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Résumé

Bien que le réle des plaquettes dans les mécanismes de 1’hémostase soit bien décrit,
leurs fonctions pléiotropes sont moins documentées. Leur implication dans la réponse
inflammatoire et anti-infectieuse est aujourd’hui démontrée et ouvre de nouvelles perspectives
aussi bien dans la compréhension des mécanismes physiopathologiques que dans de nouvelles
stratégies thérapeutiques. En effet, les plaquettes expriment des récepteurs qui peuvent interagir
avec des bactéries. En fonction des espéces bactériennes, ces interactions vont induire une
activation plaquettaire responsable du relargage du contenu des granules plaquettaires. Ces
molécules présentes dans les granules plaquettaires possédent des fonctions variées :
bactéricides, pro-agrégantes, procoagulantes... De nombreux travaux se sont intéressés aux
interactions entre les plaquettes et les bactéries Gram-positif. En revanche, peu de données sont
disponibles sur les interactions entre les plaquettes et les bactéries Gram-négatif notamment
Escherichia coli. De plus, les études disponibles présentent des résultats contradictoires.

Dans ce travail de thése, nous nous sommes intéressés a 1I’étude de 1’interaction
bidirectionnelle entre les plaquettes et des souches d’E. coli. Notre revue de la littérature a eu
pour objectif de faire 1’état de 1’art des connaissances actuelles sur les interactions entre les
plaquettes et E. coli et leurs conséquences a la fois sur 1’activité des plaquettes et sur la
croissance bactérienne.

Le premier axe de nos travaux a évalué la capacité bactéricide des plaquettes sur dix
souches d’E. coli. Nous avons sélectionné des souches de laboratoires et des souches cliniques
afin d’évaluer leur capacité a induire in vitro une activation plaquettaire mais également leur
sensibilité a ’activité bactéricide des plaquettes. Nous avons rapporté que cette interaction est
souche dépendante. Elle pourrait étre influencée également par la structure du
lipopolysaccharide. De maniére surprenante, nous avons observé que la croissance de certaines
souches est augmentée en présence de plaquettes.

Afin de caractériser les interactions entre les plaquettes et les souches d’E. coli, nous
avons utilisé la microscopie électronique. Cette approche innovante a confirmé que certaines
souches induisaient une activation voire une agrégation plaquettaire. Les différences de
structure des souches d’E. coli, pourraient expliquer ces différences dans les interactions

plaquettes-bactéries.



Le second axe de notre travail de thése a eu pour objectif de caractériser les mécanismes
d’agrégation plaquettaire induite par E. coli. Le sepsis est, dans ses formes séveres, associé a
des complications thrombotiques qualifiées d’immuno-thrombose, dans lesquelles les
plaquettes jouent un role majeur. Nous avons fait une synthése des connaissances actuellement
disponibles sur les mécanismes d’agrégation plaquettaire au décours des sepsis a E. coli et une
actualisation des effets des antiplaquettaires dans ces circonstances pathologiques.

En paralléle, nous avons caractérisé la capacité de dix souches d’E. coli a induire in vitro
une agrégation plaquettaire. Ce mécanisme est comme ’activité bactéricide, souche-dépendant.
Cette agrégation plaquettaire est réduite par un traitement antiplaquettaire sans cependant
I’inhiber complétement. Ces résultats suggérent que les voies de signalisation plaquettaire

impliquées dans les mécanismes d’activation et d’agrégation plaquettaire sont multiples.

Mots clés : Plaquettes, Escherichia coli, activation plaquettaire, agrégation plaquettaire,

antiplaquettaires



Abstract

Although the role of platelets in the mechanisms of hemostasis is well documented, their
pleiotropic functions are the subject of numerous research works. Their role in the inflammatory
and anti-infective response has now been demonstrated and opens new perspectives both in the
understanding of pathophysiological mechanisms and in new therapeutic strategies. Indeed,
platelets express receptors that can interact with bacteria. Depending on the bacterial species,
these interactions will induce platelet activation responsible for the release the platelet granules
content. These molecules present in the platelet granules have various activities: bactericidal,
pro-aggregating, procoagulant...Many studies have focused on the interactions between
platelets and Gram-positive bacteria. On the other hand, few data are available on the
interactions between platelets and Gram-negative bacteria, in particular Escherichia coli.
Moreover, the available studies present contradictory results.

In this thesis work, we were interested in studying the bidirectional interaction between
platelets and strains of E. coli. Our review of the literature aimed to review the state of the art
of current knowledge on the interactions between platelets and E. coli and their consequences
on both platelet activity and bacterial growth.

The first axis of our work evaluated the bactericidal capacity of platelets on 10 strains
of E. coli. We have selected laboratory strains and clinical strains in order to assess their ability
to induce platelet activation in vitro but also their sensitivity to the bactericidal activity of
platelets. We have reported that this interaction is strain-dependent. It could also be influenced
by the structure of lipopolysaccharides. Surprisingly, we observed that the growth of certain
strains is increased in the presence of platelets.

In order to characterize the interactions between platelets and E. coli strains, we used
electron microscopy. This innovative approach has confirmed that certain strains induce platelet
activation or even aggregation. The structural differences between strains of E. coli, could
explain these differences in platelet-bacteria interactions.

The second axis of our thesis work aimed to characterize the mechanisms of platelet
aggregation induced by E. coli. Sepsis is, in its severe forms, associated with thrombotic
complications qualified as immuno-thrombosis, in which platelets play a major role. We have
made a synthesis of the knowledge currently available on the mechanisms of platelet
aggregation following E. coli sepsis and an update of the effects of antiplatelet drugs in these

pathological circumstances.
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In parallel, we characterized the ability of ten strains of E. coli to induce platelet
aggregation in vitro. This mechanism is like bactericidal activity, strain-dependent. This platelet
aggregation is reduced by treating the platelets with an antiplatelet molecule, however, without
completely inhibiting it. These results suggest that the platelet signaling pathways involved in

platelet activation and aggregation mechanisms are multiple.

Keys words: Platelets, Escherichia coli, platelet activation, platelet aggregation, antiplatelet

drugs
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Introduction générale

Les plaquettes sanguines ont ¢été étudiées principalement pour leur role dans
I’hémostase. Désormais, leur implication dans la réponse anti-infectieuse est confirmée (1-6).
Les plaquettes peuvent interagir avec les bactéries par trois principaux mécanismes : i) la liaison
aux bactéries par une protéine plasmatique qui est un ligand pour un récepteur plaquettaire, ii)
la liaison directe des bactéries a un récepteur plaquettaire ou iii) la sécrétion de protéines
bactériennes, c’est-a-dire de toxines, qui vont pouvoir interagir avec les plaquettes. Les
mécanismes d’interaction dépendent de I’espéce bactérienne (2,6,7). Cette interaction peut
engendrer une activation, une agrégation plaquettaire et le relargage de différentes molécules
granulaires telles que les peptides antimicrobiens, qui possédent une activité bactéricide, et des
chimiokines qui vont étre impliquées pour recruter d’autre cellules immunitaires (8—10). Cette
capacité d’activation en réponse a une infection leur confére donc la possibilité de détruire les
bactéries grace a une activité bactéricide. Ceci démontre que leur activation et leur
dégranulation jouent un rdle important dans la lutte anti-infectieuse (2,6,11).

La présence de mécanismes multiples dans ces interactions rend difficile I’identification
des roles des différentes protéines (tant bactériennes que plaquettaires). Cette analyse est encore
plus compliquée par le fait que les interactions sont non seulement spécifiques de 1’espéce mais
aussi de la souche, comme le démontre notamment en 2016 Watson et a/ (12—14). Typiquement,
les protéines bactériennes impliquées dans 1’adhésion sont distinctes de celles qui induisent
I’agrégation. Ainsi, les bactéries peuvent favoriser 1’adhésion plaquettaire et/ou déclencher
I’activation plaquettaire qui se caractérise par l’apparition ou l’augmentation de certains
marqueurs de surface plaquettaires (P-sélectine (CD62P) et Gpllbllla (CD41) activée), ou par
la sécrétion du contenu granulaire. Ces marqueurs sont le plus souvent détectés en cytométrie
en flux, mais ne traduisent cependant pas forcément la formation d’un agrégat plaquettaire (15).

Les travaux effectués sur les interactions plaquettes-bactéries, ont permis d’avoir des
connaissances sur 1’interaction des plaquettes avec les bactéries Gram-positif (3,16-19). En
revanche, peu de données sont disponibles sur les bactéries 8 Gram-négatif a savoir Escherichia
coli (E. coli), notamment sur les mécanismes moléculaires d’interaction et le pouvoir inhibiteur
des molécules plaquettaire sur ces bactéries.

E. coli est une bactérie Gram-négatif commensale, appartenant a la famille des
entérobactéries, retrouvée trés fréquemment dans le tractus digestif de I’étre humain, et

représentant une grande partie de la flore intestinale. Certaines souches sont souvent retrouvées
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en pathologie humaine, notamment dans les infections communautaires et nosocomiales, dans
des sites tres variées : méningites, gastro-entérites, infections urinaires... (20,21).

La plupart des travaux étudient I’ effet des pathovars d’E. coli responsables de syndrome
hémolytique et urémique (SHU) sur les plaquettes. En effet, le SHU, qui se caractérise
notamment par une anémie hémolytique d’origine mécanique et une thrombopénie, a fait 1I’objet
de nombreuses études. Une activation plaquettaire est observée, conséquence de 1’activation de
I’endothélium par la production de Shiga toxines (22). Cependant, les mécanismes et les
conséquences des interactions entre les souches E. coli responsables du SHU et les plaquettes
sont complexes et variables selon les souches. La souche d’E. coli O111 pourrait interagir
directement avec les plaquettes par I’intermédiaire du récepteur toll like-4 (TLR-4), entrainant
une augmentation des marqueurs d’activation plaquettaire et I’expression du facteur tissulaire
(23). En revanche, la souche d’E. coli O157 :H7, induit une agrégation plaquettaire médiée par
récepteur FcyRITA indépendamment du TLR-4 (24).

Des souches d’E. coli ou leurs lipopolysaccharide (LPS) purs sont capables d’induire
une activation plaquettaire avec 1’implication des récepteurs plaquettaires comme le TLR-4 et
le FcyRITA. Cependant, cette réponse est hautement variable. Elle peut dépendre de plusieurs
facteurs tels que la souche étudiée, la préparation des plaquettes utilisée et le ratio plaquettes-
bactéries (23-27).

E. coli peut également induire une agrégation plaquettaire dépendante a la fois de la
souche impliquée, ainsi que du ratio plaquettes/bactéries présent. La concentration de
I’inoculum joue aussi un role important. Ces interactions reposent principalement sur le
FcyRIIA et 'intégrine allbB3 (12,26).

Enfin, la structure du LPS serait également un ¢élément déterminant dans ces
interactions. Certaines études n’ont utilisé que le LPS pur pour évaluer son effet sur les
plaquettes et les résultats montrent qu’il induit une réponse variable impliquant des récepteurs
plaquettaires différents (25-27). Cette différence peut étre expliquée par le fait qu’en fonction
de I’antigéne-O, les souches d’E. coli possédent deux formes du LPS, rugueux (LPS-R) ou lisse
(LPS-L). Ainsi, cette capacité ou non a faire agréger les plaquettes pourrait donc dépendre de
la structure des LPS et de leur capacité ou non a étre reconnus par le TLR-4 exprimé a la surface
des plaquettes. Ainsi, 1’antigéne-O pourrait également avoir un role important dans la
reconnaissance de ces motifs bactériens par les plaquettes et dans I’induction ou non d’un choc
septique (28).

Les plaquettes ont un impact paradoxal lors d’une infection bactérienne. Elles présentent

un effet antimicrobien direct, des capacités de réparation tissulaire et elles permettent une
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immunomodulation de la réponse immunitaire ainsi qu’un certain chimiotactisme. Cependant,
leur activation non controlée et disséminée peut conduire a 1’aggravation du sepsis, qui peut
induire une coagulation intravasculaire disséminée (CIVD), responsable d’un risque
thrombotique mais aussi hémorragique. Ces observations nous conduisent a réfléchir a
I’utilisation des agents antiplaquettaires (AAP) au cours de sepsis qui diminuerait la réactivité
plaquettaire délétére au risque d’inhiber la réponse anti-infectieuse bénéfique des plaquettes.
En effet, il est important de maintenir un équilibre entre les effets bénéfiques et délétéres des
plaquettes au cours des infections, notamment le sepsis (29).

Nos travaux de theése se sont intéressés aux interactions bidirectionnelles entre les
plaquettes et des souches d’E. coli. En effet, nous avons étudié¢ en parallele les conséquences
de ces interactions sur les fonctions plaquettaires et sur la croissance bactérienne.

Dans un premier temps, notre revue de la littérature présente les connaissances actuelles
sur les interactions entre les plaquettes et E. coli. Notre objectif était de réaliser une synthése
des données obtenues a partir des études expérimentales et cliniques sur I’action d’E. coli sur
I’activation plaquettaire d’une part, mais également et sur I’effet des plaquettes sur les souches
d’E. coli (Article 1).

Nos travaux s’organisent autour de deux axes principaux. Le premier axe a consisté a
¢tudier la capacité bactéricide des plaquettes sur la croissance de différentes souches d’E. coli.
Nous avons réalis¢ cette ¢tude sur un panel de dix souches ; cinq d’entre elles provenaient d’
isolats cliniques et cinq étaient des souches de laboratoire. Ces dix souches présentaient des
profils de sensibilité ou de résistance a la colistine différents. Cet axe a nécessité la maitrise de
plusieurs méthodologies, notamment la coculture des bactéries et les plaquettes pour évaluer
I’effet des plaquettes sur la croissance bactérienne, la cytométrie en flux pour mesurer
I’expression du marqueur d’activation plaquettaire, I’analyse du pangénome et enfin la
microscopie électronique a balayage et a transmission pour visualiser les agrégats plaquettaires
induites par E. coli (Figure 1).

En évaluant I’interaction bidirectionnelle entre les plaquettes et E. coli, nous avons
démontré une variabilit¢ de réponse des souches. Certaines souches peuvent induire une
activation plaquettaire. A I’inverse, certaines souches n’induisent aucune d’activation
plaquettaire. Nous avons également démontré que 1’activité bactéricide des plaquettes est lice
au niveau d’activation, ce qui est corrélé avec les résultats de microscopie. L’aspect des
agrégats, 1’état de I’activation ainsi que I’abondance et la localisation des bactéries nous ont
confirmé que les conséquences de ces interactions sont dépendantes de la souche testée et de sa

capacité¢ a induire une activation, voire une agrégation plaquettaire. Pour expliquer cette
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hétérogénéité de réponse, nous avons sélectionné deux souches apparentées et qui ont des
profils opposés vis-a-vis des plaquettes. Nos résultats suggerent la présence ou absence de
I’antigéne-O au niveau du LPS pourrait étre un facteur de variabilité. Cette hypothése est
appuyée par le fait que les plaquettes peuvent interagir avec E. coli a travers le couple TLR4-
LPS (Article 2 et 3).

Dans le second axe, nous nous sommes intéressés a la capacité des souches d’E. coli a
induire une agrégation plaquettaire et a [’action de molécules antiplaquettaires sur ce
mécanisme. Nous avons rédigé une revue sur les connaissances actuellement disponibles sur
les mécanismes d’agrégation plaquettaire induits par E coli, le sepsis a E. coli, ainsi qu’une
actualisation des effets des antiplaquettaires dans ces circonstances pathologiques (Article 4).

L’article 5 avait pour objectif d'étudier 1'agrégation plaquettaire induite par des souches
d’E. coli. Dans cette étude, les dix souches d’E. coli précédemment décrites. Nous avons évalué
la capacit¢ de ces dix souches a induire l'agrégation plaquettaire par deux méthodes
complémentaires : la spectrophotométrie et la microscopie confocale. L'effet des médicaments
antiplaquettaires a été évalué sur les souches responsables de l'agrégation plaquettaire. Nos
résultats montrent que 1'agrégation induite par E. coli est dépendante de la souche testée mais
aussi de la concentration utilisée. Cette variabilité¢ s'illustre également en microscopie
confocale. Certaines souches sont capables d'induire une agrégation donc elles se trouvent a
l'intérieur des amas plaquettaires. D'autres souches n'ont pas d'effet sur l'agrégation et les
bactéries se trouvent en proximité des plaquettes.

Les médicaments antiplaquettaires testés permettent de réduire 1'agrégation plaquettaire
observée induite par certaines souches sans l'inhiber completement (Article 5).

L’ensemble de ces travaux présentent une contribution significative permettant une
meilleure compréhension des mécanismes complexes des interactions entre les différentes

souches d’E. coli et les plaquettes.
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| Agrégation plaquettaire et traitement par antiplaquettaires

Evaluation de la croissance bactérienne

Analyse bis ique du
des souches d’E. coli testées

. Evaluation de l'activation plaquettaire par
cytométrie en flux

Observation des bactéries et des agrégats
plaquettaire par microscopie
éléctronique a balayage et a transmission

b Evaluation de I'agrégation plaquettaire par
/ spectrophotométrie

Analyse bioinformatique des facteurs de viruelence et
d’antigéne-O des souches d’E. coli testées

y — Traitement de I'agrégation par deux
antiplaquettaires : Aspirine et Ticagrelor

Analyse des agrégats par microscopie confocale

Figure 1 : Schéma récapitulatif des techniques utilisées dans nos travaux de these.
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Chapitre I : Revue de la littérature
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Préambule

Bien que de nombreuses études se soient intéressées a I’interaction entre les plaquettes
et les bactéries, peu de données sont disponibles sur I’E. coli. L’objectif de cette revue, est de
faire une synthése des études expérimentales disponibles sur la relation bidirectionnelle entre
les plaquettes et E. coli.

Nous nous sommes intéressés principalement a 1’activation et 1’agrégation plaquettaire
induites par E. coli, ainsi qu’a la capacité des plaquettes a inhiber la croissance des bactéries.

Afin de comprendre les mécanismes d’interaction, nous avons analysé les données des
¢tudes faites sur les principaux pathovars d’E. coli, y compris les pathovars
entérohémorragiques (EHEC) qui sont impliqués dans le SHU et qui secretent la Shiga toxine
ainsi que d’autre souches cliniques et de laboratoire. Notre analyse met en évidence le rdle
majeur de deux récepteurs plaquettaires : TLR-4 et FcyRIIA. Ces éléments jouent un role clé
dans la reconnaissance, la liaison et I’activation des plaquettes.

Les résultats de cette analyse bibliographique, ont montré que 1’interaction plaquettes-
E. coli est a double sens (30-35). Les conséquences des interactions entre les plaquettes et les
différentes souches d’E. coli induisent des effets trés variables sur les fonctions plaquettaires.
Plusieurs facteurs peuvent influencer les réponses, tels que la souche ou le LPS testés, la
préparation des plaquettes, le ratio plaquettes-bactéries... La différence de forme du LPS, plus
précisément la structure de l'antigéne-O, qui est d’ailleurs utilisée pour le sérotypage des
souches d’E. coli, permettrait d’expliquer ces résultats.

Enfin, en tenant compte des similitudes de structure et de polarité¢ entre les peptides
plaquettaires cationiques et la colistine (polymyxine E), nous avons noté qu’il est important de
prendre la résistance aux antibiotiques en considération, qui pourrait également étre un facteur
de variabilité.

L’effet d’E. coli sur les plaquettes doit étre étudié, en utilisant un panel plus large de
souches d’E. coli afin de comprendre au niveau moléculaire les mécanismes d'activation,
d’agrégation et de libération des molécules antimicrobiennes, d’autant plus qu’il existe des
résultats contradictoires méme dans les études réalisées sur une souche identique (26,27,36).
L’implication de multiples récepteurs plaquettaires doit également €tre mise en évidence afin
de pouvoir cibler et inhiber les facteurs conduisant au développement des pathologies générées

par les souches de E. coli.
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Abstract: Apart from their involvement in hemostasis, platelets have been recognized for their contri-
bution to inflammation and defense against microbial agents. The interaction between platelets and
bacteria has been well studied in the model of Staphylococcus and Streptococcus but little described in
Gram-negative bacteria, especially Escherichia coli. Being involved in the hemolytic uremic syndrome
as well as sepsis, it is important to study the mechanisms of interaction between platelets and E. coli.
Results of the published studies are heterogeneous. It appears that some strains interact with platelets
through the toll-like receptor-4 (TLR-4) and others through the Fc gamma glycoprotein. E. coli mainly
uses lipopolysaccharide (LPS) to activate platelets and cause the release of antibacterial molecules,
but this is not the case for all strains. In this review, we describe the different mechanisms developed
in previous studies, focusing on this heterogeneity of responses that may depend on several factors;

mainly, the strain studied, the structure of the LPS and the platelet form used in the studies. We can
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If platelets were exclusively associated with hemostasis and wound healing for a long
time, it is now recognized that they play a key role in the fight against infection. Indeed,
platelets share a structure and functional characteristics with immune cells, especially of the
myeloid lineage. On their outer membranes, platelets express a set of receptors that allow
the recognition of pathogens, making them immune sentinels [1]. During the activation

process, platelets quickly change from quiescent discoid forms to amoeboid cells that move
to sites of infection.

Studies have shown that a significant number of bacterial species responsible for
infections in humans can interact with platelets, causing differences in platelet activa-
tion and aggregation. It has been reported that Staphylococcus aureus and Streptococcus
pyogenes rapidly attached to and aggregated on human platelets in vitro [2,3], whereas
Escherichia coli and Enterococcus faecalis caused much slower platelet aggregation. In vitro
studies have shown that some strains of bacterial species such as Fusobacterium, Listeria,
Mycobacterium, Pseudomonas, Salmonella and Yersinia are able to induce platelet activation
and aggregation [4]. However, the effects obtained depend on the bacterial strain, the
platelet-to-bacteria ratio and the inter-individual platelet variability. Differences in this
interaction lead to differences in the platelet activation and aggregation process, which
likely influences host defense against pathogens. In general, the events associated with
the interaction between platelets and bacteria proceed through distinct and progressive
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phases: direct contact, morphogenesis from discoid to amoeboid form, initial aggregation,
and irreversible aggregation. Platelets can be activated by direct contact between platelet
receptors and bacterial surface protein, and also by bacterial secreted molecules such as
toxins, or indirectly activated via a plasma protein which acts as a bridge between the
platelet and the bacteria [3], thus involving platelet receptors FcyRIIA, glycoprotein (GP)
allbp3, GPIbe, toll-like receptors, and complement [5].

In response to an activating stimulus, such as bacteria, platelets release molecules
which, in addition to their role in the hemostatic process, have been shown to have an
antimicrobial effect, and which are today grouped under the name of platelet microbicidal
peptides (PMPs) [4].

The mechanisms of interaction between platelets and bacteria have been widely
described as in the case of Staphylococcus aureus [2,6,7]. On the other hand, they are less
detailed in Gram-negative, especially E. coli. The objective of this review is to summarize
the available data on the mechanisms of interaction between E. coli and platelets and
their consequences.

2. Escherichia coli Pathovars

E. coli is a commensal bacterium of the gastrointestinal tract of humans, other mam-
mals and birds as well as cold-blooded animals. There are several pathogenic strains
which can cause clinical syndromes such as diarrhea, enteric infections, urinary tract in-
fections, meningitis and septicemia, which represent significant clinical cases and cause
thousands of deaths per year. The pathogenicity of strains can be explained by differ-
ent virulence mechanisms such as adhesin expression, toxin secretion, iron acquisition
factors, lipopolysaccharide structure, presence of polysaccharide capsules and invasin
expression [8,9]. Based on these characteristics, pathogenic E. coli can be classified into
two groups (Figure 1): intestinal pathogenic E. coli (InNPEC) and extra-intestinal pathogenic
E. coli (ExPEC). Each of these two groups contains different subgroups, causing various
problems [10].

Despite the ability of extraintestinal pathogenic E. coli (ExPEC) group strains to be
associated with infections in the intestinal tract, their virulence is significantly higher when
they colonize tissues outside the intestine [11,12]. EXPEC themselves can be grouped into
five categories; uropathogenic E. coli (UPEC), sepsis-associated E. coli (SEPEC), neonatal
meningitis-associated E. coli (NMEC), avian pathogenic E. coli (APEC) and E. coli mammary
pathogenic E. coli (MPEC) [8,13].

