginosa lectins were purified from E. coli (Chemani et al,
2009; Landi et al, 2019) using plasmid pET25pa2l (Mitchell et al,
2005). LecB was fluorescently labeled with Alexa Fluor488 (LecB-
A488) monoreactive NHS ester (Thermo Fisher Scientific) and puri-
fied with Zeba Spin desalting columns (Thermo Fisher Scientific)
according to manufacturer’s instructions.

Chemical synthesis
The LecB inhibitor N-p-L-fucopyranosylmethyl 2-thiophenesulfonamide
(named here DH445) was synthesized as previously described (Sommer

etal, 2018).

Identification of LecB target cells by immunofluorescence of skin
and LNs

Human skin (2 ¢cm?, 800 pm thick) was cultured in RPPMI medium

supplemented with 10% fetal calf serum and antibiotics containing
5 pg/ml of LecB-A488. After 3 days, the skin was embedded in

© 2023 The Authors
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Figure 4. Inhibition of DC migration and T cell activation.

Janina Sponsel et al

A Schematic illustration of the experiment to assess inhibition of skin DCs migration to draining auricular LNs by intradermal LecB injection after mobilization by
imiquimod (Aldara cream). Left: gating strategy to identify Langerhans cells, cDC1 and cDC2 subsets among the migratory DCs. Right: Graphs depict total auricular
LN cell numbers, number of LCs, cDC1, and cDC2 without and with imiquimod application in the absence or presence of LecB.

B Schematic illustration of the experiment of panels (C, D).

C  Epifluorescent imaging of LN sections stained for chloride channel calcium-activated 1 (CLCA1), expressed by the lymphatic endothelial cells, and B220* B cells resid-
ing in the LN cortex. DCs are visualized by their Cell Tracker Orange staining. Arrow points to DCs associated with a subcapsular lymphatic sinus. Insets show close-
ups of DCs in the T cell paracortex (DC, DC+DH445, DC+LecB+DH445) or in the subcapsular lymphatic sinus (DC+LecB).

D The graph shows the DC numbers associated with CLCAL" lymphatics or the B220- T cell zone per LN section normalized for DAPI™ area.

E Schematic illustration of the experiment of panels (F, G).

F  Representative flow cytometry profiles of CFSE of donor CD45.1* CD3" CD4* ova-specific T cells in the different recipient mice. The proportion of proliferating versus

CFSE* undivided T cells is noted.

G The graph depicts the proportion proliferating T cells of the different experimental condition relative to the DC-only control condition.

Data information: The data are expressed as + SEM with each data point representing (A) two auricular LNs of one mouse, (D, G) a popliteal or an auricular LN of one
mouse. *P < 0.05, **P < 0.01, ***P < 0.001 by (&) Kruskal-Wallis test, (D, G) one-way ANOVA test. Scale bars represent 200 pum. cDC1/2, conventional dendritic cells subset

1/2;i.d. intradermal; i.fp., intrafootpad; i.p., intraperitoneal; LCs, Langerhans cells.

freezing compound (Cell Path, Newton, Poys, UK) and cross-
sectioned (7 pm thickness). Sections were stained for CD31 and
HLA-DR (BD-Pharmingen) and nuclei visualized with DAPI (Sigma-
Aldrich). Images were acquired on a Axio Observer.Z1 microscope
(Carl Zeiss, Oberkochen, Germany) with a 20x air objective (Plan-
Apochromat, NA 0.8, DIC, Zeiss) and the Metamorph software
(Metamorph, Nashville, TN, USA). Images were processed with the
open source software ImageJ. For mice, LecB-A488 (12.5 pg) was
injected into mouse ear and into the hind footpads. 4 h later, ear
pinnae were dissected and the dermal side fixed in 4% paraformal-
dehyde (PFA) (Sigma-Aldrich) and mounted with Fluoromount-G
(Thermo Fisher Scientific). Images were acquired with a confocal
microscope (Nikon, Eclipse Ti-E A1R system) and a 20x air objec-
tive (CFI Plan Fluor 20XC MI, 20%/0.75, OFN25 DIC). The auricular
and popliteal LNs were harvested, embedded in freezing compound
(Cell Path), and cryo-sectioned (8 um thickness). Sections were
acetone-fixed and stained for CD169 (BioLegend), chloride channel
calcium-activated 1 (CLCA1, clone 10.1.1, a kind gift from Andy
Farr, University of Washington, Seattle, USA), CD31 (eBioscience),
and anti-PNAd (BioLegend). Nuclei were visualized with DAPI
(Sigma-Aldrich).

Identification of LecB target cells by flow cytometry

Human skin cells that had spontaneously emigrated into the cul-
ture medium after 3 days were recovered and stained for HLA-
DR, Langerin/CD207, DC-SIGN/CD209, and CDI14 to identify
CD14" and CD14~ dermal DCs as well as Langerhans cells and T
cells. To isolate blood and lymphatic endothelial cells, human
skin was digested with 0.25% trypsin—EDTA (Gibeo) o eliminate
the epidermis, followed by digestion of the dermis with 1 mg/ml
collagenase D (Roche, Switzerland) and 1 mg/ml DNase [ (Roche)
and for 18 h at 37°C. Endothelial cells were then positively
selected using CD31-coupled magnetic beads (Miltenyi Biotec)
and amplified in endothelial growth medium (EGM-2, PromocCell)
on gelatin-coated flasks (Corning). LecB-A488 (1 pg/ml) was
added to 5 x 10 cells in the absence or presence of the inhibitor
DH445 (Sommer et al, 2018) (1-50 uM) for 2 h before staining
cells for CD31 (BioLegend), CD146 (Miltenyi), and Podoplanin
(BioLegend). LNs recovered from mice 4 h after injections of
12.5 pg LecB-A488 were minced and digested with 1 mg/ml
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collagenase D, 1 mg/ml Dispase (Roche) and 0.1 mg/ml DNAse 1
with frequent pipetting until full digestion. The cells were then
filtered, red blood cells lysed in ammonium chloride buffer
(BioLegend) and incubated with the different antibody cocktails.
For stromal cells: anti-CD45-APC/Cy7 (BioLegend), TER-119-APC-
eF780 (eBioscience), CD31-PE (BioLegend), anti-gp38/Podoplanin-
PE/Cy7 (BioLegend), and anti-PNAd-biotin (BioLegend) followed
by streptavidin-APC (eBioscience). DAPI (Sigma-Aldrich) was
used to exclude dead cells. For myeloid cells: FcR were blocked
with FcR Blocking Reagent (MACS Miltenyi Biotec) and cells
stained with anti-CD45-APC/Cy7 (BioLegend), anti-CD11b-PerCP
Cy5.5 (BioLegend), anti-Ly6C-PE (BD Pharmingen), and anti-
Ly6G-APC (eBioscience). For sinusoidal macrophages: after FcR-
blocking, cells were stained with anti-CD169-PE (BioLegend),
anti-CD11c-PE-Cy7 (BD Pharmingen), anti-CD11b-PerCP-Cy5.5
(BioLegend), and anti-F4/80-APC (BioLegend). For DCs: after FcR
blocking, cells were stained with anti-CD103-PE (BD Pharmingen),
anti-CD11c-PE-Cy7 (BD Pharmingen), and anti-I-A/I-E-AF700
(BioLegend). Cells were washed with PBS and fixed in BD Cyto-
fix™ Fixation Buffer (BD Biosciences) for 20 min and washed in
BD Perm/Wash™ Buffer (BD Biosciences) for intracellular staining
with Langerin-AF647 (Novus Biologicals). The Fixable Viability
Dye eFluor 450 (eBioscience) was used as a dead cell marker.
Flow cytometry was done on a Gallios (Beckman Coulter) and
data analyzed with the FlowJo software (Tree Star, Inc.).

Endogenous DC migration

Mouse ears were treated with Aldara cream, containing 5%
imiquimod, and 3 and 21 h later mice received into the ear pinna
an injection of 12.5 pg LecB in 15 pl saline water. For DEC-205
targeting, 1 pg anti-DEC-205-A647 antibody diluted in 15 pl PBS
was injected into ears pinna prior to Aldara cream application
(Flacher et al, 2012). Auricular LNs were harvested 72 h after-
wards. For single cell preparation, LNs were cut into small pieces
and digested with 1 mg/ml collagenase D (Roche) and 0.1 mg/ml
DNase I (Roche) in RPMI cell culture medium containing 2% FCS
for 1 h at 37°C under agitation. For flow cytometry staining the
antibodies were: CD11c-PE-Cy7, CDI103-PE (BD Pharmingen),
MHC-1I-AF700, CD205-AF647 (BioLegend), and CD207 (Langerin)-
AF488 (Eurobio).