As for intestinal pathogenic E. coli (InPEC), they can be grouped into seven cate-
gories: enterotoxigenic E. coli (ETEC), enteropathogenic E. coli (EPEC), entero-invasive
E. coli (EIEC), enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), adher-
ent invasive E. coli (AIEC) and diffuse adherent E. coli (DAEC) [8,13].

EHEC strains are the most studied, due to their ability to strongly colonize the mucosa
of the distal ileum and the colon and to induce so-called “attachment and effacement”
lesions of enterocytes via a protein (intimin) encoded by the eae gene [14,15]. They are
characterized by their somatic antigen O and their flagellar antigen H. The serotypes most
involved in epidemics belong to serotypes O26: H11, O103: H2, O111: H8, O145: H28 and
0157: H7 [16,17]. EHEC group can cause mild watery diarrhea and hemorrhagic colitis
that can progress to severe forms, such as hemolytic-uremic syndrome (HUS), mainly in
young children, or thrombotic microangiopathy (TMA) in adults. EHEC, more specifically
the Shiga toxin-producing strain E. coli STEC, can also release toxins such as Shiga toxins
(5tx), inducing damage to the vascular endothelium, mainly intestinal, renal and cerebral,
whose stx genes have been transferred by bacteriophages [18].
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Pathogenic E. coli

__ Intestinal pathogenic E. coli
InPEC

Enterotoxigenic E. coli

— Uropathogenic E. coli
ETEC UPEC
L. Enteropathogenic E. coli E. coli
EPEC Sepsis-associated E. coli
SEPEC
Enteroinvasive E. coli Neonatal meningitis-
_ -
EIEC associated E. coli
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e Enterohemorragic E. coli Avian pathogenic E. coli
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. Diffusely adherent E. coli
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Figure 1. Diagram of pathogenic E. coli strains. E. coli pathogenic strains can be divided into two
groups: extraintestinal pathogenic E. coli (ExXPEC) and intraintestinal pathogenic E. coli (InPEC).

3. Mechanism of Interaction between Platelets and E. coli
3.1. Platelet Receptors

In this part we describe two main platelet receptors: the toll-like receptors (TLRs) and
Fc receptors that are involved in interactions with E coli.

TLRs belong to a family of receptors that recognize molecular pattern recognition
molecules associated with pathogens. The structure of TLRs is characteristic of type
I membrane proteins with a transmembrane domain which spans the membrane and
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connects to an extracellular domain [19]. TLRs play a crucial role in the early innate
immune response to pathogens, as the primary defense system against microbial infection.

The interaction of TLRs with microbial products leads to activation of multiple intra-
cellular signaling pathways, which are generally through a MyD88-dependent pathway
leading to the stimulation and secretion of inflammatory cytokines, and a Toll/IL-1R
domain-containing adaptor inducing IFN-beta (TRIF)-dependent pathway that causes
Interferon- stimulation and dendritic cell maturation [20].

Platelets express TLRs; this highlights the role of platelets in the innate immune re-
sponse. TLRs 1, 2 and 6 are moderately expressed [21-23]. The role of TLR2 has been
studied in the activation of the platelet response to Streptococcus pneumoniae, which in-
duces platelet aggregation and adenosine diphosphate (ADP) release in both a TLR2- and
a TLR4-dependent manner [24,25]. TLR3 is very weakly expressed at the cell surface
and intracellular level. Agonizing TLR3-platelet receptors would induce heterogeneous
effects [26,27]. TLR7, TLR5, 8 and 10 represent the least studied receptors [28].

Regarding E. coli, TLR4 represents the most studied platelet receptor involved in the
interaction with this bacterium. The presence of TLR4 was first identified on mouse and
human platelets using flow cytometry [29]. As we are specifically interested in the inter-
action between platelets and E. coli, we focused on the TLR4 which is involved in this
interaction. LPS stimulates platelet secretion and aggregation requiring the TLR4/MyD88
complex [30,31]. Andonegui et al. were the first to demonstrate that E. coli LPS-induced
thrombocytopenia was dependent on platelet TLR4. Indeed, thrombocytopenia was ob-
served after administration of LPS only in wild-type mice, not in TLR4-deficient mice. Sim-
ilarly, an accumulation of platelets in the lungs was observed only in wild-type mice [29].
TLR4 also plays a role in TNF-alpha production after LPS administration in a mouse model.
This clearly highlights the role of TLR4 in the process of LPS-induced thrombocytopenia.
However, the mechanism by which platelets contribute to increased TNF-alpha levels is
still unclear [32].

The strain and concentration of LPS used in these in vitro models are also important
variables to consider when analyzing platelet activation by LPS. Human platelets may
respond differently to various bacterial LPS via TLR4 engagement, resulting in distinct
cytokine secretory profiles with different potency depending on the strains triggering
platelet responses [33].

Apart from TLR class receptors, FcyRIIA also plays a key role in E. coli and platelet
interactions. It is a Type I transmembrane protein of approximately 40 kDa and consists of
two extracellular Ig-like domains, a single transmembrane domain and a cytoplasmic tail
that bears an immunoreceptor tyrosine-based activation motif (ITAM) domain with dual
YXXL amino acid consensus sequences. These receptors are found in platelets, neutrophils
and monocytes [34].

Human platelets represent the richest source of FcyRIIA in the body, containing
1000 to 4000 copies of this type of receptor [35]. Platelets, through the FcyRIIA can coat
opsonized entities such as bacteria, which leads to platelet activation and the secretion
of multiple molecules in order to respond against pathogens [5]. It is through the second
Ig-like domain that immunoglobulins bind to FcyRIIA [34]. FcyRIIA is also implicated in
signaling being an adapter protein for the platelet integrin xIIb@3 [34]. Arman et al. have
shown that, in addition to the role of FcyRIIA in the initiation of platelet activation after
having been involved in the oppsonization of bacteria, the secretion of alpha and dense
granules dependent on FcyRIIA and integrin alpha IIb-beta 3 (xIIb{33) is also important
for triggering bacterial aggregation [36]. «IIb33, in turn, is also able to stimulate platelet
aggregation after being bound to soluble fibrinogen [34]. Regarding E. coli, the role of
FcyRIIA in platelet activation and aggregation (Table 1A) is linked to conflicting results
that will be further detailed below.
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3.2. E. coli Products

LPS is an important structural component of the outer membrane of Gram-negative
bacteria and one of the most studied immunostimulatory elements of bacteria. They
can induce systemic inflammation and sepsis if excessive signals occur. LPS consists of
three main components: lipid A, the core oligosaccharide which can be divided into an
external and an inner part, and thus the O-antigen polysaccharide. Two types of LPS are
distinct: smooth and rough LPS. Smooth LPS (S-LPS) contains an O-antigen polysaccharide,
additionally to lipid A and core oligosaccharide. In contrast, rough LPS (R-LPS) is deficient
in an O-antigen. It has been found that numerous clinical Gram-negative bacteria have
S-LPS [37]. LPS can interact with host proteins, including LPS-binding protein, CD14,
MD-2 and TLR4 [38]. Platelet activation stimulated by LPS also includes the triggering of
pro-inflammatory response, such as the production of cytokine Inteleukin-1 beta, which in
turn activates endothelial cells and platelets and participates in tissue damage related to
bacterial invasion [27].

Studies have focused on the interaction between LPS from EHEC strains and platelets,
with contradictory results. Indeed, some of them have shown that pure LPS from E. coli
strains are able to induce platelet activation, while others could not show this effect
(Table 1B). Interestingly, LPSs are detected on platelet surfaces of children with EHEC-
associated HUS, even before HUS developed, but not from children with uncomplicated
EHEC infection [39].

Since there are also E. coli that secrete the shiga toxin (STEC), it is a well-studied
bacterial product in the stimulation of platelet phenomena. Shiga toxin (Stx) is one of
the most potent bacterial toxins known. The microbiologist Kiyoshi Shiga was the first to
identify the bacterial origin of dysentery caused by Shigella dysenteriae in 1897. In 1977, a
group of E. coli isolates was discovered by Konowalchuk that produce a factor capable of
killing vero cells in culture, which is why they were named verotoxin-producing E. coli
(VTEC) [40]. Shiga toxins (Stx), and verotoxins (VT), are a family of structurally and
functionally related cytotoxic proteins produced by enteric pathogens such as Shigella
dysenteriae type 1 and STEC.

The Shiga toxin family, a group of structurally and functionally related exotoxins,
includes the Shiga toxin of S. dysenteriae serotype 1 and the Shiga toxins produced by EHEC.
The Shiga toxin 1 produced by E. coli (Stx1) is almost identical to the family of Shiga toxin,
differing by a single amino acid in the catalytic A subunit of the toxin. STEC (Shiga toxin-
producing E. coli) can produce Stx1 variants (Stx1 and Stx1c), Stx2 variants (Stx2, Stx2c,
5tx2d, Stx2e, Stx2f) or variants of both in a range of combinations [41]. Stx1 and Stx2 are
genetically and even immunologically distinct and they share 55-60% genetic and amino
acid identity, which is one 32 kDa A subunit and five identical 7.7 kDa B subunits [42-44].
Stx1 and 2 differ also in their localization. Stx1 is located in the periplasmic space of the
bacterial cell, while Stx2 is in the extracellular fraction [45]. Stx1 is very similar to the Shiga
toxin found in Shigella dysenteriae type 1. However, it has been demonstrated that Stx2 is
400 times more toxic than Stx1 in a murine infection model [46]. On the other hand, Stx2 is
known to be more involved in complications of HUS than Stx1 [47], probably due to the
fact that its A1 subunit has a higher affinity for ribosomes and a higher catalyzing potency
than Al subunit of Stx1, which makes it more cytotoxic than Stx1 [48].

Thrombocytopenia is one of the major clinical manifestations of HUS and is associ-
ated with the presence of Shiga toxin. Platelets are consumed during the formation of
microthrombi and circulating platelets are degranulated [49]. Several studies describe
potential interactions of Stx with platelets. Culture filtrates from Stx1-producing E. coli can
cause platelet aggregation [50]. In parallel, Stx can bind directly to platelets. The toxin is
apparently internalized in platelets after incubation, which leads to platelet aggregation.
Morphological changes in platelets have been described that may contribute to the pro-
thrombotic state seen in HUS [51], with Shiga toxin bound to activated platelets rather than
to resting platelets [52].
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3.3. Platelets—E. coli Interaction Consequences

The mechanism of platelet activation by Gram-negative bacteria, particularly E. coli,
has been less studied than Gram-positive bacteria. Recent studies have shown that platelet
activation and aggregation by E. coli are mainly dependent on the strain and the different
receptors involved [53-56].

To our knowledge, only four studies have investigated the effect of E. coli strains on
platelets (Table 1A) [53-56]. Among these studies, only Watson’s work used non-EHEC
clinical strains. They have demonstrated that platelet activation by the neuropathogenic
and uropathogenic E. coli strains, CFT073 and RS218, is dependent on FcyRIIA via strain-
bound plasma IgG [56]. In contrast, Fejes et al. using laboratory strains (K12 and 018:K1)
obtained a different result depending on the strain. Indeed, only the non-pathogenic strain
K12 induced platelet activation and granular secretion by a mechanism dependent on
platelet glycoprotein IIb Illa. Two hypotheses would explain this result. The expression of
rough LPS, by strain K12, which would induce a more important cellular activation than
the smooth LPS of strain O18 and the resistance to the complement of strain O18 could
explain this difference of behaviour [53].

Works on EHEC strains have shown that the strains tested induce platelet activation
and/or aggregation [54,55]. However, the mechanisms involved differ between the stages
of haemostasis studied. Indeed, enterohemorrhagic the E. coli O111 strain induces platelet
activation as evidenced by the expression of P-selectin and tissue factor. This process
is TLR-4 dependent but independent of FcyRIIA [55]. In addition, Moriaty et al. were
interested in platelet aggregation induced by the E. coli O157 strain. They demonstrated that
platelet aggregation observed was TLR4- and FcyRIIA-dependent [55]. It could therefore be
hypothesized that TLR4 is involved in activation phenomena. On the other hand, FcyRIIA
would be necessary for platelet aggregation mechanisms.

The other studies looked specifically at the effect of pure LPS (Table 1B). The response
of platelets to different LPS serotypes is not homogeneous; sometimes it is contradictory
between studies, making the role of LPS in platelet activation and aggregation complex
and dependent on several factors. LPS from E. coli O157 and other EHEC strains induced
platelet binding and activation through the expression of GP1Ib/Illa, CD40L and fibrinogen
binding. Activation was TLR4-dependent [39]. LPS from O111:B4, O55:B5 and O127:B8
caused platelet activation requiring TLR4/MD2, CD14 and MyD88 and induced platelet
aggregation [31]. However, in another study, no platelet activation or aggregation was
found with the same strain of E. coli O111:B4 LPS [57].

Stahl et al. compared the effect of four pure LPSs of different serotypes (O157:H7,
0103:H2, O111:HN, O121:H19) on platelet activation. Among the LPS tested, only O157:H7
LPS was able to induce higher platelet activation, which could be explained by the fact
that there are differences in the LPS O-chain. LPS binding was abrogated by anti-TLR4 and
anti-CD62P antibodies, suggesting that these receptors act in concert to bind LPS. However,
a steric interaction between the antibodies and their receptors could not be excluded, due
to the proximity of TLR4 and CD62 to the platelet surface [39].

In an interesting study, Moriarty et al. compared the effects of E. coli O157:H7 and LPS
serotype from this strain. Only the whole bacterium induced platelet aggregation; no effect
is observed with pure LPS. They suggested that the aggregation was not mediated by a
direct interaction, but was enhanced by the action of the complement system [55].
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Table 1. Summary of E. coli strains and E. coli pure LPS effect on platelets.

(A) E. coli Strain Effect on Platelet Activation and Aggregation

LPS/E. coli Strain cs):agllr; Platelet Form Reported Interaction Result Platelet Receptor Involved Reference
CFTO073 Pyelonephritis and
bacteremia PRP Activation and aggregation FcyRIIA and «IIb33 [56]
RS218 -
Neonatal meningitis
K12 Non pathogen PRP Activation and dense granule release GPIIb/1lla [53]
018:K1 Pathogen PRP - - [53]
o111 EHEC PRP Activation TLR4 [54]
0157:H7 EHEC PRP Aggregation «Ib33/ Fc [55]
(B) E. coli LPS Effect on Platelet Activation and Aggregation
O111:B4 EHEC PRP - - [57]
O111:B4, Activation CD14, TLR4/MD2 and
055:B5 and 0127:B8 EHEC PRP Alpha and dense granule secretion MyD88 (511
0O157:H7 EHEC FRF, WP No aggregation - [55]
0103, 0111, 0121, EHEC . o s )
01570111:B4 Non-EHEC PRP, WP Activation and fibrinogen binding GPIIb/1II [39]
. PRP
LPS Not mentioned WP - - [58]

(-): No reported interaction consequence, PRP: Plasma Rich Platelets, WP: Washed Platelets. FcyRIIA: Fragment
crystallizable gamma Receptor, «IIb33 or GPIIb/Illa: integrin alpha IIb-beta-3, EHEC: Enterohemorrhagic E. coli,
TLR-4: Toll-Like Receptors-4, MD2: myeloid differentiation 2, MyD88: Myeloid differentiation primary response
88, CD14: Cluster of Differentiation 14.

Concerning the aggregation phenomenon, studies suggest that the complement may
stimulate platelet aggregation [59,60]. Other plasma proteins might enhance platelet
activation and aggregation, such as PF4 [36,61,62]. As for platelet activation, the type of
LPS could be another factor of variability of platelet aggregation.

Considering all these results, the platelet-E. coli interaction can be described as a
complex one. The results of the mentioned studies cannot determine the factor(s) creating
this heterogeneity of responses, but they suggest mechanisms which could help us to
understand this interaction. First, most of the E. coli strains tested are those involved
in HUS, which does not allow for a wide range of results for interpreting the difference
in behavior of bacteria towards platelets and vice versa. In addition, Stahl noted that
the STEC strain has acquired virulence genes and islands associated with pathogenicity,
which makes the development of HUS multifactorial [39]. Within these studies there are
also differences among the protocols used. They differ in the preparation of platelets,
bacterial concentration, platelet concentration, platelet-bacteria ratio and incubation time,
especially as it is known that there is an interindividual variability of platelets that requires
a normalization step for the number of platelets.

Platelets are also known for their inhibitory effect against microorganisms [4,63]. They
can be included in the defense by chemotaxis by appealing to immune cells or directly by
secreting antimicrobial molecules, called PMPs (platelet microbicidal peptides). Among
these molecules, the most described are the following: platelet-derived chemokines, also
known as kinocidins (e.g., CXCL4, CXCLY7 (also known as PBP) and CCL5); defensins (e.g.,
human (3-defensin 2 (BD2)); thymosin (34 (T34); and derivative antimicrobial peptides (e.g.,
fibrinopeptide A or fibrinopeptide B and thrombocidins (which are proteolytic derivatives
of CXCL7)) [64—66].

While studies have shown that platelets have a bactericidal effect against Staphylococcus
aureus due to the antimicrobial molecules secreted as a result of platelet activation [67],
this inhibitory effect on Gram-negative bacteria, in particular E. coli, is poorly described.
The few available data (Table 2) show that the bactericidal effect on E. coli could depend
on many factors, such as the strain tested and the platelet-bacteria ratio [54,68]. Indeed,
the lack of consensus regarding a standard plasma rich platelet (PRP) preparation impairs
any comparisons of the effectiveness of the inhibitory effect obtained by different research
groups. Another issue is the inclusion or not of leukocytes, as PRP with leukocytes (L-PRP)
presents different biologic activity, which could modify inhibitory activity [69].
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Table 2. Summary of platelet inhibitory effect on E. coli strains.
E. coli Strain Strain Origin Platelet Form Growth Inhibition Result Factor Involved Reference
ATCC 11303 Laboratory PRP + hBD-2 [70]
ATCC 35218
ATCC 25922 Laboratory L-PRP — - [69]
o . pH=55
ML35 Laboratory Purified peptides from WP + Peptides concentration [71]
K-12 WT Laboratory WP - - [62]
KPM53 FcyRIIA and chemokine
KPM121 Laboratory WP + PF4 [62]

(+): Bacterial growth inhibition reported, (-): No growth inhibition reported, PRP: Plasma Rich Platelets, hBD-2:
human Beta Defensin-2, L-PRP: leukocytes and plasma rich platelets, WP: Washed Platelets, FcyRIIA: Fragment
crystallizable gamma Receptor, PF4: platelet factor 4.

Tang et al. identified seven human platelet antimicrobial proteins (HPAPs): fibrinopep-
tide A and B, thymosin beta 4, platelet basic protein, connective tissue-activating protein 3,
RANTES and PF 4, which have antibacterial properties acting against E. coli ML-35 in a
pH and concentration-dependent manner [71]. E. coli ATCC11303 was also mentioned to
be inhibited by PRP, while re-incubation of PRP with anti-hBD-2 antibody (human beta
defensin) revealed a significant decrease of antimicrobial activity [70].

Palankar et al. showed that platelets had direct FcyRIIA-mediated antimicrobial effects
and also bridged innate and adaptive immunity via chemokine PF4. Platelets were able
to kill two E. coli K12-derived (LPS mutant) strains in a PF4-dependent manner. However,
this effect was less effective against the K12 wild-type strain. The bactericidal effect of
platelets would be dependent on the structure of LPS [62]. Platelets appear to be able to
discriminate between different forms of LPS. It has been shown that in vitro stimulation of
platelets with LPS from E. coli O111 or S. minnesota, which are, respectively, smooth and
rough types of LPS, differentially induces the release of immunomodulatory molecules and
therefore a differential secretion of IL-6, TNF-o and IL-8 by peripheral blood mononuclear
cells [72]. Different preparations of L-PRP tested on E. coli ESBL-ATCC 35218 and ATCC
25922 show no inhibitory activity on the growth of these two strains [69]. This result is
in agreement with the work of Ketter et al., who showed that platelets do not inhibit the
growth of E. coli ATCC 25922 but conversely promote it [73] (Table 2). So, the stimulation
of platelets leading to the secretion of antibacterial molecules is also highly variable and
dependent on several factors at the bacterial and platelet level.

4. Discussion

After analyzing studies on platelets and E. coli, we noticed that this is a two-way
interaction, and it is highly variable (Figure 2). The consequences of interactions between
platelets and different strains of E. coli induce highly variable effects on platelet functions.
Several hypotheses could explain these differences in platelet behavior depending on the
E. coli strains tested. The most highlighted hypothesis is the difference in the LPS form, more
specifically the structure of O-antigen. This variability is due to sugar variation present in
the O-unit and the linkages within and between O-units. This structural heterogeneity could
explain the strain-specific differences in interaction with platelets. The loss of the O-antigen
is associated with a decrease in virulence of the strains [74]. The O-specific polysaccharide
is able to interact directly with lysozyme and is able to inhibit its hydrolytic activity. The O-
specific polysaccharide is therefore able to protect bacteria against exogenous lysozyme [75].
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Figure 2. Interaction mechanisms between E. coli and platelets. (1) Two-way interaction between
platelets and E. coli. (2) Mechanisms of interaction, (A) interaction via the FcyRIIA; (B) interaction
via the binding between LPS and TLR4 with the intervention of MyD88 and LBP; (C) interac-
tion with the involvement of the TLR2/PAMP complex. These three interaction mechanisms lead
to platelet activation and subsequent release of alpha and dense granule contents. Created with
BioRender.com, accessed on 15 February 2022. ADP: Adenosine diphosphate, PF4: Platelet Factor 4,
vWE: von Willebrand factor, TNF: Tumor Necrosis Factor, TLR: Toll-Like Receptor, PAMP: pathogen-
associated molecular pattern, LPS: Lipopolysaccharide, LBP: Lipopolysaccharide Binding Protein,
MyD88: Myeloid differentiation primary response 88, FcyRIIA: Fragment Crystallizable gamma
Receptor, E. coli: Escherichia coli.

Resistance mechanisms to antibiotics, such as polymyxin E (colistin), may also be
a factor in these differences in the behavior of different E. coli strains towards platelets.
Antibacterial platelet peptides, mainly called cationic antimicrobial peptides (CAMPs),
such as defensins, show similarities in structure and polarity with colistin [76,77]. The
most common mechanism of colistin resistance is due to chromosomal mutation of genes
or acquisition of plasmid genes responsible for a modification of lipid A of LPS [78-80]
which is the main target of colistin and platelets. It can therefore be hypothesized that
colistin-resistant strains would also exhibit resistance to CAMP, possibly through a mod-
ification of lipid A. Resistance to CAMPs has been demonstrated in Haemophilus ducreyi
and Campylobacter jejuni, two Gram-negative bacteria producing a phosphoethanolamine
transferase that is the source of polymyxin resistance [76,81].

Involved in important pathologies, E. coli and its effect on platelets must be further
studied by testing several strains in order to understand at the molecular level the mecha-
nisms of activation, aggregation and release of antimicrobial molecules, especially since
there are contradictory results even in studies on the same strain. The involvement of
multiple platelet receptors must also be highlighted in order to be able to target and inhibit
the factors leading to the development of E. coli pathologies. Given the significant role of
FcyRlIla in platelet aggregation induced by Gram-positive and Gram-negative bacteria,
FcyRlla could be an interesting drug target for conditions such as sepsis.

29



Biomedicines 2022, 10, 1636 10 of 12

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.
2.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

Thomas, M.R.; Storey, R.F. The Role of Platelets in Inflammation. Thromb. Haemost. 2015, 114, 449-458. [CrossRef] [PubMed]
Hannachi, N.; Fournier, P-E.; Martel, H.; Habib, G.; Camoin-Jau, L. Statins Potentiate the Antibacterial Effect of Platelets on
Staphylococcus Aureus. Platelets 2021, 32, 671-676. [CrossRef] [PubMed]

Yeaman, M.R. Bacterial-Platelet Interactions: Virulence Meets Host Defense. Future Microbiol. 2010, 5, 471-506. [CrossRef]
[PubMed]

Yeaman, M.R. Platelets: At the Nexus of Antimicrobial Defence. Nat. Rev. Microbiol. 2014, 12, 426-437. [CrossRef]

Cox, D.; Kerrigan, S.W.; Watson, S.P. Platelets and the Innate Immune System: Mechanisms of Bacterial-Induced Platelet
Activation. . Thromb. Haemost. 2011, 9, 1097-1107. [CrossRef]

Hamzeh-Cognasse, H.; Damien, P.; Chabert, A.; Pozzetto, B.; Cognasse, E.; Garraud, O. Platelets and Infections-Complex
Interactions with Bacteria. Front. Immunol. 2015, 6, 82. [CrossRef]

O’Seaghdha, M.; van Schooten, C.J.; Kerrigan, S.W.; Emsley, ].; Silverman, G.J.; Cox, D.; Lenting, PJ.; Foster, T.]J. Staphylococcus
Aureus Protein A Binding to von Willebrand Factor A1 Domain Is Mediated by Conserved IgG Binding Regions. FEBS ]. 2006,
273,4831-4841. [CrossRef]

Sarowska, J.; Futoma-Koloch, B.; Jama-Kmiecik, A.; Frej-Madrzak, M.; Ksiazczyk, M.; Bugla-Ploskonska, G.; Choroszy-Krol, I.
Virulence Factors, Prevalence and Potential Transmission of Extraintestinal Pathogenic Escherichia Coli Isolated from Different
Sources: Recent Reports. Gut Pathog. 2019, 11, 10. [CrossRef]

Kaper, ].B.; Nataro, J.P.; Mobley, H.L.T. Pathogenic Escherichia Coli. Nat. Rev. Microbiol. 2004, 2, 123-140. [CrossRef]

Leimbach, A.; Hacker, J.; Dobrindt, U.E. Coli as an All-Rounder: The Thin Line between Commensalism and Pathogenicity. Curr.
Top. Microbiol. Immunol. 2013, 358, 3-32. [CrossRef]

Johnson, J.R.; Russo, T.A. Extraintestinal Pathogenic Escherichia Coli: “The Other Bad E. Coli”. . Lab. Clin. Med. 2002, 139,
155-162. [CrossRef] [PubMed]

Kohler, C.-D.; Dobrindt, U. What Defines Extraintestinal Pathogenic Escherichia Coli? Int. J. Med. Microbiol. 2011, 301, 642—647.
[CrossRef] [PubMed]

Vila, J.; Sdez-Lopez, E.; Johnson, ].R.; Rémling, U.; Dobrindt, U.; Canton, R.; Giske, C.G.; Naas, T.; Carattoli, A.; Martinez-Medina,
M.; et al. Escherichia Coli: An Old Friend with New Tidings. FEMS Microbiol. Rev. 2016, 40, 437-463. [CrossRef] [PubMed]
Fitzhenry, R.J. Intimin Type Influences the Site of Human Intestinal Mucosal Colonisation by Enterohaemorrhagic Escherichia
Coli O157:H7. Gut 2002, 50, 180-185. [CrossRef]

Yu, J.; Kaper, ].B. Cloning and Characterization of the Eae Gene of Enterohaemorrhagic Escherichia Coli O157:H7. Mol. Microbiol.
1992, 6, 411-417. [CrossRef]

Hernandes, R.T.; Elias, W.P.; Vieira, M.A.M.; Gomes, T.A.T. An Overview of Atypical Enteropathogenic Escherichia Coli. FEMS
Microbiol. Lett. 2009, 297, 137-149. [CrossRef]

Jafari, A.; Aslani, M.M.; Bouzari, S. Escherichia Coli: A Brief Review of Diarrheagenic Pathotypes and Their Role in Diarrheal
Diseases in Iran. Iran J. Microbiol. 2012, 4, 102-117.

Gouali, M.; Weill, F-X. Enterohemorragic Escherichia coli (EHEC): Topical enterobacteriaceae. Presse Med. 2013, 42, 68-75.
[CrossRef]

Botos, I; Segal, D.M.; Davies, D.R. The Structural Biology of Toll-like Receptors. Structure 2011, 19, 447-459. [CrossRef]

Sameer, A.S.; Nissar, S. Toll-like Receptors (TLRs): Structure, Functions, Signaling, and Role of Their Polymorphisms in Colorectal
Cancer Susceptibility. BioMed Res. Int. 2021, 2021, 1157023. [CrossRef]

Hally, K.; Fauteux-Daniel, S.; Hamzeh-Cognasse, H.; Larsen, P.; Cognasse, F. Revisiting Platelets and Toll-like Receptors (TLRs):
At the Interface of Vascular Immunity and Thrombosis. Int. J. Mol. Sci. 2020, 21, E6150. [CrossRef] [PubMed]

Panigrahi, S.; Ma, Y.; Hong, L.; Gao, D.; West, X.Z.; Salomon, R.G.; Byzova, T.V.; Podrez, E.A. Engagement of Platelet Toll-like
Receptor 9 by Novel Endogenous Ligands Promotes Platelet Hyperreactivity and Thrombosis. Circ. Res. 2013, 112, 103-112.
[CrossRef] [PubMed]

Shiraki, R.; Inoue, N.; Kawasaki, S.; Takei, A.; Kadotani, M.; Ohnishi, Y.; Ejiri, ].; Kobayashi, S.; Hirata, K.; Kawashima, S.; et al.
Expression of Toll-like Receptors on Human Platelets. Thromb. Res. 2004, 113, 379-385. [CrossRef] [PubMed]

de Stoppelaar, S.F,; Claushuis, T.A.M.; Schaap, M.C.L.; Hou, B.; van der Poll, T.; Nieuwland, R.; van 't Veer, C. Toll-like Receptor
Signalling Is Not Involved in Platelet Response to Streptococcus Pneumoniae In Vitro or In Vivo. PLoS ONE 2016, 11, e0156977.
[CrossRef]

Keane, C; Tilley, D.; Cunningham, A.; Smolenski, A.; Kadioglu, A.; Cox, D.; Jenkinson, H.E; Kerrigan, S.W. Invasive Streptococcus
Pneumoniae Trigger Platelet Activation via Toll-like Receptor 2. J. Thromb. Haemost. 2010, 8, 2757-2765. [CrossRef] [PubMed]
Anabel, A.-S.; Eduardo, P.-C.; Pedro Antonio, H.-C.; Carlos, S.-M.; Juana, N.-M.; Honorio, T.-A.; Nicolas, V.-S.; Sergio Roberto,
A.-R. Human Platelets Express Toll-like Receptor 3 and Respond to Poly I:C. Hum. Immunol. 2014, 75, 1244-1251. [CrossRef]

D’ Atri, L.P; Schattner, M. Platelet Toll-like Receptors in Thromboinflammation. Front. Biosci. 2017, 22, 1867-1883. [CrossRef]

30


http://doi.org/10.1160/TH14-12-1067
http://www.ncbi.nlm.nih.gov/pubmed/26293514
http://doi.org/10.1080/09537104.2020.1792434
http://www.ncbi.nlm.nih.gov/pubmed/32664773
http://doi.org/10.2217/fmb.09.112
http://www.ncbi.nlm.nih.gov/pubmed/20210555
http://doi.org/10.1038/nrmicro3269
http://doi.org/10.1111/j.1538-7836.2011.04264.x
http://doi.org/10.3389/fimmu.2015.00082
http://doi.org/10.1111/j.1742-4658.2006.05482.x
http://doi.org/10.1186/s13099-019-0290-0
http://doi.org/10.1038/nrmicro818
http://doi.org/10.1007/82_2012_303
http://doi.org/10.1067/mlc.2002.121550
http://www.ncbi.nlm.nih.gov/pubmed/11944026
http://doi.org/10.1016/j.ijmm.2011.09.006
http://www.ncbi.nlm.nih.gov/pubmed/21982038
http://doi.org/10.1093/femsre/fuw005
http://www.ncbi.nlm.nih.gov/pubmed/28201713
http://doi.org/10.1136/gut.50.2.180
http://doi.org/10.1111/j.1365-2958.1992.tb01484.x
http://doi.org/10.1111/j.1574-6968.2009.01664.x
http://doi.org/10.1016/j.lpm.2012.10.010
http://doi.org/10.1016/j.str.2011.02.004
http://doi.org/10.1155/2021/1157023
http://doi.org/10.3390/ijms21176150
http://www.ncbi.nlm.nih.gov/pubmed/32858930
http://doi.org/10.1161/CIRCRESAHA.112.274241
http://www.ncbi.nlm.nih.gov/pubmed/23071157
http://doi.org/10.1016/j.thromres.2004.03.023
http://www.ncbi.nlm.nih.gov/pubmed/15226092
http://doi.org/10.1371/journal.pone.0156977
http://doi.org/10.1111/j.1538-7836.2010.04093.x
http://www.ncbi.nlm.nih.gov/pubmed/20946179
http://doi.org/10.1016/j.humimm.2014.09.013
http://doi.org/10.2741/4576

Biomedicines 2022, 10, 1636 11 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Koupenova, M.; Mick, E.; Mikhalev, E.; Benjamin, E.J.; Tanriverdi, K.; Freedman, J.E. Sex Differences in Platelet Toll-like Receptors
and Their Association With Cardiovascular Risk Factors. Arterioscler. Thromb. Vasc. Biol. 2015, 35, 1030-1037. [CrossRef]
Andonegui, G.; Kerfoot, S.M.; McNagny, K.; Ebbert, K.V.].; Patel, K.D.; Kubes, P. Platelets Express Functional Toll-like Receptor-4.
Blood 2005, 106, 2417-2423. [CrossRef]

Niklaus, M.; Klingler, P.; Weber, K.; Koessler, A.; Boeck, M.; Kobsar, A.; Koessler, J. The Involvement of Toll-like Receptors 2 and 4
in Human Platelet Signalling Pathways. Cell. Signal. 2020, 76, 109817. [CrossRef]

Zhang, G.; Han, J.; Welch, E.J.; Ye, R.D.; Voyno-Yasenetskaya, T.A.; Malik, A.B.; Du, X.; Li, Z. Lipopolysaccharide Stimulates
Platelet Secretion and Potentiates Platelet Aggregation via TLR4/MyD88 and the CGMP-Dependent Protein Kinase Pathway.
J. Immunol. 2009, 182, 7997-8004. [CrossRef] [PubMed]

Stark, R.J.; Aghakasiri, N.; Rumbaut, R.E. Platelet-Derived Toll-like Receptor 4 (Tlr-4) Is sufficient to promote microvascular
thrombosis in endotoxemia. PLoS ONE 2012, 7, e41254. [CrossRef] [PubMed]

Stegner, D.; Nieswandt, B. Platelet Receptor Signaling in Thrombus Formation. ]J. Mol. Med. 2011, 89, 109-121. [CrossRef]
[PubMed]

Qiao, J.; Al-Tamimi, M.; Baker, R.I.; Andrews, R K.; Gardiner, E.E. The Platelet Fc Receptor, FcyRlIla. Immunol. Rev. 2015, 268,
241-252. [CrossRef]

Karas, S.P.; Rosse, W.F.,; Kurlander, R.J. Characterization of the IgG-Fc Receptor on Human Platelets. Blood 1982, 60, 1277-1282.
[CrossRef]

Arman, M.; Krauel, K; Tilley, D.O.; Weber, C.; Cox, D.; Greinacher, A.; Kerrigan, S.W.; Watson, S.P. Amplification of Bacteria-
Induced Platelet Activation Is Triggered by FcyRIIA, Integrin Allb(33, and Platelet Factor 4. Blood 2014, 123, 3166-3174. [CrossRef]
Raetz, C.R.H.; Whitfield, C. Lipopolysaccharide Endotoxins. Annu. Rev. Biochem. 2002, 71, 635-700. [CrossRef]

Lu, Y.-C.; Yeh, W.-C.; Ohashi, P.S. LPS/TLR4 Signal Transduction Pathway. Cytokine 2008, 42, 145-151. [CrossRef]

Stahl, A.; Svensson, M.; Morgelin, M.; Svanborg, C.; Tarr, P.I; Mooney, ].C.; Watkins, S.L.; Johnson, R.; Karpman, D. Lipopolysac-
charide from Enterohemorrhagic Escherichia Coli Binds to Platelets through TLR4 and CD62 and Is Detected on Circulating
Platelets in Patients with Hemolytic Uremic Syndrome. Blood 2006, 108, 167-176. [CrossRef]

Konowalchuk, J.; Speirs, J.I; Stavric, S. Vero Response to a Cytotoxin of Escherichia Coli. Infect. Immun. 1977, 18, 775-779.
[CrossRef]

Eklund, M.; Leino, K.; Siitonen, A. Clinical Escherichia Coli Strains Carrying Stx Genes: Stx Variants and Stx-Positive Virulence
Profiles. J. Clin. Microbiol. 2002, 40, 4585-4593. [CrossRef] [PubMed]

Strockbine, N.A.; Marques, L.R.; Newland, ].W.; Smith, H-W.; Holmes, R.K.; O’'Brien, A.D. Two Toxin-Converting Phages from
Escherichia Coli O157:H7 Strain 933 Encode Antigenically Distinct Toxins with Similar Biologic Activities. Infect. Immun. 1986, 53,
135-140. [CrossRef] [PubMed]

Weinstein, D.L.; Jackson, M.P.; Samuel, J.E.; Holmes, R.K.; O’Brien, A.D. Cloning and Sequencing of a Shiga-like Toxin Type
II Variant from Escherichia Coli Strain Responsible for Edema Disease of Swine. J. Bacteriol. 1988, 170, 4223-4230. [CrossRef]
[PubMed]

Fraser, M.E.; Chernaia, M.M.; Kozlov, Y.V.; James, M.N.G. Crystal Structure of the Holotoxino from Shigella Dysenteriae at 2.5 A
Resolution. Nat. Struct. Mol. Biol. 1994, 1, 59-64. [CrossRef]

Shimizu, T.; Ohta, Y.; Noda, M. Shiga Toxin 2 Is Specifically Released from Bacterial Cells by Two Different Mechanisms. Infect.
Immun. 2009, 77, 2813-2823. [CrossRef]

Tesh, V.L,; Burris, J.A.; Owens, J.W.; Gordon, V.M.; Wadolkowski, E.A.; O’'Brien, A.D.; Samuel, ].E. Comparison of the Relative
Toxicities of Shiga-like Toxins Type I and Type II for Mice. Infect. Immun. 1993, 61, 3392-3402. [CrossRef]

Brooks, J.T.; Sowers, E.G.; Wells, J.G.; Greene, K.D.; Griffin, PM.; Hoekstra, R.M.; Strockbine, N.A. Non-O157 Shiga Toxin—
Producing Escherichia Coli Infections in the United States, 1983-2002. J. Infect. Dis. 2005, 192, 1422-1429. [CrossRef]

Basu, D.; Li, X.-P; Kahn, J.N.; May, K.L.; Kahn, P.C.; Tumer, N.E. The Al Subunit of Shiga Toxin 2 Has Higher Affinity for
Ribosomes and Higher Catalytic Activity than the A1l Subunit of Shiga Toxin 1. Infect. Immun. 2016, 84, 149-161. [CrossRef]
Tarr, PI. Shiga Toxin-Associated Hemolytic Uremic Syndrome and Thrombotic Thrombocytopenic Purpura: Distinct Mechanisms
of Pathogenesis. Kidney Int. Suppl. 2009, 75, S29-532. [CrossRef]

Rose, PE.; Armour, J.A.; Williams, C.E.; Hill, EG. Verotoxin and Neuraminidase Induced Platelet Aggregating Activity in Plasma:
Their Possible Role in the Pathogenesis of the Haemolytic Uraemic Syndrome. J. Clin. Pathol. 1985, 38, 438—441. [CrossRef]
Karpman, D.; Papadopoulou, D.; Nilsson, K.; Sjogren, A.C.; Mikaelsson, C.; Lethagen, S. Platelet Activation by Shiga Toxin and
Circulatory Factors as a Pathogenetic Mechanism in the Hemolytic Uremic Syndrome. Blood 2001, 97, 3100-3108. [CrossRef]
[PubMed]

Ghosh, S.A.; Polanowska-Grabowska, R.K.; Fujii, J.; Obrig, T.; Gear, A.R.L. Shiga Toxin Binds to Activated Platelets. J. Thromb.
Haemost. 2004, 2, 499-506. [CrossRef]

Fejes, A.V,; Best, M.G.; van der Heijden, W.A; Vancura, A.; Verschueren, H.; de Mast, Q.; Wurdinger, T.; Mannhalter, C. Impact of
Escherichia Coli K12 and O18:K1 on Human Platelets: Differential Effects on Platelet Activation, RNAs and Proteins. Sci. Rep.
2018, 8, 16145. [CrossRef] [PubMed]

Matus, V.; Valenzuela, ].G.; Hidalgo, P.; Pozo, L.M.; Panes, O.; Wozniak, A.; Mezzano, D.; Pereira, ].; Sdez, C.G. Human Platelet
Interaction with E. Coli O111 Promotes Tissue-Factor-Dependent Procoagulant Activity, Involving Toll like Receptor 4. PLoS ONE
2017, 12, e0185431. [CrossRef] [PubMed]

31


http://doi.org/10.1161/ATVBAHA.114.304954
http://doi.org/10.1182/blood-2005-03-0916
http://doi.org/10.1016/j.cellsig.2020.109817
http://doi.org/10.4049/jimmunol.0802884
http://www.ncbi.nlm.nih.gov/pubmed/19494325
http://doi.org/10.1371/journal.pone.0041254
http://www.ncbi.nlm.nih.gov/pubmed/22911769
http://doi.org/10.1007/s00109-010-0691-5
http://www.ncbi.nlm.nih.gov/pubmed/21058007
http://doi.org/10.1111/imr.12370
http://doi.org/10.1182/blood.V60.6.1277.1277
http://doi.org/10.1182/blood-2013-11-540526
http://doi.org/10.1146/annurev.biochem.71.110601.135414
http://doi.org/10.1016/j.cyto.2008.01.006
http://doi.org/10.1182/blood-2005-08-3219
http://doi.org/10.1128/iai.18.3.775-779.1977
http://doi.org/10.1128/JCM.40.12.4585-4593.2002
http://www.ncbi.nlm.nih.gov/pubmed/12454157
http://doi.org/10.1128/iai.53.1.135-140.1986
http://www.ncbi.nlm.nih.gov/pubmed/3522426
http://doi.org/10.1128/jb.170.9.4223-4230.1988
http://www.ncbi.nlm.nih.gov/pubmed/3045088
http://doi.org/10.1038/nsb0194-59
http://doi.org/10.1128/IAI.00060-09
http://doi.org/10.1128/iai.61.8.3392-3402.1993
http://doi.org/10.1086/466536
http://doi.org/10.1128/IAI.00994-15
http://doi.org/10.1038/ki.2008.615
http://doi.org/10.1136/jcp.38.4.438
http://doi.org/10.1182/blood.V97.10.3100
http://www.ncbi.nlm.nih.gov/pubmed/11342436
http://doi.org/10.1111/j.1538-7933.2004.00638.x
http://doi.org/10.1038/s41598-018-34473-w
http://www.ncbi.nlm.nih.gov/pubmed/30385858
http://doi.org/10.1371/journal.pone.0185431
http://www.ncbi.nlm.nih.gov/pubmed/28957360

Biomedicines 2022, 10, 1636 12 of 12

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.
69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Moriarty, R.D.; Cox, A.; McCall, M.; Smith, S.G.J.; Cox, D. Escherichia Coli Induces Platelet Aggregation in an FcyRIIa-Dependent
Manner. |. Thromb. Haemost. 2016, 14, 797-806. [CrossRef] [PubMed]

Watson, C.N.; Kerrigan, S.W.; Cox, D.; Henderson, I.R.; Watson, S.P.; Arman, M. Human Platelet Activation by Escherichia Coli:
Roles for FcyRIIA and Integrin AIIbf3. Platelets 2016, 27, 535-540. [CrossRef] [PubMed]

Vallance, T.M.; Ravishankar, D.; Albadawi, D.A.L; Layfield, H.; Sheard, J.; Vaiyapuri, R.; Dash, P; Patel, K.; Widera, D.; Vaiyapuri,
S. Effect of Ultrapure Lipopolysaccharides Derived from Diverse Bacterial Species on the Modulation of Platelet Activation. Sci.
Rep. 2019, 9, 18258. [CrossRef]

Claushuis, T.A.M.; Van Der Veen, A.LP; Horn, J.; Schultz, M.].; Houtkooper, R.H.; Van 'T Veer, C.; Van Der Poll, T. Platelet Toll-like
Receptor Expression and Activation Induced by Lipopolysaccharide and Sepsis. Platelets 2019, 30, 296-304. [CrossRef]
Orth-Hoéller, D.; Wiirzner, R. Role of Complement in Enterohemorrhagic Escherichia Coli-Induced Hemolytic Uremic Syndrome.
Semin. Thromb. Hemost. 2014, 40, 503-507. [CrossRef]

Wiirzner, R.; Riedl, M.; Rosales, A.; Orth-Hoéller, D. Treatment of Enterohemorrhagic Escherichia Coli-Induced Hemolytic Uremic
Syndrome (EHUS). Semin. Thromb. Hemost. 2014, 40, 508-516. [CrossRef]

Krauel, K.; Potschke, C.; Weber, C.; Kessler, W.; Fiirll, B.; I[ttermann, T.; Maier, S.; Hammerschmidt, S.; Broker, B.M.; Greinacher, A.
Platelet Factor 4 Binds to Bacteria, [Corrected] Inducing Antibodies Cross-Reacting with the Major Antigen in Heparin-Induced
Thrombocytopenia. Blood 2011, 117, 1370-1378. [CrossRef] [PubMed]

Palankar, R.; Kohler, T.P,; Krauel, K.; Wesche, ].; Hammerschmidt, S.; Greinacher, A. Platelets Kill Bacteria by Bridging Innate and
Adaptive Immunity via Platelet Factor 4 and FcyRIIA. J. Thromb. Haemost. 2018, 16, 1187-1197. [CrossRef] [PubMed]

Li, C,; Li, J.; Ni, H. Crosstalk Between Platelets and Microbial Pathogens. Front. Immunol. 2020, 11, 1962. [CrossRef] [PubMed]
Aquino-Dominguez, A.S.; Romero-Tlalolini, M.d.L.A.; Torres-Aguilar, H.; Aguilar-Ruiz, S.R. Recent Advances in the Discovery
and Function of Antimicrobial Molecules in Platelets. Int. . Mol. Sci. 2021, 22, 10230. [CrossRef]

Krijgsveld, J.; Zaat, S.A.; Meeldijk, J.; van Veelen, PA.; Fang, G.; Poolman, B.; Brandt, E.; Ehlert, ].E.; Kuijpers, A.J.; Engbers, G.H.; et al.
Thrombocidins, Microbicidal Proteins from Human Blood Platelets, Are C-Terminal Deletion Products of CXC Chemokines. J. Biol.
Chem. 2000, 275, 20374-20381. [CrossRef]

Pasupuleti, M.; Schmidtchen, A.; Malmsten, M. Antimicrobial Peptides: Key Components of the Innate Immune System. Crit.
Re.v Biotechnol. 2012, 32, 143-171. [CrossRef]

Hannachi, N.; Grac, L.; Baudoin, J.-P.; Fournier, P--E.; Habib, G.; Camoin-Jau, L. Effect of Antiplatelet Agents on Platelet
Antistaphylococcal Capacity: An in Vitro Study. Int. J. Antimicrob. Agents 2020, 55, 105890. [CrossRef]

Kerrigan, S.W.; Cox, D. Platelet-Bacterial Interactions. Cell. Mol. Life Sci. 2010, 67, 513-523. [CrossRef]

Cieslik-Bielecka, A.; Bold, T.; Ziétkowski, G.; Pierchata, M.; Krélikowska, A.; Reichert, P. Antibacterial Activity of Leukocyte- and
Platelet-Rich Plasma: An In Vitro Study. BioMed Res. Int. 2018, 2018, 9471723. [CrossRef]