© 2023 The Authors
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BMDC generation, migration, and T cell stimulation

Bone marrows were flushed, red blood cells lysed in ammonium
chloride buffer (BioLegend), cells filtered and cultured in complete
medium containing 25 ng/ml FMS-like tyrosine kinase 3 ligand
(hFIt3L, Peprotech). After 8 days, the BMDCs were activated with
100 ng/ml lipopolysaccharide (LPS) for 16 h, harvested and labeled
with 15 pM Cell Tracker Orange (Thermo Fisher Scientific) for
30 min at 4°C. After washing in PBS, 2 x 10° BMDCs were injected
subcutaneously into the ear pinna or into the hind footpad of
C57BL/6 mice that had received 6 h before on one side 12.5 pg LecB
into the ear and 12.5 pg LecB intra-footpad and contralaterally
saline. Some mice concomitantly received a peritoneal injection of
50 mg/kg of LecB inhibitor DH445. After 4 days, the popliteal and
auricular LNs were isolated, cryo-sectioned and stained for CLCA1
and B220. The number of Cell Tracker Orange® BMDCs trapped
within the CLCA1" lymphatics or migrated into the B220™ T cell
zone was counted double blindly. For the in vivo T cell simulation
assay, BMDCs were generated from C57BL/6 CD45.1" bone mar-
row, and 1 pg/ml chicken ovalbumin was added 2 h before addition
of LPS. After 18 h, BMDCs were harvested and 2 x 10° cells injected
into ears and footpads of CD45.2 mice, prepared as described above
that had received an intravenous injection of 10 x 10° CD4" T cells
from CD45.1xOT-1I F1 mice. The T cells were isolated from spleens
and LNs using negative magnetic bead selection (Miltenyi Biotec)
and labeled with 500 nM carboxyfluorescein succinimidyl ester
(CFSE, Thermo Fisher Scientific) for 15 min at RT. After 4 days, T
cell proliferation in the draining LNs was determined by determin-
ing the proportion of the CFSE label, successively diluted with each
cell division, among the live, CD3" CD45.1" T cells. Flow cyto-
metry was done on a Gallios (Beckman Coulter) and data analyzed
on FlowJo (Tree Star, Inc.).

Transmigration

Human CMEC/D3 cells (ATCC cell line collection) were grown in
24-well hanging cell culture inserts (PET, 5-pm pore, Millipore) at a
density of 50,000 cells/cm?. Cells were cultured for 7 days prior to
transmigration to allow the establishment of a tight monolayer of
cells. The tightness of the cell monolayer was verified by transen-
dothelial electrical resistance. PBMCs were isolated from human
healthy blood (local blood bank), and monocytes and lymphocytes
selected as CD14-microbead-positive (Miltenyi Biotec) and -negative
populations, respectively. After Cell Trace Yellow staining (Thermo
Fisher Scientific), 250,000 cells were added into the top chamber of
the hCMEC/D3 cell-containing inserts in RPMI GlutaMAX (Gibco),
supplemented with 2% fetal bovine serum with or without 5 pg/ml
LecB. The media of the bottom chamber was supplemented with
10% fetal bovine serum. Transwells were kept at 37°C and 5% CO,
for 17 h and the cells from the bottom chamber were harvested
and lysed with CellTiter-Glo Luminescent Cell Viability Assay
(Promega). Luminescence was read in 96-well flat bottom white
plates (Corning) using the Spark plate reader (Tecan). Cells in the
top chamber were fixed with 4% PFA, permeabilized with 0.1% Tri-
ton X-100 and 0.5% BSA, and labeled with goat anti human VE-
Cadherin (R&D Systems) and a secondary anti-goat antibody
coupled with Alexa Fluor 488. Membranes were then detached from
the inserts and mounted onto glass slides using Mowiol. Image
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acquisition was on an Axio Observer Z1 inverted microscope (Zeiss)
equipped with a CSU-X1 spinning disk head (Yokogawa), a back-
illuminated Electron-multiplying charge-coupled device (EMCCD)
camera (Evolve, Photometrics), and 20x (0.75 numerical aperture)
air objectives (Zeiss). Images were processed using FiJi (Imagel
software) with the plugin PureDenoise (Ecole polytechnique
fédérale de Lausanne, EPFL).

Endothelial cell-LecB interaction

Human CMEC/D3 cells were grown in EndoGRO-MV Complete Cul-
ture Media Kit (Millipore, Burlington, MA, USA), human umbilical
vein endothelial cells (HUVECs), and human skin LECs (PromoCell
GmbH, Heidelberg, Germany) in endothelial cell growth medium 2
(PromoCell GmbH, Heidelberg, Germany) at 37°C in a humidified
incubator containing 5% CO, on gelatin-coated plates. Cells at pas-
sages 3-0 were used for the experiments. For immunofluorescence,
HUVECs were grown on 12-mm glass cover slips in a 4-well Nunc
plate (Thermo Fisher Scientific) to 70-100% confluence. Cells were
treated with LecB or LecB-A488 (5 pg/ml) for 1 and 3 h. Then, cells
were fixed with 4% (wt/vol) PFA for 10 min at RT, quenched with
50 mM ammonium chloride and incubated with 0.2% (vol/vol)
saponin in PBS. After that, the cells were blocked with 3% BSA (vol/
vol) in PBS and subsequently stained with anti-CD144/VE-cadherin
(eBioscience) and anti-FAK (D Biosciences), followed by donkey
anti-rabbit Alexa488 (Invitrogen) and goat anti-mouse Alexa647
(Invitrogen), respectively. Nuclei and F-actin were stained with DAPI
(Sigma-Aldrich) and Phalloidin Alexa565 (Sigma-Aldrich), respec-
tively. Samples were mounted on cover slips using Mowiol medium
(Sigma-Aldrich), and images acquired with a Nikon microscopy
(Eclipse Ti-E A1R system) with a 60x oil immersion objective. Images
were processed using FiJi (ImageJ software). Subcellular protein dis-
tribution was measured as pixels using Fiji (ImageJ software), draw-
ing the cell’s perimembranous and the intracellular areas based on
phase contrast images. For the quantification of VE-cadherin, the
intercellular pixels/area were subtracted by DAPI pixels/area. For cell
viability test, cells were treated with LecB or 1 pM Staurosporine
(Sigma-Aldrich) for 1 h, followed by 8 uM CellEvent Caspase-3/7
Green Detection Reagent (Invitrogen). MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay kit
(Roth, 11465007001) was additionally used.

Live imaging of HUVECs

HUVECs were seeded on 35-mm imaging dishes with a glass bottom
(Ibidi) to 100% confluence. Cells were scratched and treated with or
without LecB (5 pg/ml) for 3 h at 37°C. Then, cells were washed
with PBS twice and incubated with 1 nM SiR-actin (CY-SC001, Spir-
ochrome) for 1 h at 37°C, a fluorogenic, cell permeable dye with
high specificity for F-actin. Live images were recorded with a Nikon
microscopy (Eclipse Ti-E A1R system) with a 60x oil immersion
objective for 30 min. Images were processed using FiJi (Image]
software).

Western blot

To determine protein expression by western blot, HUVECs were
washed, lysed in RIPA buffer containing phosphatase and protease
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inhibitors (200 pM pefablock 0.8 pM aprotinin, 11 uM leupeptin,
1% [v/v] phosphatase inhibitor cocktail 3 [Sigma-Aldrich]) for
45 min on ice, and centrifuged to remove cell debris. The protein
concentration of the cell lysates was determined using the Pierce
BCA Protein Assay Kit (Thermo Scientific) according to the manu-
facturer’s protocol. 25 pg of protein of each sample was separated
on 8% SDS-polyacrylamide gels and transferred on nitrocellulose
membranes by semi-dry blotting. The membranes were blocked in
3% BSA for 1 h at RT and incubated with VE-cadherin
(eBioscience), anti-phospho-myosin light chain2 (Ser19) (Cell Sig-
naling Technology), anti-a-tubulin (Cell Signaling), or anti-GAPDH
(Sigma-Aldrich) overnight at 4°C. Membranes were then incubated
with anti-rabbit IgG-HRP (Cell Signaling) or anti-mouse [gG-HRP
(Cell Signaling) for 1 h at RT. The Clarity western ECL Blotting Sub-
strate (BIO RAD) was used according to the manufacturer’s protocol
for signal development and chemiluminescence was detected using
the Fusion FX chemiluminescence imager (Vilber Lourmat, Marne-
la-Vallée, France). Densitometric quantification of blots was
performed using ImageJ and protein levels were normalized to «-
tubulin or GAPDH.

Statistical analysis

Statistical analysis was performed using GraphPad Prism (version
9.0.2) software and the indicated statistical analysis software.

Data availability
No large primary datasets have been generated and deposited.
Expanded View for this article is available online.
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4. The linkage between first project and second project

Overall, in my projects, | focused on the effect of P. aeruginosa lectin LecB on cell migration. Because we
have known several shreds of evidence regarding that, LecB could block epithelial cell migration [10], lung
cancer cell wound healing [5], and the tissue repair process of chronic human wounds [9]. One part
concerns lung cancer cell migration in vitro, and another is about immune cell migration in vivo. Then, |
can explain the molecular mechanism of LecB on cell migration not only in the cellular aspect but also in

the immunological aspect.

Integrins are well known involved in the process of cell adhesion and cell migration. Of note, my previous
results have demonstrated that LecB could interact with a3R1-integrin in MDCK cells. The investigation
between LecB and integrins was essential in my projects. | investigated the interaction between R1-
integrin and flotillin-1 and the protein expression of B1-integrin triggered by LecB in H1299 cells. | found
that B1-integrin interacted with flotillin-1, and LecB increased the protein expression of R1-integrin from
1 h to 6 h and decreased the counterpart from 12 h to 24 h. Collaborators investigated the cell surface
expression of CD18/R2-integrin, CD11c/aX-integrin, and CD11b/aM-integrin induced by LecB in DC. They
found a reduction in the CD18/R2-integrin-CD11c/R2-integrin heterodimer on dermal DCs triggered by
LecB, indicating that LecB negatively affects DC migration from human skin by binding to a cellular

glycoligand [53]. Thus, the effect of integrins was involved in two parts of the project.
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invasive efficiency of P. aeruginosa WT and mutants in the host cells (publ. Fig. 2F). | analyzed the statistic

and prepared the figures mentioned above.
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ABSTRACT The opportunistic bacterium Pseudomonas aeruginosa can infect mucosal

tissues of the human body. To persist at the mucosal barrier, this highly adaptable

pathogen has evolved many strategies, including invasion of host cells. Here, we show

that the P. aeruginosa lectin LecB binds and cross-links fucosylated receptors at the api-

cal plasma membrane of epithelial cells. This triggers a signaling cascade via Src kinases

and phosphoinositide 3-kinase (PI3K), leading to the formation of patches enriched

with the basolateral marker phosphatidylinositol (3,4,5)-trisphosphate (PIP,) at the apical

plasma membrane. This identifies LecB as a causative bacterial factor for activating this

well-known host cell response that is elicited upon apical binding of P. aeruginosa.

Downstream from PI3K, Racl is activated to cause actin rearrangement and the out-

growth of protrusions at the apical plasma membrane. LecB-triggered PI3K activation

also results in aberrant recruitment of caveolin-1 to the apical domain. In addition, we

reveal a positive feedback loop between PI3K activation and apical caveolin-1 recruit-

ment, which provides a mechanistic explanation for the previously observed implica-

tion of caveolin-1 in P. aeruginosa host cell invasion. Interestingly, LecB treatment also

reversibly removes primary cilia. To directly prove the role of LecB for bacterial uptake, Invited Editor Suzanne M. J. Fleiszig,

we coated bacterium-sized beads with LecB, which drastically enhanced their endocy- Pinveriviofcaiomia/Retkelc

tosis. Furthermore, LecB deletion and LecB inhibition with L-fucose diminished the ;di"’”:“ga Rtsa‘ama'ﬁecj Hutchinson Cancer
invasion efficiency of P. aeruginosa bacteria. Taken together, the results of our study Ci:j;i;mz;zz TR el This S
identify LecB as a missing link that can explain how PI3K signaling and caveolin-1 open-access article distributed under the terms
recruitment are triggered to facilitate invasion of epithelial cells from the apical side of the Creative Commons Attribution 4.0

; International license.
by P. aeruginosa. )
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and proliferate within epithelial host cells. Moreover, research during recent years
has shown that P. aeruginosa possesses many different mechanisms to invade host
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cells. In this study, we identify LecB as a novel invasion factor. In particular, we show Accepted 12 April 2022
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plasma membrane. This provides a unifying explanation for the previously reported
implication of PI3K and caveolin-1 in host cell invasion by P. aeruginosa. In addition,
our study adds a further function to the remarkable repertoire of the lectin LecB,
which is all brought about by the capability of LecB to recognize fucosylated glycans
on many different niche-specific host cell receptors.

KEYWORDS actin, epithelial cells, fucose, host cell invasion, lectin, primary cilium

seudomonas aeruginosa is a ubiquitous environmental bacterium. Due to its intrin-

sic adaptability and the rise of multidrug-resistant strains, this bacterium poses a
dangerous threat, especially in hospital settings. Accordingly, carbapenem-resistant P.
aeruginosa strains were categorized by the World Health Organization (WHO) as prior-
ity 1 pathogens for which new antibiotics are critically required (1).

When infecting a human host, P. aeruginosa can switch between many lifestyles,
including planktonic behavior and biofilm formation. In addition, evidence has accumu-
lated during recent years that P. aeruginosa can also invade host cells. It has been demon-
strated that P. aeruginosa is able to enter and survive (2, 3), move (4), and proliferate (5) in
nonphagocytic cells. Moreover, after being taken up by macrophages, P. geruginosa can
escape phagosomes and eventually lyse the macrophages from the inside (6). The impor-
tance of the intracellular lifestyle for P. aeruginosa is supported by the observation that
this bacterium has a whole arsenal of mechanisms to facilitate uptake by host cells. P. aer-
uginosa can invade by binding the remains of dead cells that are then taken up by sur-
rounding cells through efferocytosis (7), by deploying the effector VgrG2b via its type VI
secretion system (T6SS) to promote microtubule-dependent uptake (8), by utilizing cystic
fibrosis transmembrane conductance regulator (CFTR) to stimulate caveolin-1-dependent
endocytosis (9), and by interaction between the P. aeruginosa lectin LecA and the host
cell glycosphingolipid globotriaosylceramide (Gb3) to facilitate invasion through a lipid
zipper mechanism (10).

After incorporation by a human host, P. aeruginosa will typically interact with the
apical plasma membranes of epithelial cells lining the mucosae. Interestingly, P. aerugi-
nosa has developed mechanisms to manipulate the apical identity of these mem-
branes. The hallmark of this process is the activation of phosphatidylinositol 3-kinase
(PI3K), resulting in abnormal accumulation of phosphatidylinositol (3,4,5)-trisphosphate
(PIP,) at the apical plasma membrane, which eventually generates patches with baso-
lateral characteristics at the apical plasma membrane (11). This inversion of polarity
has been suggested to help in the binding of P. aeruginosa to cells, since this bacte-
rium uses different mechanisms to bind apical and basolateral plasma membranes
(12). It is also crucial for host cell invasion by P. aeruginosa, because inhibition of PI3K
signaling markedly reduces bacterial uptake (13). However, the exact mechanism by
which P. aeruginosa is able to convert apical to basolateral plasma membrane is not
clear. The formation of patches with basolateral characteristics at the apical plasma
membrane requires the type lll secretion system (T3SS) but, strikingly, does not require
any of the toxins that are secreted via the T35S (14, 15). To explain these observations,
two hypotheses were suggested: host cell membrane damage through bacteria might
be the initial event leading to basolateral patch formation, or PI3K signaling might be
triggered by a still-unknown factor from P. aeruginosa (11).

Here, we provide data showing that the tetrameric fucose-specific lectin LecB (16),
which is exposed at the outer membrane of P. aeruginosa (17, 18), represents the miss-
ing link. We showed already in a previous publication that purified LecB is able to bind
receptors at the apical and basolateral plasma membrane of polarized Madin-Darby ca-
nine kidney (MDCK) cells (19). On the basolateral side, LecB was able to bind integrins,
which led to integrin internalization and loss of epithelial polarity. Since only minute
amounts of integrins are found at the apical side of polarized MDCK cells (19, 20), LecB
did not dissolve epithelial polarity when applied only to the apical side (19). Here, we
reveal that binding of LecB to fucosylated apical receptors on epithelial host cells was
sufficient to trigger a different signaling cascade in order to promote cellular uptake of
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P. aeruginosa. Apical LecB binding led to Src signaling, followed by local PI3K activa-
tion, PIP; patch formation at the apical plasma membrane, Rac1 signaling, and actin
rearrangement to trigger the formation of protrusions in order to enable host cell inva-
sion of P. aeruginosa. In addition, we show that caveolin-1 is recruited abnormally to
apical membranes after LecB stimulation and that PI3K activation requires caveolin-1.
These data suggest LecB as a unifying factor that facilitates and modulates many of
the invasion mechanisms that have been reported for P. aeruginosa.