Tohidnezhad, M.; Varoga, D.; Wruck, C.J.; Podschun, R.; Sachweh, B.H.; Bornemann, J.; Bovi, M.; Sonmez, T.T.; Slowik, A;
Houben, A.; et al. Platelets Display Potent Antimicrobial Activity and Release Human Beta-Defensin 2. Platelets 2012, 23, 217-223.
[CrossRef]

Tang, Y.-Q.; Yeaman, M.R; Selsted, M.E. Antimicrobial Peptides from Human Platelets. Infect. Immun. 2002, 70, 6524-6533.
[CrossRef] [PubMed]

Kappelmayer, J.; Beke Debreceni, I.; Vida, A.; Antal-Szalmas, P.; Clemetson, K.J.; Nagy, B. Distinct Effects of Re- and S-Forms of
LPS on Modulating Platelet Activation. |. Thromb. Haemost. 2013, 11, 775-778. [CrossRef] [PubMed]

Ketter, PM.; Kamucheka, R.; Arulanandam, B.; Akers, K.; Cap, A.P. Platelet Enhancement of Bacterial Growth during Room
Temperature Storage: Mitigation through Refrigeration. Transfusion 2019, 59, 1479-1489. [CrossRef] [PubMed]

Plainvert, C.; Bidet, P; Peigne, C.; Barbe, V.; Médigue, C.; Denamur, E.; Bingen, E.; Bonacorsi, S. A New O-Antigen Gene Cluster
Has a Key Role in the Virulence of the Escherichia Coli Meningitis Clone O45:K1:H7. J. Bacteriol. 2007, 189, 8528-8536. [CrossRef]
Bao, Y.; Zhang, H.; Huang, X.; Ma, J.; Logue, C.M.; Nolan, L K.; Li, G. O-Specific Polysaccharide Confers Lysozyme Resistance to
Extraintestinal Pathogenic Escherichia Coli. Virulence 2018, 9, 666—680. [CrossRef]

Andersson, D.I.; Hughes, D.; Kubicek-Sutherland, J.Z. Mechanisms and Consequences of Bacterial Resistance to Antimicrobial
Peptides. Drug Resis. Updat. 2016, 26, 43-57. [CrossRef]

Hancock, R.E.; Diamond, G. The Role of Cationic Antimicrobial Peptides in Innate Host Defences. Trends Microbiol. 2000, 8,
402-410. [CrossRef]

Hamel, M.; Rolain, J.-M.; Baron, S.A. The History of Colistin Resistance Mechanisms in Bacteria: Progress and Challenges.
Microorganisms 2021, 9, 442. [CrossRef]

Baron, S.; Hadjadj, L.; Rolain, ].-M.; Olaitan, A.O. Molecular Mechanisms of Polymyxin Resistance: Knowns and Unknowns. Int.
J. Antimicrob. Agents 2016, 48, 583-591. [CrossRef]

Hadjadj, L.; Riziki, T.; Zhu, Y; Li, ].; Diene, S.M.; Rolain, J.-M. Study of Mcr-1 Gene-Mediated Colistin Resistance in Enterobacteri-
aceae Isolated from Humans and Animals in Different Countries. Genes 2017, 8, E394. [CrossRef]

Napier, B.A.; Burd, E.M.; Satola, S.W.; Cagle, S.M.; Ray, S.M.; McGann, P; Pohl, J.; Lesho, E.P.; Weiss, D.S. Clinical Use of Colistin
Induces Cross-Resistance to Host Antimicrobials in Acinetobacter Baumannii. mBio 2013, 4, e00021-13. [CrossRef] [PubMed]

32


http://doi.org/10.1111/jth.13226
http://www.ncbi.nlm.nih.gov/pubmed/26669970
http://doi.org/10.3109/09537104.2016.1148129
http://www.ncbi.nlm.nih.gov/pubmed/27025455
http://doi.org/10.1038/s41598-019-54617-w
http://doi.org/10.1080/09537104.2018.1445841
http://doi.org/10.1055/s-0034-1375295
http://doi.org/10.1055/s-0034-1375295
http://doi.org/10.1182/blood-2010-08-301424
http://www.ncbi.nlm.nih.gov/pubmed/20959601
http://doi.org/10.1111/jth.13955
http://www.ncbi.nlm.nih.gov/pubmed/29350833
http://doi.org/10.3389/fimmu.2020.01962
http://www.ncbi.nlm.nih.gov/pubmed/32849656
http://doi.org/10.3390/ijms221910230
http://doi.org/10.1074/jbc.275.27.20374
http://doi.org/10.3109/07388551.2011.594423
http://doi.org/10.1016/j.ijantimicag.2020.105890
http://doi.org/10.1007/s00018-009-0207-z
http://doi.org/10.1155/2018/9471723
http://doi.org/10.3109/09537104.2011.610908
http://doi.org/10.1128/IAI.70.12.6524-6533.2002
http://www.ncbi.nlm.nih.gov/pubmed/12438321
http://doi.org/10.1111/jth.12151
http://www.ncbi.nlm.nih.gov/pubmed/23347166
http://doi.org/10.1111/trf.15255
http://www.ncbi.nlm.nih.gov/pubmed/30980761
http://doi.org/10.1128/JB.01013-07
http://doi.org/10.1080/21505594.2018.1433979
http://doi.org/10.1016/j.drup.2016.04.002
http://doi.org/10.1016/S0966-842X(00)01823-0
http://doi.org/10.3390/microorganisms9020442
http://doi.org/10.1016/j.ijantimicag.2016.06.023
http://doi.org/10.3390/genes8120394
http://doi.org/10.1128/mBio.00021-13
http://www.ncbi.nlm.nih.gov/pubmed/23695834

Chapitre II : Evaluation de Deffet
antimicrobien des plaquettes sur la

croissance d’Escherichia coli

33



Préambule

Dans ce chapitre, nous nous sommes intéressées a I’action bactéricide des plaquettes sur
dix souches d’E. coli. En effet, les plaquettes peuvent étre considérées comme des cellules de
défense contre les agents pathogénes par chimiotaxie en faisant appel aux cellules immunitaires
ou directement en sécrétant des molécules antimicrobiennes, appelées PMPs (peptides
microbicides plaquettaires) (11,37). Ces molécules sont libérées a la suite d’une activation
plaquettaire, induite par des agents pathogeénes lors d’une infection. Selon leur localisation,
deux types de molécules plaquettaires pourraient étre distinguées, les molécules granulaires et
extra-granulaires. Les chimiokines comme le facteur plaquettaire-4 (PF-4) et CCLS, les
thrombocidines 1-2 et la thymosine 4 (Tp4) sont stockées dans les granules alpha (8-10),
tandis que les B-défensines humaines- 1, 2 et 3 (HBD-1,2 et 3) sont indépendantes du processus
de dégranulation (35,38,39). Ces HBDs représentent une sous-famille importante des PMPs qui
tuent les microbes en détruisant leurs membranes cellulaires sans I'utilisation du systéme
immunitaire adaptatif (35,40). Elles ont également une charge cationique ce qui est semblable
aux caractéristiques d’un antibiotique, la polymyxine E, également appelée « colistine »
(41,42).

Bien que des études aient démontré que les plaquettes ont un effet bactéricide contre
Staphylococcus aureus grace aux molécules antimicrobiennes sécrétées a la suite de 1'activation
plaquettaire (16,19), cet effet inhibiteur sur les bactéries Gram-négatif, en particulier E. coli est
mal décrit. Les quelques données de la littérature disponibles montrent que 1’effet bactéricide
sur E. coli est hautement variable, il pourrait dépendre de nombreux facteurs, tels que la souche
testée et le ratio plaquettes-bactéries (30,43).

Ce travail comporte deux parties principales : la premicre a pour objectif d’évaluer
I’effet antibactérien des plaquettes sur plusieurs souches d’E. coli, soit isolées a partir des
¢chantillons cliniques soit des souches de laboratoire. Ces souches ont des profils sensibles ou
résistantes a la colistine. La seconde partie a été consacrée a 1’évaluation de I’effet de ces
différentes souches sur I’activation plaquettaire.

Nos résultats ont démontré que la capacité antibactérienne des plaquettes est
principalement souche-dépendante. En effet, aprés leur incubation avec les bactéries, les
plaquettes ont inhibé la croissance de trois souches seulement, que nous avons nommé
plaquettes-sensibles, sur dix souches testées. A 1’opposé, la croissance des autres souches est
augmentée apres I’incubation avec les plaquettes. Ces souches sont dites plaquettes-résistantes.

En parall¢le, les résultats de cytométrie en flux indiquent que certaines souches augmentent la
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production de la P-selectine, ce qui traduit une activation plaquettaire avec des niveaux
variables. A I’inverse, d’autres souches n’ont aucun un effet significatif sur ’activation. Nos
résultats ont démontré que 1’activité bactéricide est liée au niveau d’activation. En effet, une
corrélation entre le nombre de colonies en présence de plaquettes et le pourcentage d’activation
a été démontrée par une analyse statistique. Afin d’étudier si la croissance de certaines souches
en présence de plaquettes est la conséquence d’un défaut de contact ou a une résistance aux
PMPs, nous avons utilisé le surnageant des plaquettes préalablement activées. Ce surnageant a
¢été incubé avec les souches dont la croissance est favorisée par les plaquettes. Le surnageant
n’a pas d’effet inhibiteur sur la croissance des souches dites plaquettes-résistantes. Ces résultats
démontrent que le mécanisme d’inhibition est d’origine sécrétoire.

Afin de comprendre cette variabilit¢ de réponse, nous avons réalisé une analyse
génomique afin de rechercher une éventuelle similarité¢ de séquence entre les souches qui ont
le méme profil vis-a-vis des plaquettes. Les relations phylogénétiques basées sur le pangénome
ne montrent pas de classification corrélée au profils obtenus. Afin de comprendre nos résultats,
nous avons étudié la structure du LPS. En effet, il a ét¢ démontré que la forme du LPS pourrait
étre un facteur de variabilité (33). Le LPS-R peut activer un nombre plus important de type
cellulaire (45,46). Les plaquettes aussi peuvent discriminer différentes formes de LPS. Dans le
cas de Salmonella minnesota le LPS rugueux active les plaquettes par le TLR-4 (47).

Enfin, une comparaison des séquences de synthese de I’antigéne-O entre deux souches
apparentées mais ayant des profils différents, a montré qu’une modification génétique pourrait
causer un défaut d’expression de 1’antigéne-O et donc un comportement différent vis-a-vis des
plaquettes.

En conclusion, nos travaux ont évalué 'effet bactéricide des plaquettes sur dix souches
d’E. coli. D’une part, nous avons mis en évidence une corrélation entre l'activation plaquettaire
induite par E. coli et I'activité bactéricide des plaquettes. Toutes les souches cliniques testées
dans notre étude ont montré une résistance aux peptides plaquettaires et leur croissance
bactérienne est augmentée en présence de plaquettes. Il est important d'approfondir les

mécanismes de cette interaction pour bien comprendre et identifier les facteurs impliqués.
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[S I N

Abstract: Platelets play an important role in defense against pathogens; however, the interaction
between Escherichia coli and platelets has not been well described and detailed. Our goal was
to study the interaction between platelets and selected strains of E. coli in order to evaluate the
antibacterial effect of platelets and to assess bacterial effects on platelet activation. Washed platelets
and supernatants of pre-activated platelets were incubated with five clinical colistin-resistant and five
laboratory colistin-sensitive strains of E. coli in order to study bacterial growth. Platelet activation
was measured with flow cytometry by evaluating CD62P expression. To identify the difference in
strain behavior toward platelets, a pangenome analysis using Roary and O-antigen serotyping was
carried out. Both whole platelets and the supernatant of activated platelets inhibited growth of three
laboratory colistin-sensitive strains. In contrast, platelets promoted growth of the other strains. There
was a negative correlation between platelet activation and bacterial growth. The Roary results showed
no logical clustering to explain the mechanism of platelet resistance. The diversity of the responses
might be due to strains of different types of O-antigen. Our results show a bidirectional interaction
between platelets and E. coli whose expression is dependent on the bacterial strain involved.

Keywords: Escherichia coli; platelets; O-antigen; lipopolysaccharide

1. Introduction

Platelets have been widely described as the main actors in hemostasis and throm-
bosis. More recently, the important role they play in inflammation and defense against
pathogens has been highlighted [1,2]. Bacteria interact with platelets through three main
mechanisms: (i) by direct binding: bacteria can express surface proteins which allow them
to interact directly with surface receptors on platelets and bind to them, as in the case
of Streptococcus sanguinis, which showed the ability to bind directly to GPIb«x [3]; (ii) by
binding through plasma proteins: bacterial proteins are capable of binding to fibrinogen
and vWF (von Willebrand Factor), serving as a bridge between two cells, as in the ex-
ample of Staphylococcus aureus expressing surface protein A (SpA) that binds to vWf and
which in turn binds to platelet GPIba [4]; (iii) and by binding through the secretion of
bacterial products, such as toxins, which interact with platelets and activate them. Among
these molecules, the Shiga toxin secreted by Escherichia coli induces platelet aggregation by
binding to glycosphingolipid receptors on the surface of platelets [5-10]. This difference
in interaction mechanisms, which is mainly dependent on the bacteria, induces distinct
platelet responses. In most cases, this interaction leads to platelet activation, followed
by a release of their granular contents composed of, among other things, microbicidal
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proteins and chemokines that facilitate the destruction of pathogens, signal immune cells
and promote inflammation [11,12].

Platelet microbicidal effects have been extensively studied for Gram-positive bacteria.
It has been demonstrated that platelets decrease the growth of Staphylococcus aureus [13-15].
In contrast, this effect has been less studied for Gram-negative bacteria, and such data
are scarce. Platelets have been shown to interact with Escherichia coli through the platelet
Toll-Like Receptor 4 (TLR4) and bacterial lipopolysaccharide (LPS) [5,16,17]. The initiation
of the pro-inflammatory signal by LPS depends on the interaction between the TLR4
complex and lipid A, a fragment of LPS [18]. However, other research has shown that
platelet activation and aggregation occurs through FcyRIIA without the involvement of
TLR4 [19,20]. In contrast, Matus et al. demonstrated that platelet activation is dependent
on TLR4 but without FcyRIIA engagement [21]. It is important to note that studies have
been carried out to investigate the effects of E. coli on the activation and aggregation of
platelets, specifically in the case of hemolytic uremic syndrome (HUS), but very few data
are available on the effects of platelets on E. coli. These studies have tested distinct strains
and serotypes and different operating protocols, such as the platelet-bacteria ratio and
platelet form [21-23].

The aim of this study was to investigate the interaction between platelets and different
human E. coli strains by initially evaluating the antibacterial effect of platelets, and then
evaluating the effect of E. coli strains on platelet activation. Moreover, our objective was
to compare ten strains of E coli having different characteristics, including their colistin
sensitivity profile and their pathogenic capability.

2. Materials and Methods
2.1. Platelet Preparation

Blood was drawn by venepuncture in sodium citrate from healthy subjects who were
not receiving antibiotics, anti-inflammatory, or anti-platelet drugs. Platelet rich plasma
(PRP) was prepared according to International Society on Thrombosis and Hemostasis
(ISTH) recommendations [24]. A platelet count was performed using a hematology analyzer.
PRP was again centrifuged at 1100 g for ten minutes to obtain a platelet pellet that was
suspended in phosphate buffered saline (PBS) to obtain a solution of 4 x 10° /L. Platelets
were then kept at 37 °C in order to prevent activation. The protocol was approved by
the ethics committee of the IHU Méditérrannée Infection (Reference 2016-002). All of the
subjects gave their written informed consent in accordance with the Declaration of Helsinki.

2.2. Bacterial Preparation

In order to test strains of E. coli against platelets and to see if there is a possible cross-
resistance between resistance to colistin and resistance to platelet antimicrobial peptides, ten
strains of E. coli were selected. Five laboratory colistin-sensitive strains were used (ATCC
25922, ATCC 11303, K12, J53 and BL21DE3). Five colistin-resistant human isolates stored at
the IHU were also tested (LH1, LH30, Q1065, Q1066 and Q6269) (Table 1). Identification was
confirmed using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry and the Biotyper database (Bruker, Dresden, Germany). Strains were
grown at 37 °C in an overnight culture of Columbia agar +5% sheep blood (bioMérieux,
Marcy l'Etoile, France). After 18 h of incubation at 37 °C, the colonies were removed and
suspended in 0.9% NaCl medium to obtain the required concentrations: 1 x 10% CFU
(Colony Forming Unit)/mL for flow cytometry and 3 x 103 CFU/mL for growth test.

For each strain, the minimum inhibitory concentration (MIC) of colistin (Table 1)
was tested by microdilution in accordance with the recommendations of the European
Committee on Antimicrobial Susceptibility Testing (EUCAST).
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Table 1. Origins and characteristics of E. coli strains used in this study.
Escherichia coli . . . Colistin Resistance
Strain Origin O-Antigen Type Mechanism MIC References
THU clinical isolates
LH1 Human 0174 mcr-1 gene 7.8 mg/L [25]
LH 30 Human 08 mcr-1 gene 39mg/L [25]
Q1066 Human 025 Unknow mechanism 7.8 mg/L Unpublished
Human . .
Q1065 (Pharyngeal swab) 09 Unknow mechanism 39mg/L Unpublished
Q6269 Human (urine) 0175 Unknow mechanism 39mg/L Unpublished
Laboratory strains
ATCC 25922 Reference strain 06 - 0.97 mg/L [26]
ATCC 11303 Reference strain o7 - 0.48 mg/L [27]
K12 Human - - 1.95mg/L [28]
Laboratory mutant
J53 of K12 016 - 0.97 mg/L [29]
BL 21 DE3 Laboratory mutant o7 ; 0.97 mg/L [30]

of K12

2.3. Analysis of Platelet Activation by Flow Cytometry

The washed platelets were used at a concentration of 2.5 x 10°/L, adjusting the
concentration with PBS. They were incubated with bacteria in a 1:2.5 bacteria-platelet
ratio for one hour at 37 °C and identified by expression of the CD41-FITC antibody (4 uL,
IgG, Beckman Coulter, Villepinte, France), as previously described [31]. To determine
possible platelet activation following incubation with the bacteria, the expression of the
CD62-PC5 antibody (4 pL, IgG, monoclonal, BD sciences, San Jose, CA, USA) on their
surface was measured using flow cytometry (Beckman Coulter, FC500, Fullerton, CA,
USA). The platelet activator, Thrombin receptor-activating peptide 6 (TRAP) (STAGO®,
Asnieres, France) (10 tM), and untreated platelets were used as controls. The results were
represented by a Mean fluorescence intensity (MFI) percentage of P-Selectin; the expression
was calculated using the following equation: (MFI of platelets incubated with bacteria)
x 100/ (MFI of platelets alone).

2.4. Platelet Supernatant Effect on Bacterial Growth

To obtain the supernatant from the activated platelets, the activated platelets were
incubated with the J53 strain for one hour at 37 °C. The mixture underwent three successive
centrifugation rounds (1300 x g, 5000x g and 5000 g; ten minutes each) and the super-
natant was recovered and filtered (0.22 um), then incubated with bacteria for four hours
at 37 °C. Mixtures were serially diluted as described above, then spread on agar and the
colonies were counted the following day.

2.5. Pangenome Analysis

The genomes of the seven strains of Escherichia coli (ATCC25922, ATCC11303, K12,
J53, BL21 DE3, LH1 and LH30) were retrieved from the National Centre for Biotechnology
Information (NCBI) database. For the three other strains, Q1065 (unpublished data), Q1066
(unpublished data) and Q6269 (JAIBLN000000000), the genomes were obtained from the
IHU sequencing platform by Illumina MiSeq according to a paired-end strategy.

The first step in performing the pangenome was to predict the ORFs (Open Reading
Frame) for each strain with PROKKA software using the default parameters [32]. Then,
Roary software was used to build the pangenome with the core genome alignment default
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parameters [33]. A graphic representation of the pangenome results was prepared using
the roary_plots.py script provided on the Roary website.

2.6. O-antigen Strain Serotyping

The serotyping of the E. coli strains (Table 1) used in this study was performed in
silico from the genomes obtained by high-throughput sequencing. The FASTA sequences
of these genomes were analyzed using ECTyper software [34], which makes it possible to
serotype the O and H antigens of E. coli and Shigella spp. The bioinformatic predictions
made with this software were then compared with those obtained by the Serotype Finder
2.0 prediction module of the Centre for Genomic Epidemiology developed by the Technical
University of Denmark [35]. The results of all of the strains were concordant after analysis
by both databases.

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 for Windows (GraphPad
Software, La Jolla, CA, USA). Significant differences (for bacterial growth and flow cytome-
try) between the two groups were determined using the two-tailed, paired Student’s t-test.
The statistical significance was set at p < 0.05. A test of normality was applied on the effect
of platelets on bacterial growth data, and it turned out that samples (negative control and
platelets + bacteria for each strain) show a Gaussian distribution following a verification by
the Shapiro-Wilk test (p > 0.05).

While for supernatants effect, they were determined using the Bonferroni’s multiple
comparisons test precede by Two-way ANOVA test, considering p < 0.05 as statistically
significant. The correlation between bacterial growth and MFI percentage values was
determined using the Pearson test.

3. Results
3.1. The Effect of Platelets on the Growth of E. coli Strains

After four hours of incubation, the platelets significantly decreased bacterial growth of
three E. coli laboratory strains, as compared to the controls (1 = 5 for each strain: p = 0.0036,
<0.0001 and 0.0017 for ATCC11303, BL21DE3 and J53, respectively, paired Student’s ¢-test)
(Figure 1). These strains were referred to as “platelet sensitive”.

In contrast, the platelets significantly promoted the growth of E. coli K12 and E. coli
ATCC25922 (n = 5 for each strain: p = 0.0013 and 0.0065, respectively). Likewise, the growth
of all the clinical strains was enhanced with platelets (1 = 5 for each strain: p = 0.0001, 0.0005,
0.0105, 0.0009 and 0.0079, for LH1, LH30, Q1065, Q1066, and Q6269, respectively, paired
Student’s t-test) (Figure 1). These seven strains were referred to as “platelet resistant”.

3.2. The Effect of Platelet Supernatant on the Growth of E. coli Strains

Mixes of the supernatants of platelets previously stimulated by the E. coli |53 strain
were prepared, then re-incubated again with bacteria, as described in the Section 2. The
supernatant of the platelets treated by TRAP was used as a positive control.

The supernatants showed effects similar to whole platelets on the growth of tested
strains. Indeed, supernatants of platelets stimulated with E. coli J53 and TRAP significantly
inhibited the growth of E. coli BL21DE3 and E. coli ATCC 11303 strains ((n = 5: p= 0.0223,
0.0293 and p = 0.0381, 0.0048 for BL21 and J53, respectively, Figure 2A). In contrast, the
supernatants of platelets stimulated with E. coli J53 and TRAP continued to promote the
growth of K12 (n = 5: p = 0.0203 and 0.0332, Figure 2B). Q1065 growth was also enhanced
by supernatants of platelets stimulated with E. coli J53 (n = 5: p = 0.0233). On the other
hand, platelet supernatants had no significant effect on ATCC 25922 growth.
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Figure 1. The effect of platelets on the growth of E. coli strains. Bacteria (20 pL, 3 x 108 CFU) were
added to platelets (180 uL, 4 x 10° /L) and incubated together at 37 °C for four hours while being
rotated. Bars represent Mean with SD. Ctr = control: bacteria alone (blue column). Plt = bacteria-
platelet mixture 1:10 ratio (yellow column). *: significant increase; #: significant decrease. Significant
differences between the two groups were determined using the two-tailed, paired Student’s ¢-test.
*1p <0.05, ** and ##: p < 0.01, ***: p < 0.001, ##HH: p < 0.0001.
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Figure 2. Effect of platelet supernatant on the growth of E. coli strains. Bacteria (20 uL, 3 x 10® CFU)
were added to filtered supernatant (180 uL) and incubated together at 37 °C for four hours while being
rotated. (A) Supernatant effect of E. coli platelet-sensitive strains BL21DE3 and ATCC11303 (1 = 5).
(B) Supernatant effect of E. coli platelet-resistant strains K12, ATCC 25922 and Q1065 (n = 5). Ctr—:
bacteria alone (blue column); Plt J53: bacteria incubated with supernatant of platelets stimulated
by J53 (dark grey column); Ctr+: bacteria incubated with supernatant of platelets treated by TRAP
(light grey column). Bars represent Mean with SD. *: significant increase; #: significant decrease, ns:
non-significant. Significant differences between the two groups were determined by Bonferroni test
preceded by two-way ANOVA. * and #: p < 0.05, ** and ##: p < 0.01, ns: p > 0.05.

3.3. The Effect of E. coli Strains on Platelet Activation

In order to assess whether E. coli strains induce platelet activation, P-selectin was
measured using flow cytometry. After one hour of co-incubation, five strains (ATCC11303,
J53, BL21DE3, K12 and ATCC25922) significantly increased P-selectin compared to the
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controls (platelets alone). All of the other strains tested did not increase the expression of
P-selectin. Significant differences between platelets alone and platelets treated by TRAP as
well as between platelets alone and platelets infected with bacteria were determined using
the two-tailed, paired Student’s t-test. Statistical significance was set at p < 0.05 (Table 2).

Table 2. Mean Fluorescence Intensity (MFI) percentage of P-selectin expression of platelets infected
with E. coli strains.

Mean + SD of MFI % of Platelets Stimulated with E. coli Strains and TRAP

E. coli Mean SD p-Value p-Value Summary of Plt-TRAP
Strains of PIt-E. coli Plt-E. coli Compared to Plt Compared to Plt

ATCC11303 1249 £ 143 0.007 **
J53 190.7 + 40.5 0.017 **
BL21DE3 1345+ 225 0.026 **
K12 106.3 + 4 0.024 **
ATCC25922 109.1 £54 0.019 **
LH1 1042 +17.9 - **
LH30 96.5 +7.4 - **
Q1065 994 +£94 - *
Q1066 1023+ 7.8 - *
Q6269 1004 +9 - *

Plt: Platelets alone (100%). PIt-E. coli: platelets stimulated with E. coli strains. Plt-TRAP: platelets treated by TRAP.
Percentage of P-Selectin expression in treated and stimulated platelets was calculated by the following equation:
(MFI of platelets infected with bacteria) x 100/(MFI of platelets alone).*: p < 0.05, **: p < 0.01.

The Pearson test was applied to test the correlation between colony count values and
the MFI percentage of the different strains in co-incubation with platelets. A negative
significant correlation was obtained (Pearson r = —0.6795, p-value = 0.0307).

4. Pangenome Analysis

In order to better understand the difference in platelet activation between the E.
coli strains as previously shown, a pangenome analysis was performed (Figure 3). This
study was designed to identify the difference between platelet-activating and non-platelet-
activating strains. We were particularly interested in genes present in only one or the other
groups of bacteria. In the non-platelet-activating group that consisted of E. coli strains LH1,
LH30, Q1065, Q1066 and Q6269, no genes shared by all strains were found. In contrast,
in the platelet-activating group, six common genes were identified. Of them, two were
annotated as elongation factor Tu (elongation factor Tu 1 and 2), two others were annotated
as transposase (IS3 family transposase 1S911, IS4 family transposase 1S4), another was
annotated as Outer membrane porin protein OmpD, and the last was annotated as a lactose
phosphotransferase system repressor. None of these functions showed a direct link to
platelet activation. Furthermore, the analysis of the classification of strains following the
pangenome study did not indicate a clustering of bacteria according to platelet activation.
Indeed, the clustering put E. coli strains BL21 and ATCC11303 in a first group and E. coli
strains J53, K12 and ATCC25922 in the second (Figure 3).

Thus, the bioinformatic analyses did not identify a gene or a cluster of genes as being
at the origin of the difference in platelet activation.
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Figure 3. Visualization of pangenome analysis by Roary software of 10 E. coli strains. Pangenome

analysis of the ten E. coli strains using Roary software. Whole genomes of the strains were clustered
according to the presence/absence of core genes. Blue: presence of gene, white: absence of gene.

5. O-antigen Strain Serotyping

We investigated the difference in behavior between two genetically related strains, K12
and its mutant strain J53. Using the Genome Mapper of the EcoCyc database (ecocyc.org)
and searching for genes coding for proteins involved in the biosynthesis of the O antigen,
and thus in the formation of LPS, we found that the wbbL gene had an IS5 insertion in its
sequence, making it non-functional, and thus able to modify the structure of LPS (Figure 4).

Escherichia coliK12

%

Non-functional

wbbL
No
Weak bactericidal
pIz_ateIgt activity
activation
Functional =
wbbL
Strong Bactericidal
platelet activity

activation

Figure 4. Comparison between the O-antigen biosynthesis cluster of K12 and ]J53. Comparison
between the O-antigen biosynthesis cluster of K12 and its mutant J53. The E. coli K12 strain lacks
O-antigen, secondary to the presence of mutations, including an IS5 insertion in the gene cluster
involved in O-antigen biosynthesis (created with BioRender.com, accessed on 27 April 2022).
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6. Discussion

In this study, we evaluated the consequences of interactions between platelets and ten
strains of Escherichia coli. Our results showed that platelets had an antibacterial activity on
three laboratory strains among the ten tested. Genomic comparison of two strains with
different susceptibility profiles revealed a difference in the genomic cluster coding for the
O-antigen.

To our knowledge, few studies have evaluated the bactericidal effect of platelets
against Escherichia coli strains [19,36]. Moreover, the originality of our study resides in the
fact that we tested a large panel of strains, including both laboratory and clinical strains,
which are further distinguished by their colistin-resistance profile.

The bactericidal effect of platelets has been previously tested in two studies, where
two of the five colistin-sensitive laboratory strains selected in our study were used. Our
results confirmed that E. coli ATCC1130 growth inhibition was inhibited by platelets, as
previously demonstrated by Tohidnezhad et al. [37]. Moreover, as described by Cieslik-
Bielecka et al., we confirmed that the growth of the E. coli ATCC25922 strain was not
inhibited by platelets [38]. The concordance of these results validated the choice of our
experimental model.

Among the ten strains tested, only three were sensitive to platelet bactericidal activity.
The interaction of platelets with these strains induced platelet activation responsible for a
secretion process of platelet granule content, as evidenced by the increased expression of
P-selectin. The bactericidal activity observed is probably due to the action of microbicidal
platelet peptides released, since the same effect is observed with the supernatant of activated
platelets. We have already described this mechanism for Staphylococcus aureus [13]. These
three strains of E. coli, which were sensitive to platelets, are all laboratory strains that do
not express resistance mutations and are not responsible for human infectious pathologies.
Interestingly, the two other E. coli laboratory strains tested (K12 and ATCC 25922) also
induced platelet activation. Regarding this last point, our results are in line with those of
Fejes et al., who also demonstrated that the K12 strain induces an increase in P-selectin
and CD63 [22]. However, they are insensitive to platelet bactericidal activity. This lack of
effect could be the consequence of weak platelet activation induced by these strains, as we
have demonstrated a negative correlation between the inhibitory effect of platelets and
the activating effect of E. coli strains, which means the more the strains increase platelet
granule release, the less bacterial growth decreases in the presence of platelets. However,
regarding the E. coli K12 strain, Palankar et al. found that the bactericidal effect was only
obtained with the LPS mutant E. coli strains, but not on the wild strain (K12) [36].

Previous studies have suggested that the difference between the profiles of the E.
coli strains regarding platelets can be explained by the existence of two types of LPS and
their interactions with immune cells, which may be the same mechanism for platelets [22].
Indeed, “rough” LPS could activate a wider range of cells with greater efficiency compared
to the “smooth” form [39]. Macrophages have been shown to be able to respond to “rough”
LPS and lipid A, but not to “smooth” LPS. Furthermore, the “smooth” form requires CD14
to activate immune cells [40].

When looking at the overall effect of each strain on the different parameters studied
(platelet activation and inhibitory effect), different platelet interaction profiles can be
determined. It could be hypothesized that these profiles are dependent on the structure
of the LPS O-antigen of each E. coli strain. Indeed, it has long been shown that platelets
expose TLR-4 on their surface, which is involved in the recognition of LPS [41]. It could
be hypothesized that structural abnormalities of LPS might induce an alteration of the
phenomenon of recognition of bacterial structural patterns through this TLR-4.

Resistance to colistin can also be implicated in generating a difference in responses to
platelets, since LPS more precisely lipid A, represents the target of colistin, which is also the
principal element that interacts with the platelet receptor TLR4. A possible modification
of LPS can cause a defect in the interaction with platelets, which can lead to platelet
non-activation and resistance to platelet peptides, especially cationic ones which share
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several characteristics with colistin, namely their polarity and their modes of action [42,43].
Moreover, the 5 colistin resistant strains could not activate the platelets and they are all
resistant to the platelets, which can constitute a problem during an E. coli infection which
should not be neglected.

Conclusions could not be drawn from the pangenome results as to the gene(s) respon-
sible for platelet activation or strain sensitivity toward platelets. We therefore turned to the
prediction of the O-antigen type and were mainly interested in the comparison between
K12 and its mutant J53, which have distinct profiles based on bacterial growth results.
The E. coli K12 strain is known to lack O-antigen, secondary to the presence of mutations,
including an IS5 insertion (Figure 3) in the gene cluster involved in O-antigen biosynthesis,
as well as core LPS [44]. From this reference K-12 strain, a mutant was developed (K-12
W3110) by transposing the 7fb gene cluster from the WG1strain. This K-12 W3110 strain
was shown to express an O16-type O-antigen [45]. The ]J53 strain, which is derived from
K12, has a deletion of IS5 in this gene cluster, which may indicate that this J53 strain has
a functional O-antigen [46]. Our data, as shown above, demonstrate that the K12 and ]53
strains seem to have an opposite profile in terms of platelet bactericidal effect. This could
be explained by the changes in the structure of the LPS, which is support by data from the
genetic database. This hypothesis, that platelet activation is dependent upon the O-antigen
carried by bacteria, can also be supported by the fact that TLR-4-dependent signaling
pathways leading to platelet activation and aggregation have been shown to exist [47].

In summary, based on data from the literature and our results, we hypothesize that
the platelet activation and the antibacterial effect against E.coli originate from the same
mechanism of action, potentially the bacterial LPS, and that a variability or a structural
modification of the LPS, leads to both a defect in platelet activation and resistance to platelet
peptides [48]. We did not confirm the hypothesis that this difference in behavior could be
related to colistin resistance, because 2 colistin sensitive strains have the same profile as
colistin resistant strains but we are convinced that this notion of cross-resistance should be
more emphasized.

We believe that these new observations are worth sharing. However, we are aware that
further studies, involving proteomic and genomic analyses, are needed to better explain
the molecular basis of the differential behavior of E. coli strains towards platelets.

7. Conclusions

In conclusion, our work evaluated the bactericidal effect of platelets on ten E. coli
strains with different characteristics (clinical strains/laboratory strains, colistin resistance
profile). On one hand, we have demonstrated a correlation between platelet activation
induced by E coli and bactericidal activity. On the other hand, our preliminary data,
obtained by studying the structure of the O antigen of two laboratory strains, suggest that
modification of the O antigen would be responsible for this sensitivity to the bactericidal
activity of platelets.

Since researchers have described the interaction between platelets and E. coli as a
complex interaction, and the fact that all of the clinical strains tested in our study showed
resistance to platelet peptides and that their bacterial growth is increased in the presence of
platelets, it is important to further investigate the mechanisms of this interaction. Further
work should be conducted by testing other clinical strains and by targeting other phenom-
ena such as platelet aggregation to fully understand and identify all the factors involved in
this interaction. This will be necessary in order to establish a clinical model of sepsis and
HUS for subsequent optimal use of existing drugs and possible development of new drugs.
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Préambule

Les phénomeénes d’activation et d’agrégation plaquettaire constituent les principales
conséquences de I’interaction entre les plaquettes et les bactéries. En effet, deux situations
peuvent étre observées

1) Les bactéries stimulent les plaquettes ce qui induit une activation, la libération du
contenu granulaire et la formation des amas plaquettaire. Ce processus induit une sécrétion
granulaire et la libération de molécules dotées d’activité bactéricide.

i1) Les bactéries n’activent pas les plaquettes, par conséquent, il n’y aura pas de
dégranulation et les bactéries ne seront pas inhibées par les plaquettes.

Différentes souches d’E. coli activent les plaquettes et induisent une agrégation (30—
33). Ces travaux ont étudié¢ ces mécanismes principalement par cytométrie en flux ou par des
techniques classiques d’agrégométrie, mais aucune étude n’a caractérisé ces phénomenes par
microscopie ¢lectronique (ME).

L'é¢tude des plaquettes par la microcopie électronique date de plus de 70 ans. Les
premicres études utilisant la ME avaient pour objectif de comprendre la biologie des plaquettes,
d’identifier le contenu intra-plaquettaire, d’analyser les changements morphologiques lors de
l'activation et le role critique des composants cytosquelettiques des plaquettes (48). Depuis, la
ME a démontré son intérét en recherche fondamentale et clinique pour étudier la structure des
thrombus mais aussi pour analyser I'ultrastructure des plaquettes dans des mod¢les cliniques
afin de développer de nouvelles méthodes diagnostic (49). Notre équipe maitrise ces techniques
de ME. En effet, des techniques de ME ont été utilisées pour détecter la présence de bactéries
sur les valves cardiaques et étudier I’organisation cellulaire des végétations (50).

Dans ce travail, nous avions pour objectif d’étudier la structure des amas plaquettaires
induits par des souches d’E. coli afin de visualiser 1’organisation cellulaire des préparations
plaquettes-E. coli en utilisant la microscopie électronique a balayage (MEB). Trois différentes
préparations de plaquettes-E. coli ont été observées enticrement et en coupes ultrafines par
MEB.

Nos résultats ont révélé des différences importantes dans 1’aspect des plaquettes ainsi
que leur colocalisation avec les bactéries. En effet, I’état d’activation plaquettaire en réponse
aux souches d’E. coli testées est bien illustré dans ce travail. Nous avons démontré qu’il est
principalement dépendant de la souche testée. En effet, trois niveaux d’activation ont été
observés en fonction de la souche : absence d’activation, activation modérée et hyper activation.

Dans les deux premiers cas, le contenu granulaire est conservé a I'intérieur des plaquettes. A
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I’opposé, dans le troisieme cas les plaquettes sont complétement dégranulées. Les souches
activant les plaquettes sont piégées dans le magma plaquettaire. En revanche, les souches qui
n'induisent pas d'activation significative sont présentes sur les amas plaquettaires.

Nous avons également visualisé la morphologie des bactéries en utilisant la MEB et la
microscopie ¢électronique a transmission (TEM). Les images montrent la présence d’un réseau
de reliefs épais qui pourrait protéger la bactérie contre 1’effet bactéricide des plaquettes et ainsi
expliquer les résultats obtenus.

L’analyse microscopique a permis une visualisation du phénomeéne d’activation
plaquettaire ainsi que I’organisation cellulaire des plaquettes et des bactéries. Les résultats de
ce travail ont donc confirmé et complété nos résultats précédents, a savoir que les interactions

entre les plaquettes et les souches d’E. coli sont dépendantes de la souche utilisée.
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Abstract: In addition to their role in haemostasis, platelets are also involved in the inflammatory and
antimicrobial process. Interactions between pathogens and platelets, mediated by receptors can lead
to platelet activation, which may be responsible for a granular secretion process or even aggregation,
depending on the bacterial species. Granular secretion releases peptides with bactericidal activity
as well as aggregating factors. To our knowledge, these interactions have been poorly studied for
Escherichia coli (E. coli). Few studies have characterised the cellular organization of platelet-E. coli
aggregates. The objective of our study was to investigate the structure of platelet aggregates induced
by different E. coli strains as well as the ultrastructure of platelet-E. coli mixtures using a scanning and
transmission electron microscopy (SEM and TEM) approach. Our results show that the appearance
of platelet aggregates is mainly dependent on the strain used. SEM images illustrate the platelet
activation and aggregation and their colocalisation with bacteria. Some E. coli strains induce platelet
activation and aggregation, and the bacteria are trapped in the platelet magma. However, some
strains do not induce significant platelet activation and are found in close proximity to the platelets.
The structure of the E. coli strains might explain the results obtained.

Keywords: platelets; Escherichia coli; platelet clumps; platelet activation; platelet aggregation; microscopy

1. Introduction

Although platelets have many functions, these fragments of megakaryocytes play an
essential role in haemostasis [1,2]. Platelets contain numerous specialised organelles dedi-
cated to various functions related to inflammatory and antimicrobial processes. Platelets
can interact with bacteria, which can lead to their activation and aggregation [3,4]. How-
ever, these mechanisms depend on several factors, mainly the bacterial species and even
the strain studied.

Although a great deal of research has been conducted on interactions between platelets
and Gram-positive bacteria [5-7], which can interact with platelets indirectly via von Wille-
brand Factor (vWF) or directly. Staphyloccocus aureus, Streptococcus gordonii and Strepto-
coccus sanguinis bind directly to platelets by involving proteins (SrpA, GrspB and SrpA
respectively) via the platelet GPIbe [7]. The data on Gram-negative bacteria, in particular
Escherichia coli, remain insufficient to understand the molecular mechanism of these interac-
tions and to understand the factor of variability of the results. This interaction has been
shown to be primarily dependent on TLR4 binding with LPS or by FcyRII recruitment [8].

E. coliis involved in sepsis, especially in the elderly and new-borns. Bacteria act directly
on the platelets, which can lead to vascular complications with states of immunothrombosis.
Therefore, it is very important to study the interaction between platelets and E. coli in order
to have more knowledge about this interaction and its consequences.

Recently, we studied the antibacterial effect of platelets on different strains of E. coli.
It was found that this bactericidal activity was strain dependent [9]. We also observed a
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correlation between this bactericidal effect and the capacity of strains to induce platelet
activation [9]. Indeed, some E. coli strains induced platelet activation, a result that brought
into question the platelet aggregation capability of these strains [8,9].

Electron microscopy (EM) has been a crucial tool in the study of platelet biology
and thrombosis for more than 70 years [10-13]. We previously used scanning electron
microscopy (SEM) to characterise the platelet-bacteria aggregates for different bacteria
species, namely Staphylococcus aureus, Enterococcus faecalis and Streptococcus sanguinis. [6].
The aim of this study was to describe, with a large panel of SEM and transmission electron
microscopy (TEM) techniques, the morphology and ultrastructure of platelet aggregates
induced by three different strains of E. coli.

2. Materials and Methods
2.1. Preparation of the Washed Platelets

Blood was drawn by venepuncture in sodium citrate from healthy subjects who were
not receiving antibiotic, anti-inflammatory, or anti-platelet drugs. Platelet rich plasma (PRP)
was prepared according to the guidelines of the International Society on Thrombosis and
Haemostasis (ISTH) [14]. A platelet count was performed using a haematology analyser.
The PRP was again centrifuged at 1100x g for ten minutes to obtain a platelet pellet that
was suspended in phosphate buffered saline (PBS) to obtain a solution of 4 x 10° /L. The
platelets were then kept at 37 °C in order to prevent activation. The protocol was approved
by the ethics committee of the IHU Méditerranée Infection (Reference 2016-002). All
subjects gave their written informed consent in accordance with the Declaration of Helsinki.

2.2. Preparation of Bacteria

The strains used in this study were selected from each group based on our previous
results [9]. The two main selection criteria are the capacity of the strain to induce platelet
activation and the profile toward the platelet inhibitory effect (Table 1).

Table 1. Origins and profiles of tested strains.

Platelet

Strain Origin Platelet Activation Bactericidal Effect O-Antigen Serotyping Reference
K12 Laboratory strain + - - [9]
LH30 Clinical isolate - - 08 [9]
J53 Laboratory strain + + 016 [9]

Platelet activation: the capacity of the strain to induce platelet activation; (+): induce platelet activation, (-): do
not induce. Platelet bactericidal effect: the capacity of platelets to inhibit bacterial growth; (+): growth inhibition,
(-): no growth inhibition.

The strains represent the following profiles: E. coli ]53, platelet sensitive strain which
induces platelet activation; E. coli K12, platelet resistant strain which induces platelet acti-
vation; and E. coli LH30, platelet resistant strain which does not induce platelet activation
(Table 1).

Identification was confirmed using matrix-assisted laser desorption/ionization time-
of-flight (MALDI-TOF) mass spectrometry and the Biotyper database (Bruker, Dresden,
Germany). Strains were grown at 37 °C in an overnight culture of Columbia agar +5% sheep
blood (bioMérieux, Marcy 1'Etoile, France). After 18 h of incubation at 37 °C, the colonies
were removed and suspended in 0.9% NaCl medium to obtain the required concentrations:
1 x 108 CFU (colony format units).

2.3. Scanning Electron Microscopy (SEM) of Whole Platelet-Bacteria Aggregates

As previously described [6], 200 uL of living PBS-washed platelets (4 x 108/mL) and
of PBS-washed bacteria (10° CFU/mL) were mixed for one hour at 37 °C [9], under rotation
to avoid the static state and the development of aggregates due to gravity. Cells were then
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fixed using 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for one hour. After
fixation, samples were rinsed three times with 0.1 M sodium cacodylate (five minutes each)
to remove any residual fixative. Cells were dehydrated with graded ethanol concentrations:
25% for five minutes; 50% for five minutes; 70% for five minutes; 85% for five minutes;
95% for five minutes (twice); 100% ethanol for 10 min (three times). Following ethanol
dehydration, cells were incubated for five minutes in an ethanol/hexamethyldisilazane
(HMDS, Sigma Aldrich, USA) (1:2) mixture, then twice in pure HMDS. Between all steps,
cells were gently stirred and centrifuged at 1300 rpm. A drop of cells in pure HDMS was
deposited on a glass slide and allowed to air dry for 30 min before observation [6,15] Cells
were visualised with a TM4000Plus (Hitachi, Tokyo, Japan) scanning electron microscope
operated at 10 kV with Back-Scattered Electrons (BSE) detector at magnifications ranging
from X200 to X3000.

2.4. SEM of Ultra-Thin Sections of Platelet-Bacteria Aggregates

Cells mixtures were fixed with glutaraldehyde (2.5%) in 0.1 M sodium cacodylate
buffer. Resin embedding was microwave-assisted with a PELCO BiowavePro+. Samples
were washed with a mixture of 0.2 M saccharose/0.1 M sodium cacodylate and post-fixed
with 1% OsO4 diluted in 0.2 M potassium hexa-cyanoferrate (III) /0.1 M sodium cacodylate
buffer. After being washed with distilled water, samples were gradually dehydrated
by successive baths containing 30% to 100% ethanol. Substitution with Epon resin was
achieved by incubations with 25% to 100% Epon resin. Resin was heat-cured for 72 h at
60 °C. Ultrathin 100 nm sections were cut and placed on HR25 300 Mesh Copper/Rhodium
grids (TAAB). Sections were contrasted with uranyl acetate and lead citrate according to
Reynolds’s method [16]. Grids were attached with double-side tape to a glass slide and
platinum-coated at 10 mA for 20 s with a MC1000 sputter coater (Hitachi High-Technologies,
Japan). Electron micrographs were obtained on a SU5000 scanning electron microscope
(Hitachi High-Technologies, Japan) operated in high-vacuum at 7 kV accelerating voltage
and observation mode (spot size 30) with BSE detector. The abundance of bacteria in
each mixture was determined by measuring the surface occupied by the bacteria using Fiji
software with 10 images for each mixture. The criteria used to indicate that the platelets are
hyper-activated are: the presence of pseudopodia and the presence of platelet aggregates;
moderately activated: the presence of pseudopodia and the absence of platelet aggregates;
not activated: presence of intact platelets in lenticular shape, absence of pseudopodia and
platelet aggregates. The aggregates presence was determined by measuring the surface
occupied by the platelet aggregates using Fiji software with 10 images for each mixture.