RESULTS

Apical LecB treatment triggers Src-PI3K/Akt signaling. To more closely analyze
the effects caused by the application of purified LecB to the apical side of polarized
MDCK cells, we used MDCK cells stably expressing the green fluorescent protein (GFP)-
tagged reporter PH-Akt-GFP, which indicates the localization of the lipid PIP; (Fig. 1A)
(21). In unstimulated cells, PH-Akt-GFP localized mainly to the basolateral plasma mem-
brane, as expected from the role of PIP, as a basolateral marker in polarized epithelial
cells (21). In cells treated apically with LecB, PIP, accumulated at the apical side and
protrusions formed that were positive for PH-Akt-GFP (Fig. 1A, white arrows). This repli-
cates the effects that were previously observed after interaction of whole P. aeruginosa
bacteria with the apical plasma membrane of MDCK cells (22).

Importantly, we demonstrated already that apical LecB application did not disturb
the integrity of tight junctions (19). Thus, LecB-mediated apical PIP; accumulation can-
not be explained by a loss of the barrier function of tight junctions. We therefore investi-
gated whether activation of PI3K is the cause of apical PIP3 accumulation. Staining cells
with antibodies recognizing active PI3K (pP85-Y458 and pP55-Y199) (23, 24) revealed a
clearly visible recruitment and activation of PI3K to subapical regions in LecB-treated cells
(Fig. 1B). In addition, incubating the cells with the broad-spectrum PI3K inhibitor
LY294002 blocked the apical appearance of PH-Akt-GFP after LecB treatment (Fig. 1C and
D). Activation of PI3K was also detectable by Western blotting (WB) and peaked at
approximately 15 min after initiation of LecB stimulation (Fig. 1E). Upstream from PI3K,
the activation of Src kinases was required, as demonstrated by the ability of the Src kinase
inhibitors PP2 and SU6656 to block LecB-induced PI3K activation (Fig. 1F). LecB also acti-
vated Akt, for which phosphorylation at 5473 was detectable after 30 min of LecB applica-
tion and peaked at approximately 4 h (Fig. 1G). Akt signaling occurred downstream from
PI3K, because the broad-spectrum PI3K inhibitor LY294002 blocked Akt activation
(Fig. TH). Further tests revealed that the PI3K subunit p110a was mainly responsible
for LecB-mediated Akt activation, since the p110a-specific inhibitor PIK-75 blocked
Akt activation (Fig. S1A in the supplemental material), whereas the p1103-specific
inhibitor TGX-221 did not (Fig. S1B). Another fucose-binding lectin, Ulex europaeus
agglutinin | (UEA-I), failed to replicate LecB-triggered Akt signaling (Fig. S1C), thus
indicating that the observed effects are specific for LecB.

To demonstrate that LecB-mediated PI3K/Akt activation is not limited to MDCK cells,
we carried out experiments in other cell lines. We chose H1975 lung epithelial cells
because P. aeruginosa frequently infects lungs. Whereas MDCK cells are Gb3-negative,
H1975 cells express Gb3 (Fig. S2). The glycosphingolipid Gb3 has been previously found
to be required for LecA-mediated internalization of P. aeruginosa (10). In H1975 cells, LecB
also triggered Akt activation, in a dose- and time-dependent manner (Fig. S3A to D) and
dependent on PI3K (Fig. S3E and F, showing the results of experiments using the pan-
PI3K inhibitors wortmannin and LY294002 and the Akt inhibitor triciribine). As a further
control, we verified that soluble L-fucose, which prevents LecB from engaging with host
cell receptors, is able to inhibit LecB-triggered Akt signaling (Fig. S3G and H). This demon-
strates that LecB binding to fucosylated receptors is necessary to trigger PI3K/Akt signal-
ing and also validates the purity of our LecB preparation.

To identify apical interaction partners of LecB, we applied LecB-biotin apically to
polarized MDCK cells, lysed them, and precipitated LecB-receptor complexes with
streptavidin beads. Mass spectrometry (MS) analysis revealed 12 profoundly enriched
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FIG 1 After binding to the apical plasma membrane of MDCK cells, LecB triggers an Src-PI3K/Akt signaling cascade. (A) MDCK
cells stably expressing the PIP, marker PH-Akt-GFP (green) were left untreated (ctrl) or treated from the apical (AP) side with LecB
for the indicated time periods; nuclei were stained with DAPI (blue). White arrows point to apical protrusions resulting from LecB
treatment. (B) MDCK cells were left untreated (ctrl) or treated with LecB as indicated, fixed, and then stained for active PI3K (pP85-
Y458 and pP55-Y199; red) and ZO-1 (green); nuclei were stained with DAPI (blue). (C) MDCK cells stably expressing the PIP,
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proteins (Table S1), underscoring the property of LecB of binding to multiple receptors.
However, this property also prevented us from singling out a receptor that was respon-
sible for LecB-triggered PI3K signaling, since the list included several proteins for which
a capacity to elicit PI3K signaling was known (CEACAM1 [25, 26], mucin-1 [27], ICAM1
[28], and podocalyxin [29, 30]).

Taken together, these findings show that after binding to fucosylated receptors at
the plasma membrane of epithelial cells, LecB triggered an Src-PI3K/Akt signaling cas-
cade, which replicated the cellular responses that were observed after binding of live
P. aeruginosa cells to apical membranes (13).

Coating beads with LecB and expression of LecB by P. aeruginosa both enhance
their apical uptake. To more realistically model the geometry during infection with P.
aeruginosa, we utilized bacterium-sized beads that were coated with LecB. In pilot
experiments using cell fixation, LecB-coated beads were seen to bind to the apical
plasma membrane of polarized MDCK cells and to cause local apical accumulation of
PH-Akt-GFP/PIP, (Fig. 2A), and many beads were found to be completely internalized
by cells (Fig. 2B). Live-cell microscopy experiments revealed that apical PH-Akt-GFP/
PIP; accumulation is a transient event that occurs before apical uptake of beads by
MDCK cells (Fig. 2C, Movie S1). Detailed quantification showed that biotin-coated con-
trol beads were able to trigger apical PH-Akt-GFP/PIP; bursts to some extent, but at a
much lower rate than LecB-coated beads (Fig. 2D). Interestingly, the PH-Akt-GFP/PIP,
bursts caused by control beads were hardly sufficient to mediate cellular uptake,
whereas the LecB-coated beads were taken up extensively (Fig. 2E). In addition, LecB
treatment stimulated macropinocytotic uptake of dextran in H1975 cells (Fig. S4A and
B), which provides further evidence that LecB activates cellular uptake mechanisms.

Motivated by these results, we investigated whether the expression of LecB influen-
ces host cell uptake of live P. aeruginosa bacteria. Indeed, abrogation of LecB expres-
sion in P. aeruginosa (dLecB) and blockage of LecB with L-fucose diminished the apical
uptake of P. aeruginosa in polarized MDCK cells (Fig. 2F). In accordance with previous
studies (13, 31), inhibition of Src kinases with PP2 and inhibition of PI3K with LY294002
also decreased P. geruginosa uptake (Fig. 2F). Due to the easier handling, the experi-
ments whose results are shown in Fig. 2F were carried out with MDCK cells grown in
24-well plates. For verification, we repeated them with transwell filter-grown MDCK
cells, which yielded comparable results (Fig. 2G). Of note, the association of wild-type
(wt) and dLecB P. aeruginosa with polarized MDCK cells was not significantly different
(Fig. S5), which suggests that the observed decrease of invasion efficiency upon dele-
tion of LecB was due to LecB-mediated signaling and not due to reduced host cell
binding. In H1975 cells, the uptake of P. aeruginosa was also lowered by LecB deletion
(Fig. S4C) and L-fucose treatment (Fig. S4D).

Taken together, these data demonstrate that LecB promotes the uptake of P. aerugi-
nosa from the apical side in polarized epithelial cells.