2.5. Transmission Electron Microscopy (TEM) of Negatively Stained Bacteria

Samples of pure bacteria were fixed with glutaraldehyde (2.5%) in 0.1 M sodium ca-
codylate buffer. A drop of fixed bacterial suspension was applied for five minutes to the top
of a formvar carbon 400 mesh nickel grid (FCF400-Ni, EMS), which was previously glow
discharged. After drying on filter paper, bacteria were immediately stained with aqueous
1% ammonium molybdate (1-800- ACROS, USA) for 10 s. After drying, electron micro-
graphs of negatively stained bacteria were acquired using a Tecnai G2 transmission electron
microscope (Thermo-Fischer/FEI) operated at 200 keV equipped with a 4096 x 4096 pixels
resolution Eagle camera (FEI).

2.6. SEM of Whole Bacteria

Bacteria were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer for
at least one hour. After fixation, bacteria were rinsed for one minute with 0.1 M sodium
cacodylate. Bacteria were gradually dehydrated with increasing ethanol concentrations:
30%, 50%, 70%, 90%, and 100% (one minute each). Bacteria were incubated for one
minute in ethanol/hexamethyldisilazane (HMDS, Sigma Aldrich, USA) with a 1:2 ratio
and finally incubated in pure HMDS. Between all previous steps, cells were gently stirred
and centrifuged at 5000 rpm. Finally, 100 puL of each bacteria solution was centrifuged on a
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cytospin glass slide at 800 rpm for eight minutes. After deposition, bacteria were air-dried
for five minutes and slides were platinum sputter-coated for 20 s at 10 mA (Hitachi MC1000).
Observations were made using a SU5S000 (Hitachi High-Technologies, Tokyo, Japan) SEM
with Secondary-Electrons (SE) detector in high-vacuum mode at 1 kV acceleration voltage,
observation mode (spot size 30).

2.7. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9 (86) for Mac OS X (San
Diego, CA, USA, www.graphpad.com, accessed on 27 October 2022) Significant differences
(for occupied surface and reliefs thickness) between two groups were determined using the
two-tailed, paired Student’s ¢-test. The statistical significance was set at p < 0.05.

3. Results
3.1. SEM of Whole Platelet-Bacteria Mixtures

To describe the spatial relationship between platelets and E. coli after mixing, we used
BSE-SEM, detecting back-scattered electrons. Analysis was performed on washed platelets
from healthy subjects incubated with three strains of E. coli.

BSE-SEM of whole platelet-bacteria mixtures showed that in the case of the K12-
platelets aggregates (Figure 1A1,A2), platelets were moderately activated and there were
a few platelet aggregates, with many bacteria above these aggregates. In LH30-platelets
mixtures (Figure 1B1,B2D), there were many bacteria but few platelet aggregates. In
contrast, the J53 strain induced a higher activation as seen by the morphology of the
few non-aggregated platelets, and a greater aggregation. Many platelet clumps were
found but surprisingly, almost no bacteria were detected in this mixture of platelets-]53
(Figure 1C1,C2). The abundance of bacteria was determined by measuring the occupied
surfaces by the bacteria in each platelet-bacteria preparation (Figure 2A). The bacteria
present in the platelet-J53 preparation were the least abundant compared to the 2 other
preparations (significant differences: p < 0.0001 between J35 and K12, p = 0.0029 between
J53 and LH30). Measure of the occupied surfaces by the platelet aggregates in each platelet-
bacteria preparation (Figure 2B) have shown a significantly higher surface area in the
platelet —J53 preparation compared to the two other preparations (Figure 2B). The results of
this part have been summarized in Table 2.

To check whether bacteria were indeed absent from the platelet aggregates after mixing,
we next performed resin-embedding and ultra-thin sectioning on platelets-J53 mixtures to
access the internal content of the aggregates.

3.2. SEM of Ultra-Thin Sections of Platelet-Bacteria Mixtures

We performed SEM of the ultra-thin sections of the resin-embedded platelets-bacteria
aggregates, using the back-scattered electron (BSE) detector, and these images showed that
there were differences in the ultrastructural organisation of the different mixtures regarding
the strains.

Indeed, platelets and K12 strain E. coli bacteria (Figure 3A1,A2) were found to be
mixed within the aggregates. Platelets were intact and moderately activated, with no
release of granular content. The bacteria were found in significant numbers between the
pseudopods of the activated platelets. For LH30, platelets and bacteria were found side-by-
side rather than mixed together (Figure 3B1,B2). Although platelets were found intact, as
with K12, platelets were not as activated as with the K12 strain, with a few pseudopods
and intact granular contents. In contrast, in the case of the ]J53 strain, the granular content
of the platelets was observed to be released extracellularly into an amorphous matrix
(Figure 3C1,C2). E. coli ]53 bacteria were found to be trapped inside this matrix. These latter
results explain the absence of J53 bacteria on the surface of the whole platelet aggregates
observed by SEM (Figure 1). The results of this part have been summarized in Table 2.

95


www.graphpad.com

Cells 2022, 11, 3495

50f12

Table 2. Description of whole and sectioned platelets-bacteria aggregates using SEM.

BSE-SEM of Whole Platelets-Bacteria

BSE-SEM of Ultrathin Sections of Platelets-Bacteria Aggregates

Aggregates (Figure 1) (Figure 2)
Criteria Visible Visible Platelet Platelet Platelet Platelet Bacteria’s Location
Platelets Bacteria Activation Integrity Activation Granules Regarding Platelets
K12 strain Yes Yes Moderate Yes Moderate Inside platelets Mixed
LH30 strain Yes Yes No Yes No Inside platelets Side by side
Among the .
J53 strain Moderate No NC Amorpf'lous High amorphous Inside the .

matrix matrix amorphous matrix

K12

TM4000 10kV 6.3mm x1.00k BSE M

EH30 At
TM4000 15kV 6.2mm x1.00k BSE M

\Y

TM4000 10kV 6.2mm x1.00k BSE M

g
—-—7-‘-‘-;3

Figure 1. BSE-SEM observation of whole platelets-E. coli mixtures. (A1,A2): Platelets and E. coli K12
mixture; (B1,B2): Platelets and E. coli LH30 mixture; (C1,C2): Platelets and E. coli 53 mixture. White
arrows: platelets, black arrows: bacteria.
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Figure 2. Occupied surface (um?) by bacteria (A) and platelet aggregates (B) for each E. coli strain
in platelet-bacteria mixtures. (A): Bars represent Mean with SD. Black column: occupied sur-
face by E. coli K12 (8.23 x 10? + 3.64 x 10%). Grey column: occupied surface by E. coli LH30
(1.34 x 10% £ 1.04 x 103). Striped grey column: occupied surface by E. coli J53 (2.71 & 8.57). (B): Bars
represent Mean with SD. Black column: occupied surface by platelet aggregates in platelets-K12
mixture (795.6 + 710.5). Grey column: occupied surface by platelet aggregates in platelets-LH30
mixture (281.2 £ 36.71). Striped grey column: occupied surface by platelet aggregates in platelets-
J53 mixture (9583 £ 630.7). ******: significant difference. ns: non-significant. Significant differ-
ences between the two groups were determined using the two-tailed, paired Student. ** p < 0.01,
% p < 0.0001.

To highlight the morphology of platelet-E. coli aggregates, we designed this table to be
able to compare the aggregates according to the strains, using the two techniques. In order
to describe these aggregates, we chose the following criteria: the visibility of platelets and
bacteria, the aspect of platelets, platelet activation, the aspect of platelet granules and the
colocalisation of bacteria and platelets. NC: non conclusive.
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o
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Figure 3. BSE-SEM observation of ultra-thin sections of platelets-E. coli mixtures. (A1,A2): Platelets
and E. coli K12 mixture, (B1,B2): Platelets and E. coli LH30 mixture; (C1,C2): Platelets and E. coli J53
mixture. White arrows: platelets, white arrowheads: bacteria.

3.3. Electron Microscopy of Bacteria

In order to understand whether ultrastructural differences between the three E. coli
bacteria strains could explain their respective behaviour regarding platelet aggregation, we
performed an in-depth electron microscopy analysis on the cellular level.

First, we analysed the ultrastructure of the bacteria in ultra-thin sections of platelets-
bacteria aggregates (Figure 4). We found that for K12 bacteria, the cell wall was regular
and attached to the periplasm, and that bacteria possessed electron-dense bodies within
an electron-lucent periplasm (Figure 4A1,A2). For LH30 and J53 bacteria, we found close
ultrastructures, with irregular or sinuous cell walls for LH30 and J53 bacteria, respectively
(Figure 4B1,B2,C1,C2). LH30 and J53 cell walls were found to be detached from an electron-
dense periplasm, with a more pronounced detachment for LH30 (Figure 4B2,C2).
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Figure 4. BSE-SEM observation of ultrathin sections of bacteria within the platelet aggregates.
(A1,A2): K12 E. coli transversal and longitudinal sections, respectively. (B1,B2): LH30 E. coli transver-
sal and longitudinal sections, respectively. (C1,C2): J53 E. coli transversal and longitudinal sections,
respectively. Black arrows: cell wall; white arrows: electron dense bodies; arrowheads: free space
between cell wall and periplasm.

Secondly, we analysed whole bacteria by TEM and SEM. When negatively stained
and imaged by TEM, the three E coli bacteria strains had an elongated shape and ]J53 strain
presented flagella (Figure 5A1,B1,C1). To better describe the surface of the cells, we next
performed SEM of the whole bacteria using the secondary electrons (SE) detector. The
results of this part have been summarized in Table 3.

Using SE-SEM, we observed that K12 and J53 E. coli bacteria possessed a ‘rough’
surface, composed of a complex network of many thin surface reliefs (Figure 5A2,C2;
14 cells analysed). Measurement of membrane thickening was performed using Fiji soft-
ware with X bacteria analysed for each strain. In contrast, the surface of LH30 E coli
bacteria was ‘smooth’, with a simpler network of larger surface reliefs (Figure 4B2; 14 cells
analysed). The thickness of these bacterial reliefs surface was measured, and the results
were analysed statistically. The analysis showed that indeed the J53 strain has reliefs
that are less thick (47.34 pm =+ 18.23) compared to the two other strains (107.8 pm =+ 26.81
and 115.2 um =+ 43.04 for K12 and LH30 respectively. p = 0.001 and p = 0.0008 for K12
and LH30 respectively. No significant difference was observed between K12 and LH30
strains). These SEM images also confirmed the presence of flagella on the J53 strain E. coli
bacteria (not shown) and were used for measuring bacteria dimensions. The average dimen-
sions of the bacteria were 2854 £ 961 nm length and 826 4+ 71 nm width for K12 (n = 14),
2570 £ 731 nm length and 1073 £ 121 nm width for LH30 (n = 14) and 2931 + 483 nm
length and 917 + 329 nm width for J53 (n = 14). No significant differences were observed
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between strains regarding length and width. The results of this part have been summarized
in Table 3.

K12 B1

e—— TR

SU5000 1.0kV 6.6mm x45.0k SE(L ' '9.00um JSUS000 1.0kV 6.8mm x45.0k SE(L

Figure 5. TEM and SE-SEM observation of the whole bacteria strains. (A1,B1,C1): TEM negative
staining of K12, LH30 and J53 E. coli bacteria, respectively. Arrows in C1 point to flagella. (A2-A4):
Secondary electrons (SE)-SEM of whole K12 E. coli bacteria. (B2-B4): SE-SEM of whole LH30 E. coli
bacteria. (C2—-C4): SE-SEM of whole J53 E. coli bacteria.
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Table 3. Bacteria morphology.

E. coli Strain

BSE-SEM Ultrathin Sections TEM Negative Staining SE-SEM
(Figure 3) (Figure 4) (Figure 4)

Regular cell wall, attached to

K12 periplasm, Elongated shape Thin surface reliefs
electron-dense bodies
Irregular shaped cell wall,
LH30 detached from periplasm, Elongated shape Thick surface reliefs
electron-dense periplasm
Sinuous cell wall, detached
J53 from periplasm, Elongated shape Thin surface relief
om periplasm, + flagella surface reliefs

electron-dense periplasm

4. Discussion

This study described the consequences of the interaction between platelets and three
strains of Escherichia coli using complementary electron microscopy techniques. Our overall
results show that the appearance of aggregates and the colocalisation of bacteria and
platelets are strain-dependent. Structural analysis by electron microscopy of the strains
could explain our results. This structural variability of the platelet-E. coli mixture confirmed
our previous results and complements them [9].

Few studies have used fluorescence microscopy to describe the colocalisation of
platelets and E. coli [12,13]. To our knowledge, none have characterised platelet-E. coli
mixtures by electron microscopy. The SEM study allowed the analysis of the activation state
of the platelets and in particular the granular secretion process. Three platelet activation
profiles were obtained depending on the strain tested. Platelet activation would, therefore,
be strain dependent, as previously demonstrated by Watson on a reduced panel of two
strains [17]. The study of platelet-LH30 mixtures shows the persistence of intra-platelet
granules, demonstrating the absence of an activating effect of this strain on platelets, in
agreement with the flow cytometry results obtained previously [9]. LH30 is a clinical and
colistin-resistant isolate. However, this profile did not allow us to explain the observed
patterns. We demonstrated in previous work that E. coli-induced platelet activation is
independent of the response to colistin [9]. The K12 strain induced moderate activation, as
previously observed by Fejes et al. and by our team [9,18]. In contrast, a strong activation,
responsible for the formation of an aggregate, was detected for the J53 mixtures. This is
both surprising and interesting, because the J53 strain is a mutant of K12.

Among the analytical criteria of our study, we were interested in the number of bacteria
present in the mixtures. Comparative SEM analysis of the three platelet-bacteria mixtures
shows that the abundancy of bacteria present on the platelet-E. coli mixtures is variable
depending on the strain tested. It can be hypothesised that the number of bacteria found is
a consequence of the bactericidal activity of the platelets. Indeed, platelet activation leads
to the release of granular content and, in particular, the release of platelet microbicidal
peptides (PMPs), which have bactericidal activity on certain strains. We have previously
shown that there is an inverse correlation between the activation state induced by the
strains tested and their bactericidal power [9]. This explains why high bacterial abundancy
was observed with strain LH30, which did not induce platelet activation, as shown by
the persistence of intra-platelet granules. In contrast, in the presence of strain J53, which
was responsible for strong aggregation, no bacteria were observed in the SEM images.
Whole mount analysis allowed us to detect bacteria trapped in the platelet magma and in
low abundancy.

In order to understand the difference in behaviour of the two strains, we analysed the
ultrastructure of the bacteria when mixed with platelets in ultra-thin sections by BSE-SEM.
The presence of electron-dense bodies in the periplasm of strain K12 was detected which,
according to the literature, may be deposits of polyphosphates formed as a result of a defect
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in LPS synthesis [19]. These images may illustrate that the K12 strain has a deletion of a
mobile IS5 element in the WbbL gene involved in O-antigen biosynthesis [20], meaning that
the two strains do not have the same form of LPS. Our hypothesis is that the contrasting be-
haviour of the two strains toward platelets could be linked to the difference in the LPS form,
more precisely antigen-O. Furthermore, this hypothesis is also supported by the fact that
it has been shown that platelet TLR-4 is involved in the recognition of LPS [4,21,22]. This
TLR-4 signalling pathway is capable of inducing platelet aggregation [23,24]. Our results
would help to understand the difference in behaviour between the K12 and J53 strains.

Another point that caught our attention and that we feel should be highlighted is the
morphology of bacteria. In fact, the K12 and LH30 strains have a kind of network on their
surfaces which is mainly characterised by reliefs. A complex network with thin reliefs was
observed on the K12 strain surface, while the LH30 strain has a less complex network on
its surface, but with thicker reliefs. These characteristics lead us to suggest that this surface
network could be a barrier against the interaction with platelets that prevents activation,
and also prevents the effect of PMPs in the case of activated platelets. This difference in
structure may explain the difference in behaviour between these two strains.

Our results allow us to better understand our previous work and enable us to under-
stand the heterogeneity of the response of E. coli strains against platelets by combining
several electron microscopy techniques.

According to our data, the bactericidal mechanism would be of secretory origin.
Different scenarios can be distinguished. The platelets are not activated by the bacteria and
do not inhibit bacterial growth, which is the case for strain LH30. The absence of platelet
activation, probably related to the membrane structure of the strain, which constitutes a
physical barrier with the platelets, does not induce the release of PMPs of granular origin.
The moderate platelet activation induced by strain K12 is insufficient to induce secretion
of granular content. We consider these strains to be platelet resistant. Conversely, the
J53 strain strongly activates platelets, responsible for significant platelet aggregation. The
bacteria are then trapped in the platelet aggregates and their growth is inhibited. This
strain is considered platelet-sensitive. The difference between the behavior of J53 and K12
strains towards platelets is probably related to the absence of a functional O-antigen, which
is then reflected in the absence of degranulation”.

Since laboratory strains generally behave differently from clinical or wild-type strains,
we will need to confirm our observations on a larger number of clinical strains.

The different strain profiles might have important clinical consequences in patients. We
could characterize the functional profile of strains in Escherichia coli bacteremia by platelet
aggregation methods or by ex silico serotyping. Analysis of these data in a prospective
study in patients with Escherichia coli bacteremia could allow us to validate the clinical
relevance of these data.

Author Contributions: A.E.E., AM., L.C.-]. and ].-P.B. designed the protocol, J.-P.B. ensured technical
microscopy set up. A.E.E., AM. and J.-P.B. performed the experiments. A.E.E., A M., L.C.-J. and J.-P.B.
analysed the results and wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki, and approved by the Ethics Committee of IHU Méditerranée infection (reference
2016-002).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

62



Cells 2022, 11, 3495 12 0f 12

Acknowledgments: This work was supported by the Institut Hospitalo-Universitaire (IHU) Méditerranée-
Infection, Marseille, France. We sincerely thank Takashi Irie, Kyoko Imai, Shigeki Matsubara, Yusuke
Ominami, Akiko Hisada, and the entire Hitachi Team in Japan for the installation of the TM4000 and
SU5000 microscopes in our facility. The authors would like to thank the Algerian Ministry of Higher
Education and Scientific Research for supporting AE during his thesis in the IHU Méditerranée Infection.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Coller, B.S. Historical Perspective and Future Directions in Platelet Research. J. Thromb. Haemost. 2011, 9 (Suppl. S1), 374-395.
[CrossRef] [PubMed]

2. Simon, D.; Kunicki, T.; Nugent, D. Platelet Function Defects. Haemophilia 2008, 14, 1240-1249. [CrossRef] [PubMed]

3. Yeaman, M.R. Bacterial-Platelet Interactions: Virulence Meets Host Defense. Future Microbiol. 2010, 5, 471-506. [CrossRef]

4.  Cox, D,; Kerrigan, S.W.; Watson, S.P. Platelets and the Innate Immune System: Mechanisms of Bacterial-Induced Platelet
Activation. J. Thromb. Haemost. 2011, 9, 1097-1107. [CrossRef]

5. Hannachi, N.; Fournier, P-E.; Martel, H.; Habib, G.; Camoin-Jau, L. Statins Potentiate the Antibacterial Effect of Platelets on
Staphylococcus aureus. Platelets 2021, 32, 671-676. [CrossRef]

6. Hannachi, N.; Baudoin, J.-P; Prasanth, A.; Habib, G.; Camoin-Jau, L. The Distinct Effects of Aspirin on Platelet Aggregation
Induced by Infectious Bacteria. Platelets 2020, 31, 1028-1038. [CrossRef]

7. Hamzeh-Cognasse, H.; Damien, P.; Chabert, A.; Pozzetto, B.; Cognasse, F.; Garraud, O. Platelets and Infections—Complex
Interactions with Bacteria. Front. Immunol. 2015, 6, 82. [CrossRef]

8. Ezzeroug Ezzraimi, A.; Hannachi, N.; Mariotti, A.; Rolain, ]J.-M.; Camoin-Jau, L. Platelets and Escherichia coli: A Complex
Interaction. Biomedicines 2022, 10, 1636. [CrossRef]

9. Ezzeroug Ezzraimi, A.; Hannachi, N.; Mariotti, A.; Rolland, C.; Levasseur, A.; Baron, S.A.; Rolain, J.-M.; Camoin-Jau, L. The
Antibacterial Effect of Platelets on Escherichia coli Strains. Biomedicines 2022, 10, 1533. [CrossRef]

10. Bessis, M. Studies in Electron Microscopy of Blood Cells. Blood 1950, 5, 1083-1098. [CrossRef]

11.  Sullam, PM.; Valone, EH.; Mills, J. Mechanisms of Platelet Aggregation by Viridans Group Streptococci. Infect. Immun. 1987, 55,
1743-1750. [CrossRef] [PubMed]

12. White, J.G. Use of the Electron Microscope for Diagnosis of Platelet Disorders. Semin. Thromb. Hemost. 1998, 24, 163-168.
[CrossRef] [PubMed]

13.  White, ].G.; Krumwiede, M. Some Contributions of Electron Microscopy to Knowledge of Human Platelets. Thromb. Haemost.
2007, 98, 69-72. [PubMed]

14. Cattaneo, M.; Cerletti, C.; Harrison, P.; Hayward, C.P.M.; Kenny, D.; Nugent, D.; Nurden, P.; Rao, A K.; Schmaier, A.-H.;
Watson, S.P; et al. Recommendations for the Standardization of Light Transmission Aggregometry: A Consensus of the Working
Party from the Platelet Physiology Subcommittee of SSC/ISTH. |. Thromb. Haemost. 2013, 11, 1183-1189. [CrossRef] [PubMed]

15. Dukes, M.]J.; Ramachandra, R.; Baudoin, J.-P.; Gray Jerome, W.; de Jonge, N. Three-Dimensional Locations of Gold-Labeled
Proteins in a Whole Mount Eukaryotic Cell Obtained with 3 nm Precision Using Aberration-Corrected Scanning Transmission
Electron Microscopy. J. Struct. Biol. 2011, 174, 552-562. [CrossRef] [PubMed]

16. Reynolds, E.S. The Use of Lead Citrate at High Ph as an Electron-Opaque Stain in Electron Microscopy. J. Cell Biol. 1963, 17,
208-212. [CrossRef]

17.  Watson, C.N.; Kerrigan, S.W.; Cox, D.; Henderson, I.R.; Watson, S.P.; Arman, M. Human Platelet Activation by Escherichia coli:
Roles for FcyRIIA and Integrin AIlb33. Platelets 2016, 27, 535-540. [CrossRef]

18. Fejes, A.V.; Best, M.G.; van der Heijden, W.A.; Vancura, A.; Verschueren, H.; de Mast, Q.; Wurdinger, T.; Mannhalter, C. Impact of
Escherichia coli K12 and O18:K1 on Human Platelets: Differential Effects on Platelet Activation, RNAs and Proteins. Sci. Rep. 2018,
8,16145. [CrossRef]

19. Jorgenson, M.A.; Young, K.D. Interrupting Biosynthesis of O Antigen or the Lipopolysaccharide Core Produces Morphological
Defects in Escherichia coli by Sequestering Undecaprenyl Phosphate. J. Bacteriol. 2016, 198, 3070-3079. [CrossRef]

20. Jeong, H.; Kim, H.J.; Lee, S.J. Complete Genome Sequence of Escherichia coli Strain BL21. Genome Announc. 2015, 3, e00134-15.
[CrossRef]

21. Akashi, S.; Saitoh, S.; Wakabayashi, Y.; Kikuchi, T.; Takamura, N.; Nagai, Y.; Kusumoto, Y.; Fukase, K.; Kusumoto, S.;
Adachi, Y; et al. Lipopolysaccharide Interaction with Cell Surface Toll-like Receptor 4-MD-2: Higher Affinity than That with
MD-2 or CD14. J. Exp. Med. 2003, 198, 1035-1042. [CrossRef]

22. Park, B.S,; Lee, J.-O. Recognition of Lipopolysaccharide Pattern by TLR4 Complexes. Exp. Mol. Med. 2013, 45, e66. [CrossRef]