LecB-mediated PI3K signaling leads to Rac activation and actin rearrangement.
To better understand the cellular response upon apical LecB stimulation, we investi-
gated how PI3K activation is linked to P. aeruginosa uptake. Motivated by the known

FIG 1 Legend (Continued)

marker PH-Akt-GFP were treated with LecB from the apical (AP) side, fixed, and stained with S-catenin. To distinguish the apical
and basolateral portion of the PH-Akt-GFP signal, B-catenin staining was utilized as a ruler. For the experiment, PH-Akt-GFP-
positive cells were mixed with wt cells before seeding in a ratio of 1:10. This enabled an unbiased quantification by measuring
the signals only from PH-Akt-GFP-positive cells that were surrounded by wt cells. a.u., arbitrary units. (D) Quantification of the
results of the experiment described in the legend to panel C. The numbers indicated at the bottom of each bar represent the
number of individual cells that were measured for each condition. Whereas cells treated with LecB show a time-dependent
increase of the apical-to-total PH-Akt-GFP/PIP, signal ratio, treatment with LY294002 (LY) reversed this effect. (E) MDCK cells were
treated apically with LecB for the indicated times and subjected to Western blotting (WB) using an antibody recognizing active
PI3K (pP85-Y458 and pP55-Y199). (F) MDCK cells were treated apically with LecB and PP2 (10 M) or SU6656 (10 M) for 1 h and
subjected to WB utilizing an antibody recognizing active PI3K (pP55-Y199). DMSO, dimethyl sulfoxide. (G) MDCK cells were treated
apically with LecB for the indicated times and subjected to WB utilizing an antibody recognizing active Akt (pAkt-S473). (H) MDCK
cells were treated apically with LecB and indicated concentrations of LY294002 (LY) for 1 h and subjected to WB utilizing an
antibody recognizing active Akt (pAkt-5473).
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FIG 2 LecB facilitates apical uptake of beads and apical invasion of P. aeruginosa. (A and B) Red fluorescent LecB-coated
bacterium-sized beads with 1-um diameter were apically applied to MDCK cells stably expressing the PIP, marker PH-Akt-GFP
(green) for 6 h; nuclei were stained with DAPI (blue). (A) Instances of beads causing apical PIP; patches (white arrows). (B) Fully
internalized beads are depicted (white arrows). (C to E) MDCK cells stably expressing PH-Akt-GFP (green) were allowed to polarize
on cover glasses. Red fluorescent beads of 1-um diameter coated with LecB were applied, and live-cell confocal imaging was
performed. The images show apicobasal cross sections extracted from confocal image stacks. (D and E) The number of induced
apical PIP,-patches (D) and the number of beads that are completely taken up over time (E) are depicted for biotin-coated beads
(ctrl) and LecB-coated beads. (F) Using an amikacin protection assay, the invasion efficiencies of wild-type (wt) and LecB-deficient
(dLecB) PAO1 applied at an MOI of 50 for 2 h on the apical side of polarized MDCK cells grown in 24-well plates were
determined. In addition, the invasion efficiencies for bacteria preincubated with 100 mg/mL (-fucose (L-Fuc) and for cells treated
with PP2 (10 uM) and LY294002 (LY; 10 uM) were measured. Mean values and SEM from n = 8 experiments are shown. (G)
Amikacin protection assays measuring the apical invasion of PAO1-wt and PAO1-dLecB in MDCK cells grown on transwell filters.
Invasion for 2 h, MOl = 50, n = 3.

correlations between PI3K and Rac activation (32) and the reported implication of Rac
in P. aeruginosa internalization (31), we carried out experiments using Rac123-G-LISA
assays to test the capability of LecB to activate Rac. We found that apically applied
LecB activated Rac in a time-dependent manner in MDCK cells (Fig. 3A) and also in
H1975 cells (Fig. 3B). The PI3K inhibitor wortmannin blocked LecB-mediated Rac activa-
tion (Fig. 3C), indicating that PI3K activation occurred upstream from Rac activation.
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FIG 3 Apical LecB stimulation leads to Rac activation and actin rearrangement. (A) The activation of Rac upon apical
LecB treatment of MDCK cells was measured using a Rac123-G-LISA assay; n = 3. (B) H1975 cells were treated with
LecB or EGF (20 nM), and Rac activation was measured using a Rac123-G-LISA assay; n = 3. (C) H1975 cells were
treated with LecB and wortmannin (100 nM), and Rac activation was measured using a Rac123-G-LISA assay; n = 6. (D
to F) H1975 cells transfected with Rac1-wt-GFP (green) (D) or Rac1-DN-GFP (green) (F) were treated with LecB-Cy3 (red)
as indicated, fixed, and stained for actin with phalloidin-Atto 647 (blue). (D) White arrows point to ruffle-like structures
where LecB, Rac1-wt-GFP, and actin colocalized. (E) The Pearson’s colocalization coefficient between Racl-wt-GFP or
Rac1-DN-GFP and actin in cells untreated or treated with LecB-Cy3 was determined in individual cells, and the average
was calculated. (G) MDCK cells treated with LecB as indicated were fixed and stained with phalloidin-Atto 488 to stain
actin (green) and B1-integrin (blue). Lateral confocal cross sections along the apical poles of the cells are displayed.

To investigate the consequences of LecB-mediated Rac activation on the actin cyto-
skeleton further, we utilized unpolarized H1975. The reason for this is that this allowed
us to use overexpression of dominant-negative (DN) Rac1, which would result in
unwanted side effects in polarized MDCK cells, because Rac1 also has roles during the
polarization of MDCK cells (33). In sparsely seeded H1975 cells, LecB caused ruffle-like
structures (Fig. 3D), and LecB colocalized with transfected Rac1-wt-GFP and actin in
the ruffle-like regions (Fig. 3D, white arrows). To verify that LecB induced recruitment
of Rac1-wt-GFP toward actin, we determined the Pearson’s colocalization coefficient
between Rac1-wt-GFP and actin, which increased significantly in LecB-treated cells
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FIG 4 Apical treatment with LecB removes primary cilia in a reversible manner. (A to D) MDCK cells were grown on glass
coverslips for 10 days. After the indicated treatments, cells were fixed, and immunofluorescence staining was performed
for acetylated tubulin (yellow) to visualize primary cilia. (A) Nuclei were additionally stained with DAPI (white). Maximum
intensity projections of confocal image stacks covering total cell heights are shown. (B) The ratio of ciliated cells was
calculated by dividing the number of visible cilia by the total number of cells. Five fields of view (125 um by 125 um)
were summed up for n = 1, and the results from n = 3 independent experiments were averaged. (C) MDCK cells were
treated with LecB, followed by washout as indicated. (D) Quantification of the results of the experiment shown in panel C.

(Fig. 3E). This was not the case when DN Rac1-GFP (Rac1-DN-GFP) was overexpressed
in H1975 cells (Fig. 3F and E), showing the requirement of functional Rac for this effect.
For verification, we repeated the experiment in untransfected H1975 cells using anti-
bodies recognizing endogenous Rac1 (Fig. S6). Consistently, recruitment of Rac to actin
upon LecB stimulation occurred as well in this experiment.

Apical application of LecB also led to substantial rearrangement of actin at the apical
cell pole of MDCK cells (Fig. 3G). In untreated cells, dotted structures representing microvilli
and the central actin-devoid region of the periciliary membrane and the primary cilium
(34-36) were visible. In cells treated apically for 3 h with LecB, this subapical organization
of the actin cytoskeleton was completely lost. Actin was recruited to lateral aspects of the
cell membrane, and actin stress fibers constricting around the central position of the out-
growth of the primary cilium (Fig. 3G, white arrows) appeared.

In summary, the results of these experiments show that LecB-triggered PI3K signal-
ing leads to Rac activation and actin rearrangement. All these processes have been
previously observed during internalization of P. aeruginosa (22, 31, 37), thus further
underscoring the role of LecB for P. aeruginosa host cell invasion.

Apical LecB treatment reversibly removes primary cilia. Motivated by our obser-
vation that LecB treatment led to the formation of actin stress fibers that appeared to
constrict around the basis of the primary cilium, we investigated the effects of LecB on
the primary cilium. Interestingly, apical application of LecB removed primary cilia from
polarized MDCK cells (Fig. 4A and B) within 12 h. This effect was reversible after

May/June 2022 Volume 13 Issue 3

10.1128/mbio0.00819-22

mBio

8

137



LecB-Mediated P. aeruginosa Host Cell Invasion

A B precipitate supernatant
ctrl LecB- 40 30 1h 2h 3h - 10 30 1h 2h 3h
biotin
Cav1 L e e e . = ——
3h
LecB, ACHN  —— — —— —
AP 10 pm
—
c precipitate supernatant
DMSO - - + + + -+ + +  + + * - - + + + -+ + L + 4
inhibitor - - LY SU PP2 - LY SUPP2 - - - - - Ly SUPP2 - LY SUPP2 - - -
LecB-biotin - 1h 1h 1h 1h 3h 3h 3h 3h - 1h 3h - 1h 1h 1h 1h 3h 3h 3h 3h - 1h 3h
Cav1 b e . e —— e ,-.—-————-—---
GCHIN e — s — ————————
D shLuci shCav1
LecB 1h 2h - 1h 2h
pP85-Y458 > ¢ » . e
pP55-Y199 w» — -

ACHN s D D G G S—

FIG 5 Caveolin-1 is essential for LecB-triggered PI3K signaling. (A) Polarized MDCK cells were treated apically (AP) with
LecB as indicated, fixed, and stained for caveolin-1 (green); nuclei were stained with DAPI (blue). (B and C) LecB-biotin
was apically applied to polarized MDCK cells for the indicated times. After cell lysis, LecB-biotin-receptor complexes
were precipitated with streptavidin beads, and the precipitate and the supernatant were probed by WB for caveolin-1.
(C) Cells were additionally treated with LY294002 (LY; 10 uM), PP2 (10 uM), or SU6656 (SU; 10 uM). (D) Polarized
MDCK cells expressing a control shRNA (shLuci) and caveolin-1 knockdown MDCK cells (shCav1) were treated apically
with LecB as indicated and subjected to WB using an antibody recognizing active PI3K (pP85-Y458 and pP55-Y199).

washout of LecB (Fig. 4C and D). Although the potential physiological consequences of
loss of primary cilia during P. aeruginosa infection remain to be investigated, this find-
ing underscores the massive extent of LecB-mediated actin rearrangement.

LecB triggers a feedback loop between caveolin-1 recruitment and PI3K activation.
Interestingly, we also found caveolin-1 in the MS screen of LecB interactors (Table S1).
Since caveolin-1 is a cytosolic protein, it presumably coprecipitated with LecB-interacting
receptors. Motivated by this finding, we further investigated the behavior of caveolin-1 af-
ter LecB treatment. In undisturbed MDCK cells, caveolin-1 preferentially localized to the
basolateral plasma membrane, as observed before (Fig. 5A) (38). However, apical LecB
treatment resulted in abnormal recruitment of caveolin-1 toward the apical cell pole
(Fig. 5A). In addition, the recruitment of caveolin-1 to LecB-receptor complexes was verifi-
able by WB and increased in a time-dependent manner (Fig. 5B). Interestingly, blocking
Src kinases with SU6656 or PP2 and blocking PI3K with LY294002 diminished the copreci-
pitation of caveolin-1 in complexes with LecB-biotin (Fig. 5C). To directly investigate the
requirement of caveolin-1 for LecB-mediated PI3K activation, we knocked down caveolin-
1 in MDCK cells using small hairpin RNA (shRNA) (Fig. S7). Caveolin-1 knockdown almost
completely suppressed PI3K activation upon LecB treatment (Fig. 5D).

Taken together, these data demonstrate that caveolin-1 is apically recruited by LecB
stimulation and that this recruitment requires activation of Src kinases and PI3K,
whereas caveolin-1 is also required for LecB-triggered PI3K activation. This constitutes
a positive feedback loop between caveolin-1 recruitment and PI3K activation.

DISCUSSION

Here, we demonstrate that LecB is able to trigger an Src-PI3K-Rac signaling cascade,
which is modulated by caveolin-1 and leads to actin rearrangement and protrusion for-
mation in order to promote cellular uptake of P. aeruginosa bacteria. This adds LecB-
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triggered signaling to the growing list of P. aeruginosa host cell invasion mechanisms,
which provokes the question of why this bacterium has evolved so many invasion
mechanisms and how LecB fits in.

The multitude of invasion mechanisms might be rooted in the adaptability of this
opportunistic pathogen. P. aeruginosa can infect the respiratory tract, urinary tract, eye,
and skin (39), and it was demonstrated that this bacterium can invade epithelial cells
from the lung (9), cornea (2), and kidneys (22, 40). Considering this diversity, it makes
sense that P. aeruginosa possesses many invasion mechanisms, which might be used by
the bacterium depending on the type of host cell encountered. One example is lipid zip-
per-type invasion, which requires interaction between LecA from P. aeruginosa and the
glycosphingolipid Gb3 as the host cell factor (10). However, this lipid is not expressed in
all epithelial cell types. For example, the MDCK cells used in this study do not express
Gb3 (Fig. S2) (41). Nevertheless, P. aeruginosa successfully invaded MDCK cells, and thus,
it uses alternative pathways like LecB-mediated signaling, as we demonstrated here. In
addition, we show that LecB deletion in P. aeruginosa also decreased the invasion effi-
ciency in H1975 cells, which we identified as Gb3 positive (Fig. 52), and it has been
demonstrated previously that Gb3 expression in MDCK cells increased the invasion
efficiency (10). These examples suggest that invasion mechanisms, such as LecA- and
LecB-dependent invasion, are not exclusive but rather function in an additive man-
ner. Our data provide an additional line of evidence for a cooperative function of
invasion mechanisms. Coating of bacterium-sized beads with LecB markedly stimu-
lated their uptake into cells, thus demonstrating that LecB alone is sufficient for stim-
ulating cellular uptake. But LecB deletion or blocking LecB with -fucose did not
decrease the internalization of P. aeruginosa bacteria to the same extent as inhibition
of Src kinases and PI3K did. This hints at other bacterial factors that are also able to
cause PI3K-dependent uptake into host cells. A potential candidate is type IV pili,
since deletion of pili led to a small but significant reduction of PI3K/Akt activation
upon apical application of P. geruginosa to polarized Calu-3 cells (12).

How is LecB able to trigger the Src-PI3K-Rac-actin signaling cascade? By MS analysis,
we showed that LecB binds multiple apical receptors capable of triggering PI3K-signaling:
CEACAM1 (25, 26), Mucin-1 (27), ICAM1 (28), and podocalyxin (29, 30). This makes it on
one hand more robust for the bacterium to trigger the desired response, but it also
makes it difficult for us to isolate a detailed mechanistic picture of LecB action at the api-
cal cell membrane. We hypothesize that LecB has, due to being a tetramer that offers
four binding sites (42), the capacity to cross-link and cluster different receptors (19, 43),
which is a general mechanism to activate receptor-mediated signaling cascades at the
cell membrane. The data we present here provide two independent lines of evidence for
this hypothesis. The first line derives from our control experiments with the lectin UEA-I.
UEA-| is also able to bind fucose, but it has only two binding sites (44). This makes UEA-l a
less ideal cross-linker than the tetrameric LecB, which was shown to be capable of cross-
linking fucosylated lipids and integrins (19, 43). Consequently, we found that UEA-l was
not capable of eliciting PI3K signaling. This confirms that binding to fucosylated receptors
is not enough and additional cross-linking, as in the case of LecB, is required for triggering
PI3K signaling. The second line of evidence can be deduced from our experiments regard-
ing caveolin-1. It has been shown that receptor cross-linking is sufficient to aberrantly
induce caveolin-1-containing caveolae at the apical plasma membrane of epithelial cells
(38, 45). LecB application at the apical plasma membrane also caused the abnormal
recruitment of caveolin-1 to the apical plasma membrane, which can be explained by
assuming that LecB cross-linked receptors. In addition, the fact that caveolin-1 knock-
down abrogated LecB-mediated PI3K activation, together with our finding that caveolin-1
recruitment could be blocked by PI3K inhibitors, suggests that there exists a positive feed-
back loop between PI3K activation and caveolin-1 recruitment. This is strongly supported
by our observation that caveolin-1 coprecipitation with apical LecB receptors increased in
a time-dependent manner. This also offers an explanation for the previously reported role
of caveolin-1 for P. aeruginosa host cell invasion (9).
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There has been speculation in the literature about the initial events that trigger the
basolateral patch formation at the apical membrane by P. aeruginosa, and two possible
hypotheses were offered (11): Either membrane damage could be responsible, or a still
unknown bacterial factor causes the required PI3K activation. Our results favor the sec-
ond hypothesis. Binding and cross-linking of apical receptors by LecB offer a direct ex-
planation for PI3K activation and, thus, identify LecB as the unknown bacterial factor.
In addition, we previously reported that application of purified LecB to the apical
plasma membrane of MDCK cells does not induce membrane damage, as measured by
trypan blue assays that use the fluorescence of trypan blue as a sensitive readout (19).
Likewise, tight junction integrity was not affected by apical application of LecB (19).
This is in agreement with the finding by others that the formation of PIP;-rich protru-
sions during infection with P. aeruginosa did not compromise tight junctions (11). This
finding also excludes the possibility that LecB-triggered apical PIP; accumulation
occurred by diffusive spreading of PIP, from the basolateral plasma membrane and
additionally proves that apical PIP; accumulation was due to LecB-mediated local PI3K
activity at the apical plasma membrane.

The involvement of Rac1 for P. geruginosa internalization through the LecB-triggered
cascade we describe here will need further clarification. Specifically, the P. aeruginosa exo-
toxin S and exotoxin T are known to contain N-terminal RhoGTPase activating protein
(RhoGAP) domains, which can hydrolyze GTP to GDP in Rho, Rac, and Cdc42, leading to
cytoskeletal depolymerization and countering host cell invasion (46, 47). It will be interest-
ing to investigate whether varying expression levels of LecB, exotoxin S, and exotoxin T
cause more or less invasive behavior of P. aeruginosa.