23. Zhang, G.; Han, J.; Welch, EJ.; Ye, R.D.; Voyno-Yasenetskaya, T.A.; Malik, A.B.; Du, X,; Li, Z. Lipopolysaccharide Stimulates
Platelet Secretion and Potentiates Platelet Aggregation via TLR4/MyD88 and the CGMP-Dependent Protein Kinase Pathway. J.
Immunol. 2009, 182, 7997-8004. [CrossRef]

24. Matus, V.; Valenzuela, ].G.; Hidalgo, P.; Pozo, L.M.; Panes, O.; Wozniak, A.; Mezzano, D.; Pereira, ].; Sdez, C.G. Human Platelet

Interaction with E. coli O111 Promotes Tissue-Factor-Dependent Procoagulant Activity, Involving Toll like Receptor 4. PLoS ONE
2017, 12, e0185431. [CrossRef]

63


http://doi.org/10.1111/j.1538-7836.2011.04356.x
http://www.ncbi.nlm.nih.gov/pubmed/21781274
http://doi.org/10.1111/j.1365-2516.2008.01898.x
http://www.ncbi.nlm.nih.gov/pubmed/19141164
http://doi.org/10.2217/fmb.09.112
http://doi.org/10.1111/j.1538-7836.2011.04264.x
http://doi.org/10.1080/09537104.2020.1792434
http://doi.org/10.1080/09537104.2019.1704717
http://doi.org/10.3389/fimmu.2015.00082
http://doi.org/10.3390/biomedicines10071636
http://doi.org/10.3390/biomedicines10071533
http://doi.org/10.1182/blood.V5.12.1083.1083
http://doi.org/10.1128/iai.55.8.1743-1750.1987
http://www.ncbi.nlm.nih.gov/pubmed/3112008
http://doi.org/10.1055/s-2007-995836
http://www.ncbi.nlm.nih.gov/pubmed/9579638
http://www.ncbi.nlm.nih.gov/pubmed/17597993
http://doi.org/10.1111/jth.12231
http://www.ncbi.nlm.nih.gov/pubmed/23574625
http://doi.org/10.1016/j.jsb.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21440635
http://doi.org/10.1083/jcb.17.1.208
http://doi.org/10.3109/09537104.2016.1148129
http://doi.org/10.1038/s41598-018-34473-w
http://doi.org/10.1128/JB.00550-16
http://doi.org/10.1128/genomeA.00134-15
http://doi.org/10.1084/jem.20031076
http://doi.org/10.1038/emm.2013.97
http://doi.org/10.4049/jimmunol.0802884
http://doi.org/10.1371/journal.pone.0185431

Chapitre I1I : Etude de I’effet des
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Préambule

Le sepsis a été défini en 2016 comme étant « un dysfonctionnement d'un organe
potentiellement mortel causé par une réponse dérégulée de I'hote a l'infection » (51). En cas
d’effraction vasculaire, les bactéries passent dans la circulation sanguine, ce qui génére des
mécanismes de défense. L'activation de 'hémostase au niveau du site de la 1ésion et la formation
de thrombi dans les capillaires locaux permettent non seulement de stopper I'hémorragie, mais
aussi d'initier une réponse anti-infectieuse précoce. Ce dernier phénomene est un mécanisme
de défense qui limite l'infection aux Iésions par un processus appelé¢ immunothrombose ou
thrombo-inflammation (52). L’ immunothrombose désigne la capacité des plaquettes a interagir,
directement ou indirectement, avec les leucocytes pour induire une réponse immunitaire. Une
fois activées, les plaquettes vont changer de conformation et libérer le contenu de leurs granules,
qui contiennent un grand nombre de molécules, dont certaines sont impliquées dans la réponse
inflammatoire. En cas de septicémie, ces réactions locales s’étendent a l'ensemble de
l'organisme, produisant des phénomenes délétéres dans de nombreux tissus. Cela conduit au
développement d'un syndrome de défaillance multiviscérale (53).

Escherichia coli est une des bactéries les plus fréquemment impliquées dans le sepsis.
Une méta-analyse de 2021 étudiant I’épidémiologie des agents responsables de bactériémies
entre 2007 et 2018 dans les pays occidentaux estime qu’E. coli est retrouvé en moyenne dans
27.1% des cas de bactériémies, avec cependant une grande hétérogénéité en fonction des études,
allant de 6.5 a 57% (54). La porte d’entrée principalement mise en évidence est le tractus uro-
génital, responsable de plus de 50% des contaminations.

Un des modeles ou la relation entre E. coli et plaquettes est bien décrite est celui SHU.
Bien que les travaux réalisés sur les souches O111 et O157:H7 montrent que ces deux souches
sont capables d’induire une agrégation plaquettaire, les récepteurs plaquettaires impliqués
seraient différents. En effet, TLR-4 interagit avec la souche O:111 et FcyRIIA avec la souche
O157:H7.

Les travaux de Watson et al et Fejes et al sont les principales études réalisées sur des
souches de E. coli appartenant a d’autres pathovars (32,33). Dans ces travaux, 1’agrégation
plaquettaire observée est dépendante a la fois de la souche impliquée, ainsi que du ratio
plaquettes/bactéries présent, démontrant que la concentration de 1’inoculum joue aussi un role

important. Le role clef du FcyRIIA et de I’intégrine allbf3, est également démontré dans ces
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modeles. Cette agrégation plaquettaire répond a la loi « du tout ou rien », ce qui signifie qu’une
souche donnée sera capable d’induire une agrégation plaquettaire importante, ou de ne pas avoir
d’effet.

Une des hypothéses qui permettrait de comprendre 1’hétérogénéité de réponses des
différentes souches repose sur la différence de structure des LPS. Certaines bactéries Gram-
négatif posseédent un LPS-L, comme la souche E. coli O18 :K1, alors que d’autres présentent
un LPS-R, comme la souche K12 d’E. coli (55). Les souches présentant un LPS-R activeraient
un large spectre de cellules dont les macrophages, et avec une plus grande efficacité, que les
souches avec un LPS-L. Ainsi, cette capacité ou non a faire agréger les plaquettes pourrait donc
dépendre de la structure des LPS des bactéries Gram-négatif, et de leur capacité ou non a étre
reconnues par le TLR-4 exprimé a la surface des plaquettes. L’antigéne-O pourrait également
jouer un role important dans la reconnaissance de ces motifs bactériens par les plaquettes et
dans I’induction ou non d’un choc septique.

Les voies de signalisation secondaires a 1’interaction entre LPS et TLR-4 mettent en
¢vidence une activation de MyD88, une activation de la voie PI3K/Akt, induisant une activation
plaquettaire responsable ensuite de 1’agrégation des plaquettes. Le LPS, en interagissant avec
le TLR-4, n’entrainerait pas a lui seul une activation plaquettaire, mais jouerait un rdle
facilitateur de 1’adhésion plaquettaire, en association avec un agoniste plaquettaire, et
favoriserait également la sécrétion et 1’agglutination des plaquettes. Il existe une autre voie
d’activation reposant sur la formation d’un complexe TLR-4-sCD14.

Ainsi, la réduction de I’activation plaquettaire par 1’administration des AAP pourrait
constituer une cible thérapeutique d’intérét pour la prévention de la morbi-mortalité des patients
atteints de sepsis (29). Les principales études ayant évalué le bénéfice potentiel des AAP au
cours du sepsis sont présentées dans deux méta-analyses (29,56). Bien que les résultats soient
en faveur d’un effet bénéfique des AAP, I’analyse des critéres principaux, a savoir la morbi-
mortalité, ne prennent pas en compte 1’espece bactérienne responsable de 1’état septique. Il est
donc difficile d’évaluer I’intérét des AAP dans le cas spécifique des sepsis a E. coli.

En revanche, I’administration de LPS purifié chez des sujets sains prétraités par aspirine
et anti-P2Y 12 induirait une diminution de la sécrétion de facteur de nécrose tumorale (TNF) par
rapport a des sujets non pré-traités sans cependant diminuer la production d’autres cytokines
pro-inflammatoires (57). Les plaquettes pourraient donc jouer un réle de modulation de la

réponse inflammatoire, en plus de leur effet bactéricide direct, qui pourrait étre modifié

par I’administration d’antiplaquettaires. Outre leurs actions classiques sur la voie du

66



TxA2 et du récepteur P2Y 12, les antiplaquettaires pourraient avoir une action sur la voie
de signalisation activée suite a I’interaction entre le TLR-4 plaquettaire et le CD14
soluble.

Dans le futur, I’identification de souches pro-agrégantes permettrait d’identifier
les voies de signalisation impliquées dans I’activation plaquettaire, mais également de
tester chacun des antiplaquettaires afin de déterminer quelle molécule permettrait d’agir

de maniére optimale afin de diminuer la réactivité plaquettaire lors du sepsis.

67



Article 4: Effect of antiplatelet agents on Escherichia coli sepsis

mechanisms: a review

Mariotti, A.; Ezzeroug Ezzraimi, A.; Camoin-Jau, L.

(Accepté dans Frontiers in Microbiology, Antimicroials, Resistance and

Chemotherapy)

68



3' frontiers

Effect of antiplatelet agents on
Escherichia coli sepsis mechanisms: a
review

Antoine Mariotti % 3, Amina Ezzeroug Ezzraimiz, Laurence Camoin-Jau® 3"

TAssistance Publique Hopitaux de Marseille, France, Z|HU Mediterranee Infection, France, 3Faculté de
Pharmacie, Aix Marseille Université, France

Submitted to Journal:
Frontiers in Microbiology

Specialty Section:
Antimicrobials, Resistance and Chemotherapy

Article type:
Review Article

Manuscript ID:
1043334

Received on:
13 Sep 2022

Revised on:
05 Nov 2022

Journal website link:
www.frontiersin.org

69


http://www.frontiersin.org/

3’ frontiers

Conflict of interest statement

The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest

Author contribution statement

A. M, A. E-E and L. C-J wrote the manuscript

Keywords

Escherichia coli, platelets, Platelet Aggregation, TLR4, Antiplatelet drugs, Sepsis

Abstract

Word count: 165

Despite ever-increasing improvements in the prognosis of sepsis, this condition remains a frequent cause of hospitalisation and
mortality in Western countries. Sepsis exposes the patient to multiple complications, including thrombotic complications, due to
the ability of circulating bacteria to activate platelets.

One of the bacteria most frequently implicated in sepsis, Escherichia coli, a Gram-negative bacillus, has been described as being
capable of inducing platelet activation during sepsis. However, to date, the mechanisms involved in this activation have not been
clearly established, due to their multiple characteristics. Many signalling pathways are thought to be involved

At the same time, reports on the use of antiplatelet agents in sepsis to reduce platelet activation have been published, with
variable results. To date, their use in sepsis remains controversial.

The aim of this review is to summarise the currently available knowledge on the mechanisms of platelet activation secondary to
Escherichia coli sepsis, as well as to provide an update on the effects of antiplatelet agents in these pathological circumstances.

Contribution to the field

Besides their well-known role in the mechanisms of haemostasis, platelets are involved in bacterial defence mechanisms. Very few
works in the literature have been interested in the consequences of interactions between platelets and Gram-negative bacteria,
in particular Escherichia coli. Frequently implicated in sepsis, Escherichia coli could be able to induce platelet activation during
sepsis. However, to date, the mechanisms involved in this activation are not clearly established, due to their multiple
characteristics. Many signalling pathways are thought to be involved. While antiplatelet agents were evaluated in sepsis, their use
remains controversial. The aim of this review is therefore to summarize the currently available knowledge on the mechanisms of
platelet activation secondary to Escherichia coli sepsis, as well as to provide an update on the effects of antiplatelet agents in these
pathological circumstances. We consider that this review provides important data on the interactions between platelets and
Escherichia coli.
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Abbreviations

APA-: antiplatelet agent
ADP: Adenosine diphosphate
CCL5-: chemokine ligand 5
CXCLA4-: platelet factor 4

DIC: disseminated intravascular
coagulation

CIfA: clumping factor A
C4BP: C4 binding protein

EHEC: Enterohaemorrhagic Escherichia
coli

EIEC: Enteroinvasive Escherichia coli
EPEC: Enteropathogenic Escherichia coli
ETEC: Enterotoxigenic Escherichia coli

ExPEC: Extraintestinal pathogenic
Escherichia coli

FcyRITA: immunoglobulin Fc fragment
receptor Ila

TF: Tissue Factor
IgG: immunoglobulin G

LPS: Lipopolysaccharide
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MODS: Multiple organ dysfunction
syndrome

NET: Neutrophil extracellular traps

NO: Nitrogen monoxide

PAF: Platelet Activating Factor

PAF-R: PAF Receptor

PI3K : Phosphoinositide 3-kinase
PSGL-1 : P-selectin glycoprotein ligand-1
RR: Relative Risk

sCD14: soluble CD14

ARDS: Acute Respiratory Distress
Syndrome

HUS: Haemolytic Uremic Syndrome

SIRS: Systemic Inflammatory Response
Syndrome

TLR-4: Toll-like receptor 4
TxA2: Thromboxane A,

von Willebrand factor: vWF
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Summary

Despite ever-increasing improvements in the prognosis of sepsis, this condition
remains a frequent cause of hospitalisation and mortality in Western countries. Sepsis
exposes the patient to multiple complications, including thrombotic complications, due
to the ability of circulating bacteria to activate platelets.

One of the bacteria most frequently implicated in sepsis, Escherichia coli, a Gram-
negative bacillus, has been described as being capable of inducing platelet activation
during sepsis. However, to date, the mechanisms involved in this activation have not
been clearly established, due to their multiple characteristics. Many signalling
pathways are thought to be involved

At the same time, reports on the use of antiplatelet agents in sepsis to reduce platelet
activation have been published, with variable results. To date, their use in sepsis
remains controversial.

The aim of this review is to summarise the currently available knowledge on the
mechanisms of platelet activation secondary to Escherichia coli sepsis, as well as to
provide an update on the effects of antiplatelet agents in these pathological

circumstances.
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Introduction

In addition to their role in haemostasis, platelets play a major role in the anti-
infective response and in the regulation of the inflammatory response (1). This anti-
infective defence role of platelets has been demonstrated by their ability to interact and
activate in the presence of many classes of pathogens. They are involved in antiviral
defence, notably through the release of the chemokine CCLS5, promoting the
development of a protective response during dengue virus (2,3) and hepatitis C virus
(HCV) infection (4). More recently, platelets have also been described to be involved
in a deleterious response during SARS-CoV-2 infection, linked to abnormal
expression of certain genes (5), making platelets hyper-reactive and promoting the
procoagulant state found in critical patients with COVID-19 (6,7).

Platelet activation may also play an important role in the pathophysiological
mechanisms of certain parasitic infections, such as malaria, where platelets are a key
player in the neurological complications of malaria due to their ability to form
microthrombi. This response initially limits parasite proliferation and has a protective
effect on the host, but will later become deleterious if platelet activation persists (8).

Many receptors located on the surface of platelets have been shown to be
involved in the interaction with bacteria, such as TLRs, the PAF receptor, FcyRIIA or
GPIba (9). During sepsis, bacteria will be able to interact with one or more of these
receptors and induce platelet activation that can lead to the appearance of deleterious
phenomena, such as the appearance of thrombosis or deregulated inflammation, or
beneficial, with a demonstrated bactericidal effect of platelets on certain bacterial
strains (10).

Sepsis is characterised by complex pathological mechanisms and is associated
with a high mortality rate (11). In 1991, a consensus conference proposed the initial
definition of sepsis as “a syndrome of systemic inflammatory response (SIRS) of the
host to an infection” (12). In 2016, a new definition of sepsis was developed as “life-
threatening organ dysfunction caused by a dysregulated host response to infection”.
(13). Sepsis is an extremely serious condition in which bacteria induce the activation
of haemostasis and, in particular, the activation of platelets across the entire vascular

system, leading to the phenomena of immuno-thrombosis (14), which is based on an
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uncontrolled interaction of the systems of inflammation and haemostasis, with
platelets being an integral part of both systems.

In this review, we will focus on Escherichia coli sepsis. We will review the
current state of knowledge on the mechanisms of interaction between platelets

and Escherichia coli, and the potential value of antiplatelets in this indication.

Platelets in the pathophysiology of sepsis

Platelet-bacteria interactions during sepsis

In recent years, a growing number of studies have demonstrated that platelets
are involved in the deleterious processes observed during sepsis and that they play an
important role in the development of organ damage that can lead to multiple organ
dysfunction syndrome (MODS) (15).

In the event of vascular invasion, bacteria enter the bloodstream, which triggers
defence mechanisms. Activation of haemostasis at the site of the injury and the
formation of thrombi in local capillaries not only stops bleeding, but also initiates an
early anti-infective response. Platelets will express receptors (P-selectin, CD40L or
CD154) allowing interaction with immune cells or with endothelial cells (via PSGL-1,
CD154 receptors) which allow signal transduction and activation of these different cell
types (16). This phenomenon is a defence mechanism that limits infection of the
lesions by a process known as immunothrombosis or thromboinflammation (14). In the
case of sepsis, local reactions extend to the whole body, producing deleterious
phenomena in many tissues. Thus, in an animal model of abdominal sepsis, neutrophil
infiltration of the lung, induced by platelet activation, is thought to contribute towards
the development of pulmonary oedema (17).

At the same time, endothelial activation, observed during sepsis, leads to the
appearance of or increase in surface molecules, such as von Willebrand factor (vVWF),
E-selectin and integrins oyfs;, encouraging interaction with platelets and leading to
their activation, while decreasing anti-adhesive inhibition pathways, thus favouring the

risk of thrombosis (18,19) (Figure 1). Ischaemia in several areas, secondary to the
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appearance of generalised activation of endothelial cells, may be observed, leading in
particular to abnormalities in blood pressure and vascular permeability (20) associated
with the formation of micro clots.

Several types of signalling mechanisms and pathways may be involved

depending on the bacterial species, or on the receptor implicated in this interaction.

Platelets and immune cells

Platelets can therefore exhibit several effects that will take place during sepsis
in a chronological manner. Firstly, they will be involved in the recognition of specific
bacterial patterns, notably through TLRs (21,22). Once the bacteria have been
recognised, a platelet response will occur, which will vary according to several
parameters: the bacterial species involved and their escape mechanisms, and the
platelet receptors and signalling pathways involved. Platelets can therefore be involved
in the destruction of pathogens, either by direct cytotoxicity (10,23) or by cooperation
with other cell types, through opsonisation (24) or NETosis (25,26). By activating,
platelets will also cause the release of chemical mediators (CCLS5, CXCL4), which will
be involved in chemotaxis of certain immune cells, notably neutrophils and monocytes
(27,28), but also in the modulation of the inflammatory response (29). This interaction
with the inflammatory system will take place via certain cytokines (30) or via the
complement system (31,32). Platelets will also be able to interact with the coagulation
system and remain a major player in the initiation of DIC and the procoagulant state
encountered during sepsis (33,34). In fact, recent studies show that there are platelet
subpopulations, including pro-coagulant platelets that arise in response to intraplatelet
calcium release. These pro-coagulant platelets will play a key role in the regulation of
thrombotic and haemorrhagic phenomena, but also in thromboinflammation and
NETosis, by interacting with certain immune cells, notably neutrophils (35).

The deregulation of the NETosis phenomenon, encountered during sepsis, may
lead to the development of deleterious effects, relying on unregulated activation of
neutrophils in response to a platelet-derived signal to scavenge circulating bacteria

(25). However, the formation of these NETs will also lead to the formation of a pro-
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coagulant terrain allowing the attachment of certain coagulation factors or extracellular
vesicles (36), which can favour the development of arterial and venous thrombotic
phenomena (37). These deleterious effects, when prolonged, can lead to either
localised organ dysfunction or to multiple organ failure syndromes. The organs most
frequently concerned are the kidneys, through the development of acute renal failure
secondary to renal hypoperfusion, but also secondary to endothelial damage (38); the
liver, which is the site of the synthesis of numerous cytokines, and which can therefore
play an important role in the anarchic inflammation that occurs during sepsis (39); and
the circulatory system, notably through the systemic activation of endothelial cells and
the significant release of vasodilator molecules such as nitric oxide (NO), leading to
hypotension that is almost always encountered during sepsis (40).

Some bacteria also appear to have escape mechanisms from the platelet-induced
anti-infective response. Yersinia pestis, for example, is able to induce a change in the
structure of the thrombus, formed by platelets and fibrin, in order to escape the
NETosis phenomenon. This is possible through one of its virulence factors (Y pestis
plasminogen activator Pla) which activates a fibrinolysis phenomenon, allowing an

escape from bactericidal action (41).

Other actors of thrombosis in sepsis

However, platelets are not the only factors linking haemostasis and
inflammation. Certain mediators of inflammation have the ability to interact with
different factors in the coagulation cascade, creating a pro-thrombotic state. The
coagulation and complement systems, usually represented separately, are in fact
closely intertwined. Proteins involved in one of the cascades are capable of interacting
with factors in the other system. For example, the activation of factor XII to activated
factor Xlla is capable of inducing the activation of the classical complement pathway,
while C4-binding protein (C4BP) can bind to protein S and inhibit its effect, thereby
promoting the development of thrombosis (42). The existence of exacerbated
inflammation can therefore lead to the development of hypercoagulability and, in the

most severe cases, induce the onset of disseminated intravascular coagulation (DIC),
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thus increasing the risk of developing tissue hypoxia and organ dysfunction through
the formation of thrombi in the capillary circulation (43,44).

In summary, this inflammation-coagulation phenomenon in sepsis, associated
with endothelial damage, is partly the result of the activation of platelets, which are
able, through some of their membrane receptors, to participate in anti-infective
defence. Platelets, once activated, will exacerbate systemic inflammatory reactions and
coagulation disorders through interactions with immune cells and endothelial cells.
The platelet activation observed during sepsis could also partly explain the
thrombocytopaenia frequently observed during sepsis, through a consumption
mechanism (45). In addition to the already high mortality rate in sepsis, linked to the
intrinsic severity of the disease, the occurrence of thrombocytopaenia further worsens
the prognosis, exposing the patient to higher morbimortality (46). This includes an
increased risk of bleeding, the development of acute renal failure, a longer stay in
intensive care, and even mortality if the thrombocytopaenia is not resolved (47).

Thus, the inhibition of platelet activation may reduce uncontrolled
inflammatory and coagulation reactions in sepsis, thereby reducing the severity of

organ damage and improving patient prognosis (48).

Escherichia coli sepsis

A 2021 meta-analysis studying the epidemiology of bacteraemia-causing agents
between 2007 and 2018 in Western countries estimates that Escherichia coli is found
in an average of 27.1% of bacteraemia cases, although there is considerable
heterogeneity between studies, ranging from 6.5% to 57% (49). The main entry point
identified was the urogenital tract, responsible for more than 50% of infections.
According to this meta-analysis, the overall incidence of Escherichia coli bacteraemia,
all groups combined, is 40.2 to 57.2 per 100,000 inhabitants per year, with a mortality
rate of between 2.9 and 10.3 per 100,000 people. On a smaller scale, a 2019 UK report
indicated that the incidence rate of Escherichia coli bacteraemia has been increasing
over the past 10 years, with a significant acceleration since 2014, from 55.2 per

100,000 population in 2014 to 70.7 cases per 100,000 population (50).
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However, these figures remain global statistics, and should be put into perspective
according to the sex and age of the patients as well as their underlying pathologies.
The incidence is higher in women than in men, and increases sharply with age, with
statistically higher rates in the general population from the age of 60. Indeed, the
incidence is multiplied by 30 in subjects over 75 years of age compared to young
adults (24). The subgroup analysis in this meta-analysis shows that patients with
haematological malignancies are most at risk of developing Escherichia coli sepsis. A
study in a Swedish centre found a prevalence of up to 12.7% in patients with chronic
lymphocytic leukaemia (51). Among other haematological diseases, Escherichia coli
is responsible for 46% of bacteraemias in acute leukaemia (52) and 22.4% in multiple
myeloma (53). In addition, Escherichia coli is found in 34.2% of neutropenic patients
with sepsis (54). Escherichia coli is also found in patients with solid cancers. In a 2014
study, it was implicated in 30.5% of bacteraemias (55) and more precisely in 22.2% of
patients with colon cancer (56). Finally, surgical patients are also at risk of developing
Escherichia coli sepsis, particularly those who have undergone abdominal surgery, due
to the important localisation of this pathogen in the digestive tract. Escherichia coli
was implicated in more than a quarter of cases of sepsis after pancreatic resection and
in 12.4% of gastric resections (57). These figures are consistent with those of another
retrospective study on the development of septic shock after digestive surgery, where
Escherichia coli was found in 16.8% of cases (58).