In conclusion, our results identify LecB as a novel bacterial factor that promotes uptake
of P. aeruginosa bacteria from the apical side of epithelial cells. Our data suggest that
LecB represents a missing link that provides a unifying explanation for many observations
that have been made during host cell invasion by P. aeruginosa. We revealed that LecB is
sufficient to trigger the well-known Src-PI3K-Rac signaling cascade (11), which is required
for basolateral patch formation at the apical plasma membrane and host cell invasion.
LecB-mediated signaling also provides additional rationales for the previously found impli-
cation of caveolin-1 in P. aeruginosa invasion (9), since we identified here a LecB-triggered
positive feedback loop between PI3K activation and caveolin-1 recruitment to the apical
plasma membrane.

MATERIALS AND METHODS

Antibodies, plasmids, and reagents. The antibodies used are listed in Table 52. The plasmid pPH-
Akt-GFP encoding PH-Akt-GFP was a gift from Tamas Balla (Addgene plasmid no. 51465). The plasmids
encoding wild-type Rac1 tagged with GFP (Rac1-wt-GFP) and a mutant protein bearing a change of T to
N at position 17 (Rac1-T17N) and tagged with GFP (Rac1-DN-GFP) were kindly provided by Stefan Linder
(University Hospital Hamburg-Eppendorf, Germany).

Recombinant LecB was produced in Escherichia coli BL21(DE3) cells and purified with affinity col-
umns as previously described (19). LecB and fluorophore-conjugated LecB were used at a concentration
of 50 ug/mL (4.3 M) unless stated otherwise. The B-subunit of Shiga toxin 1 (StxB) recombinantly pro-
duced in Escherichia coli was from Sigma-Aldrich. LY294002, wortmannin, PP2, SU6656, PIK-75, TGX-221,
and triciribine were from Selleckchem. UEA-l was from Vector Labs. Human epidermal growth factor
(EGF), L-fucose (6-deoxy-L-galactose), and fluorescein isothiocyanate (FITC)-dextran (70 kDa) were from
Sigma-Aldrich. Phalloidin-Atto 488 and phalloidin-Atto 647 were from Atto-Tec.

Mammalian cell culture and creation of stable cell lines. MDCK strain Il cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 5% fetal calf serum (FCS) at 37°C and
5% CO,. H1975 cells were maintained in Roswell Park Memorial Institute (RPMI) 1640 medium supple-
mented with 10% FCS at 37°C and 5% CO,. For generating polarized MDCK monolayers, 3 x 10° MDCK
cells were seeded on transwell filters (12-well format, 0.4-um pore size, polycarbonate membrane, prod-
uct number 3401; Corning) and cultured for 4 days before experiments. For experiments with H1975
cells, 3 x 10° cells were seeded per 12-mm glass cover slip placed in a 24-well plate and cultured for
1 day. For the creation of the MDCK cell line stably expressing PH-Akt-GFP, cells were transfected with
the plasmid pPH-Akt-GFP using lipofectamine 2000 (Thermo Fisher). After allowing the cells to express
the proteins overnight, they were trypsinized and plated sparsely in medium containing 1 mg/mL G418.
After single colonies had formed, GFP-positive colonies were extracted with cloning rings. At least 6 col-
onies were extracted for each cell line, grown on transwell filters for 4 days, fixed, and stained against
the basolateral marker protein B-catenin and the tight junction marker protein ZO-1 to assay their polar-
ized morphology. Based on these results, we chose one colony for each cell line for further experiments.
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Caveolin-1 knockdown. To achieve knockdown of caveolin-1 in MDCK cells, a lentivirus-based
shRNA system based on the plasmids pCMV-AR8.91, pMD2G-VSVG, and pLVTH was used (48). The plas-
mid pLVTH was modified using Gibson cloning to encode the target sequence for caveolin-1 knockdown,
5"-GATGTGATTGCAGAACCAG-3" (49). As a control, an shRNA targeted against luciferase, which is not endo-
genously expressed in MDCK cells, was used (target sequence, 5'-CGTACGCGGAATACTTCGA-3"). Lentivirus
was produced with HEK 293 T cells, purified with sucrose cushion centrifugation (20% sucrose, 4,000 x g,
14 h), resuspended in MDCK medium, and applied to freshly seeded MDCK cells. To ensure a lentivirus
transduction efficiency of >80%, GFP fluorescence was checked after 48 h, since pLVTH also encodes GFP.
Knockdown efficiency was then verified using WB (Fig. S7).

Immunofluorescence. Cells were washed two times with phosphate-buffered saline without Ca?*
and Mg?" (PBS) and then fixed with 4% (wt/vol) formaldehyde (FA) for 15 min at room temperature.
Samples were treated with 50 mM ammonium chloride for 5 min to quench FA and then permeabilized
with a SAPO medium (PBS supplemented with 0.2% [wt/vol] bovine serum albumin and 0.02% [wt/vol]
saponin) for 30 min. Primary antibodies were diluted in SAPO medium and applied on the samples for
60 min at room temperature. After three washes with PBS, secondary dye-labeled antibodies, and, if
required, DAPI (4’ 6-diamidino-2-phenylindole) and dye-labeled phalloidin were diluted in SAPO me-
dium and applied to the cells for 30 min at room temperature (details for the antibodies used are listed
in Table S2). After 5 washes with PBS, cells were mounted for microscopy using glycerol-based medium
supplemented with DABCO (MDCK) (50) or Mowiol-based medium (H1975) (51).

Microscopy of fixed cells and live-cell experiments. For imaging, an ATR confocal microscope
(Nikon) equipped with a 60x oil immersion objective (numeric aperture [NA] = 1.49) and laser lines at
405 nm, 488 nm, 561 nm, and 641 nm was utilized. Image acquisition and analysis was performed with
NIS-Elements 4.10.04 (Nikon).

For live-cell experiments, MDCK cells stably expressing PH-Akt-GFP (uptake of LecB-coated beads)
were grown as polarized monolayers for 3 days on Lab-Tek Il chambered cover glasses (8 wells, number
1.5 borosilicate glass). The medium was changed to recording medium (Hanks' balanced salt solution
[HBSS] supplemented with 1% FCS, 4.5 g/L glucose, and 20 mM HEPES).

WB. Before Western blotting, cells were starved in medium without FCS (16 h for polarized MDCK
cells, 2 h for H1975 cells), and stimulation was also carried out in medium without FCS. After stimulation,
cells were washed twice with PBS and lysed in radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris
[pH 8], 0.1% [wt/vol] SDS, 10% [vol/vol] glycerol, 13.7 mM NaCl, 2 mM EDTA, and 0.5% [wt/vol] sodium
deoxycholate in water) supplemented with protease inhibitors (0.8 wM aprotinin, 11 uM leupeptin,
200 uM Pefabloc) and phosphatase inhibitor (1 mM sodium orthovanadate). Protein concentrations
were analyzed using a bicinchoninic acid (BCA) assay kit (Pierce). Equal amounts of protein per sample
were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was blocked
with tris-buffered saline (TBS) supplemented with 0.1% (vol/vol) Tween 20 and 3% (wt/vol) BSA for 1 h
and incubated with primary and (HRP)-linked secondary antibodies diluted in the blocking solution.
Detection was performed by a chemiluminescence reaction using the Fusion-FX7 Advance imaging sys-
tem (Peqlab Biotechnologie GmbH). If not indicated otherwise, control samples were treated with the
same volume of PBS that was used for dissolving LecB in the LecB-treated samples.

Rac123-G-LISA. Rac activation was measured with a Rac123-G-LISA assay (absorbance based;
Cytoskeleton, Inc.) performed according to the manufacturer’s protocol. Briefly, cells were serum starved,
stimulated as indicated, and then lysed. The lysates were applied to provided 96-well plates, and acti-
vated Rac was detected at 490 nm using a plate reader (Tecan Safire). If not indicated otherwise, control
samples were treated with the same volume of PBS that was used for dissolving LecB in the LecB-treated
samples.

Bacterial culture and invasion assays. For our experiments, we used GFP-tagged P. aeruginosa
PAO1 wild-type (PAO1-wt) and an in-frame LecB deletion mutant (PAO1-dLecB) that were described pre-
viously (52). Bacteria were cultured overnight (approximately 16 h) in LB-Miller medium containing
60 wg/mL gentamicin in a shaker (Thriller; Peglab) at 37°C and 650 rpm. The bacteria reached an optical
density (OD) measured at 600 nm of approximately 5.

MDCK cells were allowed to polarize on transwell filters or 24-well plates as indicated. H1975 cells
were cultured in 24-well plates to a confluence of 70 to 80%. Overnight cultures of PAO1-wt and PAO1-
dLecB were pelleted, resuspended in DMEM (MDCK) or RPMI (H1975), and incubated for 30 min at 37°C.
For inhibition with t-fucose, 100 mg/mL -fucose was added during this incubation. The inhibitors PP2
and LY294002 were preincubated for 30 min with the cells and kept on the cells during the whole
experiment. Next, the concentration of bacteria was adjusted to yield the desired multiplicity of infection
(MOI) of 50. For determining the total number of bacteria, cells were incubated with bacteria for 2 h at
37°C, washed three times with PBS, and then lysed with 0.25% (vol/vol) Triton X-100. Serial dilutions of
the cell extracts were made and plated on LB-Miller agar plates containing gentamicin (60 pg/mL) and
incubated overnight at 37°C. The number of bacterial colonies was counted on the next day. For deter-
mining the number of invading bacteria, cells were incubated with bacteria for 2 h at 37°C and washed
three times with PBS. Then, extracellular bacteria were killed by treatment with 400 wg/mL amikacin sul-
fate (Sigma-Aldrich) for 2 h at 37°C. After lysis with 0.25% (vol/vol) Triton X-100, bacterial numbers were
counted as described before. The invasion efficiencies were calculated by dividing the number of invad-
ing bacteria by the total number of bacteria. To enable comparison between different experiments, the
invasion efficiencies in a single experiment were normalized to the invasion efficiency of the untreated
sample and then the mean value from repeated experiments was calculated.

Labeling of lectins. LecB was labeled with Cy3 monoreactive N-hydroxysuccinimide (NHS) ester (GE
Healthcare) or with biotin using NHS-polyethylene glycol 12 (PEG12)-biotin (Thermo Fisher) according to
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the instructions of the manufacturers and purified using PD-10 desalting columns (GE Healthcare). StxB
was labeled with NHS-ester conjugated with Alexa Fluor 488 (Thermo Fisher).

Preparation of LecB-coated beads. Biotinylated LecB (LecB-biotin) was incubated with a solution
containing streptavidin-coated polystyrene beads containing the dye flash red with 1-um diameter
(Bangs Laboratories). To ensure homogenous coverage with LecB-biotin, a 10-fold molar excess of LecB-
biotin compared to the available streptavidin binding sites on the beads was used, and then beads were
washed three times with PBS. In control beads, the streptavidin binding sites were saturated with biotin.

Mass spectrometry-based identification of LecB interaction partners. MDCK cells were cultured in
medium for stable-isotope labeling by amino acids in cell culture (SILAC medium) for 9 passages and then
seeded on transwell filters and allowed to polarize for 4 days. For the first sample, biotinylated LecB was
applied to the apical side of light-SILAC-labeled cells and on the basolateral side of medium-SILAC-labeled
cells, whereas heavy-SILAC-labeled cells received no stimulation and served as a control. For the second sam-
ple, the treatment conditions were permuted. After lysis with immunoprecipitation (P} lysis buffer, the differ-
ent SILAC lysates were combined and LecB-biotin-receptor complexes were precipitated using streptavidin
agarose beads as described before. Eluted LecB-biotin-receptor complexes were then prepared for MS analy-
sis using SDS-PAGE gel electrophoresis. Gels were cut into pieces, the proteins therein digested with trypsin,
and the resulting peptides were purified by stop-and-go-extraction (STAGE) tips. MS analysis was carried out
as described previously (19) using a 1200 HPLC (Agilent Technologies, Waldbronn, Germany) connected
online to a linear trap quadrupole (LTQ) Orbitrap XL mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany). From the list of MS-identified proteins generated, we defined those proteins as LecB interaction
partners that showed more than 2-fold enrichment on a log, scale over controls in both SILAC samples
(Table S1).

Statistics. If not stated otherwise, data obtained from n = 3 independent experiments were used to
calculate arithmetic means, and error bars represent standard errors of the means (SEM). Statistical sig-
nificance analysis was carried out using GraphPad Prism 5. For determining the significance in experi-
ments with multiple conditions, one-way analysis of variance (ANOVA) with Bonferroni's post hoc testing
was applied. For determining the significance in experiments in which values were measured for one
condition relative to the control condition, one-sample t testing was applied. n.s. denotes not significant,
* denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, and **** denotes P < 0.0001. All primary
data are available from the authors upon request.
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Résumé

Pseudomonas aeruginosa (P. aeruginosa) est une bactérie environnementale Gram-négative
omniprésente et est connue comme un pathogéne opportuniste et nosocomial. Elle peut provoquer
une grande variété d'infections, qui peuvent affecter tous les organes du corps humain, telles que la
pneumonie associée a la ventilation et les Iésions pulmonaires aigués. En raison des toxines
extracellulaires de P. aeruginosa, il est virulent pour les cellules ou organes hbtes. |l a été rapporté
que P. aeruginosa et ses protéines de virulence peuvent entraver la cicatrisation des plaies et altérer
les processus de réparation, entrainant des plaies chroniques. De plus, l'infection a P. aeruginosa
peut altérer la réponse immunitaire, comme les cellules NK, les cellules T et les cellules B. La premiére
étape dans I'établissement d'une infection a P. aeruginosa consiste a adhérer aux cellules hétes via
des facteurs extracellulaires, tels que les lectines. Les lectines sont des glycoprotéines qui forment
des liaisons réversibles lors de l'interaction avec des sucres/glycoprotéines liées a la membrane de la
cellule héte. P. aeruginosa possede deux lectines solubles, LecA et LecB (aussi communément
appelées PA-IL et PA-IIL). A ce jour, plusieurs données laissent & supposer que LecB est un facteur
de virulence important. Par exemple, LecB joue un réle essentiel dans les plaies humaines chroniques
avec surinfection. LecB peut bloquer la cicatrisation des cellules épithéliales et la migration des
cellules cancéreuses du poumon avec la réduction du niveau de B-caténine, cependant, les
mécanismes moléculaires induits par LecB ne sont pas clairs. En outre, LecB provoque également la
mort induite par l'activation dépendante du BCR des cellules B in vitro, cependant, son impact sur le
systeme immunitaire reste peut étudié. LecB est un tétramere, et chaque monomére posséde une
poche de liaison avec la plus grande affinité pour le L-fucose et ses dérivés10. En conséquence, le L-
fucose et ses dérivés sont utilisés comme antagonistes de LecB dans plusieurs études. Par exemple,
le L-fucose récuse la migration cellulaire collective inhibée et la cicatrisation des plaies dans les
monocouches MDCK induites par LecB, et il inhibe l'invasion apicale de P. aeruginosa dans les
cellules MDCK polarisées. les projets sont séparés en deux parties pour étudier les questions. Une
partie concerne l'effet de LecB sur I'adhésion cellulaire et la migration cellulaire in vitro, et une autre
partie concerne I'impact de LecB sur la réponse immunitaire in vivo, impliquant les cellules DC et T.
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P. aeruginosa, lectine LecB, migration cellulaire, réponse immunitaire

Résumé en anglais

Pseudomonas aeruginosa (P. aeruginosa) is a ubiquitous Gram-negative environmental bacterium
and is known as an opportunistic and nosocomial pathogen. It can cause a wide variety of infections,
which can affect all organs of the human body, such as ventilator-associated pneumonia and acute
lung injury. Due to the extracellular toxins of P. aeruginosa, it is virulent to host cells or organs. It has
been reported that P. aeruginosa and its virulence proteins can impede wound healing and alter repair
processes, leading to chronic wounds. In addition, P. aeruginosa infection can alter the immune
response, such as NK cells, T cells and B cells. The first step in establishing a P. aeruginosa infection
is to adhere to host cells via extracellular factors, such as lectins. Lectins are glycoproteins that form
reversible bonds when interacting with sugars/glycoproteins bound to the host cell membrane. P.
aeruginosa has two soluble lectins, LecA and LecB (also known as PA-IL and PA-IIL). To date, several




data suggest that LecB is an important virulence factor. For example, LecB plays an essential role in
chronic human wounds with superinfection. LecB can block epithelial cell healing and lung cancer cell
migration with the reduction of B-catenin levels, however, the molecular mechanisms induced by LecB
are unclear. Furthermore, LecB also induces BCR-dependent activation-induced death of B cells in
vitro, however, its impact on the immune system remains unexplored. LecB is a tetramer, and each
monomer has a binding pocket with the highest affinity for L-fucose and its derivatives10. As a result,
L-fucose and its derivatives have been used as LecB antagonists in several studies. For example, L-
fucose challenges inhibited collective cell migration and wound healing in LecB-induced MDCK
monolayers, and it inhibits apical invasion of P. aeruginosa in polarised MDCK cells. the projects are
split into two parts to investigate the issues. One part concerns the effect of LecB on cell adhesion and
cell migration in vitro, and another part concerns the impact of LecB on the immune response in vivo,
involving DC and T cells.
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