However, cancer is only the third most common relative risk for developing
Escherichia coli bacteraemia (RR: 14.9). Indeed, this relative risk is 26.9 for patients
with renal failure on dialysis and 20.for patients with solid organ transplantation (49).
Escherichia coli sepsis also affects other categories of patients. A retrospective study
carried out in Ireland showed that between 2001 and 2014, Escherichia coli was
involved in 37% of cases of sepsis in pregnant women, a population particularly at
risk, as sepsis accounts for a quarter of maternal deaths in pregnancy (59). Similarly,
neonates are a particularly high-risk patient group. Although Streptococcus B
(Streptococcus agalactiae) is the most frequently implicated germ in newborn sepsis
(38%—-43% of cases), Escherichia coli sepsis is the second most important cause of

mortality (24% of all episodes), being implicated in 24.5% of sepsis-related deaths
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(60). This high mortality is partly explained by the fact that 81% of Escherichia coli
bacteraemias occur in premature infants, who are at greater risk of infection due to

their as yet fragile immunity (61).

Escherichia coli: general information, classification and pathogenicity

Escherichia coli is a Gram-negative commensal bacterium belonging to the
Enterobacteriaceae family, frequently found in the human digestive tract and
representing a large part of the intestinal flora. Certain strains are often found in
human pathologies, particularly in community and nosocomial infections, in a wide
variety of sites, including meningitis, gastroenteritis, and urinary tract infections (62).
These Escherichia coli strains are capable of acquiring virulence factors (adhesins,
capsule, synthesis and secretion of toxins, etc.) which confer their pathogenic power,
as well as antibiotic resistance mechanisms which give them reduced sensitivity to
certain anti-infective molecules (63,64).

In 2016, a classification of Escherichia coli strains into several subclasses was
proposed (65) according to the syndromes they are capable of causing, which
themselves depend on the different virulence factors that the strain may have acquired.
A distinction must be made between enterohaemorrhagic (EHEC), enterotoxigenic
(ETEC), enteropathogenic (EPEC) and enteroinvasive (EIEC) strains, which are
similar to Shigella. These pathogenic strains all have a tropism for the digestive tract
and will cause gastrointestinal manifestations. Commensal strains, on the other hand,
are only rarely pathogenic, in cases of extra-intestinal dissemination linked to
particular circumstances (major immunodepression, abdominal trauma, etc.). Finally,
it is important to distinguish strains that cause extra-intestinal pathogens (ExPEC),
which can reach many organs, but which are often found as commensals of the
digestive tract. These strains have a particular ability to disseminate and survive in a
normally sterile site, leading to colonisation and potential infection in these extra-
intestinal locations.

However, although Escherichia coli is frequently encountered in clinical

practice, very few studies have investigated the mechanisms of Escherichia coli-
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platelet interactions. Despite a growing interest in Gram-negative bacilli, including
Escherichia coli, studies on bacterial interactions leading to platelet activation have
been mainly limited to Gram-positive bacteria, including staphylococci
(Staphylococcus aureus and Staphylococcus epidermidis (66,67)) and streptococci

(Streptococcus sanguinis and Streptococcus gordonii (68,69)).

Platelet-Escherichia coli interactions

Three mechanisms could explain the interaction between bacteria and platelets

(9,70) responsible for platelet activation. Bacteria can bind to platelets via a plasma
protein. This is the case for Staphylococcus aureus and Helicobacter pilori, which
are able to bind to vWF. Bacteria can direct binding to a platelet receptor.
Streptococcus gordonii and Streptococcus sanguinis can directly interact with
Gplb via their Hs antigen. This interaction can also be mediated by secreted
bacterial proteins, i.e., toxins.
When activated, platelets secrete the contents of their granules, which contain more
than 300 molecules (71) including adenosine diphosphate (ADP) and serotonin.
Secreted cytokines and chemokines recruit leukocytes, and secreted antimicrobial
peptides act to kill pathogens. This ability to activate in response to infection thus
gives them the ability to destroy bacteria through bactericidal activity (10). This
demonstrates that their activation and degranulation play an important role in the fight
against infection.

The presence of multiple mechanisms makes it difficult to identify the roles of
different proteins (both bacterial and platelet). This analysis is further complicated by
the fact that interactions are not only species-specific but also strain-specific, as
demonstrated in 2016 by Watson et al. (10,72,73). Some interactions lead to platelet
activation, while others will have no direct effect. One study even highlights the fact
that LPS promotes a dose-dependent decrease in platelet reactivity in response to
certain agonists, notably thrombin or ADP. This inhibition of platelet aggregation
would be due to modifications in the concentration of numerous substances, such as

thromboxane A, or cyclic GMP (74).
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Non-activating interactions are generally of high affinity and probably play a
role in supporting platelet adhesion under the shear conditions encountered in the
circulation (75). Typically, the bacterial proteins involved in adhesion are distinct from
those that induce aggregation. Thus, bacteria can promote platelet adhesion and/or
trigger platelet activation. Platelet activation is characterised by the appearance of or
increase in certain platelet surface markers, or by the secretion of granular content
(CD42b, P-selectin (CD62P) and activated Gpllbllla (CD41)). These markers are most
often detected by flow cytometry, but do not necessarily indicate the formation of a
platelet aggregate (76).

One model in which the relationship between Escherichia coli and platelets has
been well described is haemolytic uremic syndrome (HUS), which is characterised by,
among other things, mechanically induced haemolytic anaemia and thrombocytopenia
due to activation of platelets by altering the vascular endothelium caused by the
production of Shigatoxins (77). Work on the Escherichia coli O111 strain has led to a
better understanding of these interactions. This strain of Escherichia coli O111
producing these Shigatoxins could interact directly with platelets via Toll-like
Receptor 4 (TLR4), leading to an increase in platelet activation markers and the
expression of tissue factor (78). The complement system, as well as variations in the
LPS O antigen, could explain the observed platelet activation (79). However, these
studies did not establish the predominant interaction mechanism for all Escherichia
coli strains, which appears to be strain-dependent. Indeed, the Escherichia coli
O157:H7 strain, which is also responsible for HUS, is thought to induce FcyRIIA
receptor-mediated platelet aggregation rather than TLR4 (80).

Although as early as 1971, a paper demonstrated the ability of Escherichia coli
to induce platelet aggregation (81), it was not until several decades later that the
mechanisms of this platelet aggregation were studied and that some interest was shown
in other strains of Escherichia coli. The study by Watson et al. identified two
important characteristics. The platelet aggregation they are able to induce is dependent
on both the strain involved, as well as the platelet/bacteria ratio, demonstrating that the
concentration of the inoculum also plays an important role. This platelet aggregation

responds to the “all or nothing” law, which means that a given strain will either be able
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to induce significant platelet aggregation or will have no effect. In this study, the key
role of FcyRIIA and integrin allbp3, also known as GplIbllla (72) is also described,
although, as we have seen, these signalling pathways may play a different role
depending on the strains involved. This notion was confirmed by Fejes et al. on the
reference strain K12, which is reported to induce an elevation of the platelet activation
markers P-selectin, CD63, the GPIIbllla activation marker PAC-1, and bound
fibrinogen (82). In the paper by Fejes et al., Escherichia coli strains were classified
according to the structure of their lipopolysaccharide (LPS), specifically lipid A,
which is thought to partly determine their interaction with platelets as well as with
certain immune system cells. Some Gram-negative bacteria have a ‘smooth’ LPS, such
as Escherichia coli O18:K1, while others have a ‘rough’ LPS, such as Escherichia coli
K12 strains (83). Strains with a ‘rough’ LPS would activate a wider spectrum of cells
including macrophages, and with greater efficiency, than strains with a ‘smooth” LPS
(82). Thus, this ability or inability to aggregate platelets could depend on the structure
of the LPS of the Gram-negative bacteria, and their ability or inability to be recognised
by the TLR4 expressed on the surface of platelets. The O antigen may also play an
important role in the recognition of these bacterial patterns by platelets and in the
induction or non-induction of septic shock (79). The serotype of the strain involved in
an infection in human pathology could thus play an important role in the prognosis of
the patient.

The demonstration of TLR expression, particularly TLR4, on the surface of platelets
has confirmed the hypothesis of a role for platelets in the anti-infective response (84).
The interaction between LPS from Gram-negative bacteria and platelets will lead to an
increase in platelet binding to fibrinogen in a possibly TLR4-dependent manner (82).
Another major consequence of the presence of these TLRs on the platelet surface is the
ability of platelets to be sequestered in the lung through their interaction with
neutrophils (22).

The signalling pathways secondary to the interaction between LPS and TLR4 have
been extensively studied to determine whether these receptors were indeed responsible
for the platelet activation observed upon contact with Escherichia coli. The various

platelet TLRs were able to induce, via activation of MyD88 (85,86) leading to
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activation of the PI3K/Akt pathway, leading to platelet activation and subsequent
platelet aggregation. LPS, by interacting with TLR4, would not by itself lead to
platelet activation, but would play a facilitating role in platelet adhesion, in association
with a platelet agonist, and would also promote platelet secretion and aggregation
(86,87). It thus appears that Escherichia coli LPS, depending on the strain used, has a
variable capacity to induce platelet aggregation. Similarly, in addition to its effect on
platelet TLR4, the ability of Escherichia coli LPS to interact with TLR4 of other cell
types could induce the production of extracellular microvesicles with a strong
procoagulant potential, which may partly explain the risk of DIC in infected patients
(88). In addition to being involved in the synthesis of microvesicles, platelets are
capable of internalising their own microvesicles. This ability of platelets to endocytose
microvesicles is thought to be dependent on the TLR4 receptor, and to promote the
development of a prothrombotic state (89). However, platelets are not the only actors
involved in the release of procoagulant microvesicles. The role of monocyte-derived
microvesicles, containing significant amounts of tissue factor, in the development of

thrombotic complications of sepsis has also been demonstrated (90,91).

TLR4 would not recognise LPS from different strains in the same way. Some forms
would be able to bind only the TLR4 receptor, while others would induce the
formation of a TLR4-sCD14 complex, which would involve specific signalling
pathways (92). Since platelets do not produce sCD14, it would be adsorbed onto the
platelet surface from the plasma (93). This effect would be very specific to activation
by LPS and would not be observed with conventional agonists such as TRAP. CD14
plays a critical role in the physiopathology of sepsis. Its inhibition would attenuate the
deleterious responses linked to pro-inflammatory cytokines and reduce the
procoagulant state that accompanies sepsis (94,95).

Knowledge of this second activation pathway by the TLR4-sCD14 complex is
particularly important, since it would lead to the release of CD40L contained in
platelet granules (93) which would be able to induce or promote platelet aggregation,
by having some affinity for integrin allbp3 (96) integrin or by raising thromboxane A,
levels (97). LPS is thought to cross-react with the PAF receptor, PAF-R. PAF is an
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agent capable of causing intense platelet activation and disseminated intravascular
coagulation syndromes very rapidly after injection in mice, leading to the death of the
animal (98). The ability of LPS to induce activation of the PAF-R receptor has been
known for many years. Indeed, LPS increases the expression of PAF-R in vitro, while
potentiating its effect, even if the effects in vivo were more moderate (99).
Furthermore, LPS, in addition to PAF-R-mediated platelet aggregation, is capable of
inducing a tolerance phenomenon and thus of decreasing the response of platelets to
PAF in the event of prior exposure, as well as modifying the expression of certain
genes coding for pro-inflammatory cytokines (100). These different properties of LPS
thus show that bacteria, through their structural proteins, are able to induce a complex
platelet response mediated by numerous signalling pathways. This effect described on
PAF is particularly interesting. Indeed, although the percentage of platelet aggregation
measured by aggregometry decreased in response to antiplatelet drugs, there was still
an ability of platelets to aggregate in the presence of PAF. This residual aggregation is
not observed when platelets are activated by ADP (101).

FcyRITA may also play a role in platelet activation. The anti-infective role of
platelets is thought to be partly dependent on this receptor, their bactericidal activity
being linked to the recognition of IgG deposited on bacteria during opsonisation (101).
Therefore, these IgGs, via the Fc fragment, will be recognised by FcyRIIA and induce
a platelet response capable of killing these bacteria. This FcyRIIA-dependent pathway
is also involved in the platelet aggregation mechanism when platelets are exposed to
bacteria, through the formation of immune complexes (102). Contact of a strain of
Escherichia coli responsible for HUS (O157:H7) with platelets would trigger strong
platelet aggregation, which would be completely inhibited in the presence of an anti-
FcyRIIA (80). In contrast, the aggregation induced by this strain of Escherichia coli is
not dependent on the TLR4 signalling pathway. The multiplicity of platelet activation
mechanisms depending on the Escherichia coli strain testifies to the complexity of the
interactions. Indeed, the mechanism involved seems to vary according to the virulence
factors possessed by the strain. In the study by Watson et al., activation of FcyRIIA

was in close collaboration with integrin-dependent allbB3 signalling involved in
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platelet aggregation induced by some Gram-positive bacteria, notably Staphylococci
9).

Other phenomena have also been highlighted to explain the platelet activation
occurring during sepsis, which would in fact be multifactorial and not solely
dependent on direct activation by bacteria. The appearance of endothelial cell lesions
during sepsis would favour not only inflammatory but also thrombotic phenomena
(20,103). These endothelial lesions can lead to the appearance of platelet activation
signals, which contribute to the phenomenon of aggregation in vivo. Indeed, the
endothelium will interact with certain bacterial structures, leading to its activation, the
release of numerous molecules (pro-inflammation cytokines, chemokines, pro-
coagulant factors) as well as the expression of adhesion molecules (VCAM-I,
PECAM), favouring interactions with the figurative elements of the blood, including
platelets (104). The increase in these interactions, associated with an imbalance in the
anticoagulant and antiaggregant function of the endothelium, would therefore increase
the risk of thrombosis (105).

The anti-infective activity of platelets gives them a bactericidal power, which
can be based on two mechanisms: indirect interaction with immune cells, or direct
secretion by platelets of peptides with antimicrobial activity. -These molecules belong
to the platelet microbicidal peptide (PMP) family (106,107), which includes CXCL4,
CXCL7 (also known as PBP), and CCLS, but also the class of defensins (human -
defensin 2 (BD2)); thymosin B4 (TP4)) and derivative antimicrobial peptides
(thrombocydins, fibrinopeptide A) (108—110). In a recent study, we demonstrated that
the bactericidal activity of platelets was heterogeneous and depended on the
Escherichia coli strain involved: out of ten strains tested, only three induced
bactericidal activity from platelets. Comparison of the genomes of two strains with
different behaviours revealed the existence of differences in the cluster of genes
involved in O antigen synthesis.

Based on our results and the literature, we hypothesised that the structural
variations of LPS could alter the interactions with platelets and lead to a loss of the
ability of platelets to activate and induce a bactericidal response. The loss of this

bactericidal mechanism induced by platelets secondary to a modification of LPS
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would thus be similar to what can be observed during resistance to certain antibiotics
and would rely on the same mechanisms (111). However, few studies have looked at
whether or not there is a link between antibiotic resistance and the ability of strains to
interact with platelets. In our recent publication, we have shown that there appeared to
be no link between colistin resistance and the ability of platelets to induce bacterial
growth reduction using ten Escherichia coli strains (10).

There will, therefore, be a balance between the beneficial and deleterious
effects of platelets during sepsis (112). They will have a direct antimicrobial effect,
tissue repair capabilities and will allow immunomodulation of the immune response as
well as some chemotaxis. However, uncontrolled and disseminated activation can lead
to the aggravation of sepsis, through the thrombotic and haemorrhagic risk that DIC
can induce. The use of molecules capable of reducing this state of platelet

hyperactivation could therefore have a beneficial effect on mortality during sepsis.

Effect of antiplatelets in sepsis

Platelet count is included in the SOFA score and is inversely associated with the
severity of sepsis (113). The severity of thrombocytopaenia is often used to stratify
patients with sepsis and septic shock. In general, 20%—58% of septic patients develop

thrombocytopaenia, of which 10% develop severe thrombocytopaenia (114).

Many mechanisms have been proposed to explain thrombocytopaenia in sepsis.
A combination of several mechanisms remains the most likely hypothesis. Among
other things, immune-mediated platelet activation decreases platelet life span, as
activated platelets are rapidly cleared from the circulation (115). Thus, reducing
platelet activation could be a therapeutic target of interest for the prevention of
morbidity and mortality in affected patients (112). One fairly obvious hypothesis
would, therefore, seem to be that, by reducing platelet reactivity, it would be possible
to reduce their interactions with pathogens and the resulting consequences.
Antiplatelets could, therefore, theoretically play an interesting role in improving the

clinical prognosis during sepsis.
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Several antiplatelet agents (APAs) are available that have a specific action on

one of the platelet activation pathways. The most commonly used APAs are aspirin,
which inhibits the synthesis of thromboxane A, (TxA,), and inhibitors of the P,Y,
pathway (clopidogrel, prasugrel, ticagrelor). Other antiplatelet agents, notably the anti-
Gpllbllla, specifically inhibit platelet aggregation, have more limited indications and
have been little evaluated, to our knowledge, in this indication.
Although many studies have evaluated the potential benefit of APAs in sepsis, the data
of interest were presented in two meta-analyses and one literature review that aimed to
determine whether APA administration had a beneficial effect on reducing the risk of
mortality in sepsis (79, 84-85). The first meta-analysis included 15 studies conducted
between 2011 and 2016, and concluded that there was a reduction in the risk of
mortality of an average of 7%, ranging from 2% to 12% when aspirin was taken before
the development of sepsis (116). The analysis by Ouyang et al., published in 2019,
includes 10 studies, of which four were also analysed by Trauer et al. (117).

In both meta-analyses, the authors point to significant heterogeneity between
studies. Indeed, although the results presented for each study were those of the subset
of patients with sepsis, some of the studies included in these meta-analyses not only
looked at cohorts of patients with sepsis, but also examined the effect of aspirin on the
development of acute respiratory distress syndrome (ARDS) (118,119) or acute
community-acquired pneumonia (120,121). Similarly, some studies looked at the
effect of long-term aspirin use on the development of the acute episode, while others
assessed its effect on mortality during hospitalisation. However, the benefit of the
administration of APAs and aspirin in particular is retained by these two meta-
analyses.

A review of the literature published in 2018 by Wang et al. (122) includes eight
retrospective studies conducted between 2012 and 2016. Some of these conclude that
there is a reduction in mortality when aspirin is taken in the ICU (120,123), while
others do not show statistically significant benefits (124). Conversely, only one study
showed an increased risk of developing severe sepsis in the ICU for patients who are

given aspirin (125).
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The two meta-analyses (116,117) would therefore be in favour of a beneficial effect of
aspirin in terms of mortality, whereas the review of the literature by Wang et al. is
more reserved as to the conclusions of the effect of aspirin (122).

It is important to note that these clinical studies on the effect of APAs do not
assess their potential benefit in relation to the bacterial species responsible for the
septic condition. Some studies that have looked specifically at the Staphylococcus
family have shown that aspirin and ticagrelor have a greater effect on Staphylococcus
sanguinis than on Staphylococcus aureus (126). The effect of antiplatelet agents
therefore appears to be variable depending on the bacterial species.

The retrospective study by Osthoff et al. is unique in that it only looked at the
effect of aspirin in sepsis caused by Staphylococcus aureus in hospitalised patients
with or without long-term low-dose aspirin therapy (127). Interestingly, the control
population consisted of patients with Escherichia coli sepsis. The results indicated a
significant reduction in mortality with aspirin in the Staphylococcus aureus sepsis
group. In the Escherichia coli sepsis group, no reduction in mortality was observed
with aspirin use. However, they did not necessarily attribute this result to treatment
failure but to a much lower mortality rate than in the Staphylococcus aureus group,
with a lack of statistical power to assess this parameter (127). In view of these data, it
1s difficult to confirm a possible beneficial role for aspirin in Escherichia coli sepsis.

However, a 2017 randomised study looked at the effect of antiplatelets when
healthy subjects were given purified LPS from Escherichia coli O:113 (128). Taking
aspirin for seven days before the administration of LPS would lead to an increase in
the inflammatory response, by increasing the production of pro-inflammatory
cytokines without, however, affecting the production of anti-inflammatory cytokines.
However, dual therapy, with the addition of a P,Y,, inhibitor, reduces TNF-a
production to levels comparable to those observed with placebo without, however,
reducing the production of other pro-inflammatory cytokines. Platelets could therefore
play a role in modulating the inflammatory response, in addition to their direct
bactericidal effect, which could be modified by the administration of antiplatelets, and
in particular aspirin. One of the reasons for the variability of the platelet response upon

contact with different bacterial strains may be the affinity of the binding to TLR4 and
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the formation of the TLR4-sCD14 complex. Antiplatelets will also play an important
role in this signalling pathway. sCD40L, released from platelet granules, is able to
induce an increase in the secretion of thromboxane A,, and to potentiate the capacity
of platelets to aggregate. Aspirin intake would inhibit this thromboxane A, secretion
without affecting CD40L levels, thereby fully or partially suppressing the potentiating
effect of platelet aggregation in response to low doses of thrombin or collagen (97).
Aspirin is also thought to inhibit the phosphorylation of Myosin Light Chain (MLC), a
protein involved in modifying the actin cytoskeleton structure of platelets, allowing
them to remain in a resting conformation. CD40L levels in patients treated with
different antiplatelet agents, shows that CD40L levels are indeed not significantly
altered when taking aspirin, but that these levels are lowered when taking a P,Y,
inhibitor (129). A decrease in the membrane expression levels of P-selectin and
GpllIbllla was also observed (130).

In sepsis, CD40L has been used as a possible marker of platelet activation being
statistically higher in a group of patients admitted to intensive care compared to a
control group (131). These results confirm that sCD40L could be an important
prognostic marker in sepsis, with not only increased levels in septic patients, but also a

significant association with mortality (132).

Although the vast majority of studies on the effect of antiplatelets in sepsis have
focused on the effect of aspirin and P2Y12 ADP receptor inhibitors, other molecules
with a different mechanism of action could play an interesting role. This is particularly
the case with inhibitors of the PAR-1 (Protease-activated Receptors) to thrombin, such
as vorapaxar and atopaxar, which are still in development (133), and which would
therefore make it possible to obtain a reduction in thrombotic events secondary to
thrombin-related platelet activation, without any consequence on normal haemostasis.
However, although there are few data on the effect of these two molecules during
sepsis, it was shown in a randomised double-blind trial that vorapaxar was able to
induce a decrease in certain coagulation markers, notably the concentration of
prothrombin F1+2 fragments and thrombin-antithrombin complexes (TAT) after

injection of LPS into healthy subjects (134). This molecule was also capable of
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inducing a decrease in the levels of antigenic Willebrand factor (vVWF: Ag) and certain
pro-inflammatory cytokines, notably TNF- and IL-6. Vorapaxar would therefore have
a beneficial effect during sepsis, not only by reducing platelet activation, but also by
its ability to act on other cell types. Monocytes play a fundamental role in the
activation of coagulation during sepsis, notably through the significant release of tissue
factor (TF), which is thought to be secondary to the activation of PAR-1 receptors on
their surface (135,136). If we look more specifically at the effect of these PAR-1
inhibitors during an Escherichia coli infection, we find a study that was particularly
interested in the effect of one of these molecules, SCH79797, which not only induces
an intense formation of NETSs, but also has a direct antibiotic effect against the outer
membrane of Escherichia coli (115). However, these effects would not be found with

vorapaxar, and would therefore not be dependent on PAR-1 inhibition.

Conclusion

The interaction between platelets and bacteria is a complex mechanism, varying
according to the species, and even according to the different strains belonging to the
same species. This is the case for Escherichia coli. Some strains show low levels of
interaction with platelets and induce platelet aggregation with a low probability.
Conversely, other strains, recognised with greater affinity by certain platelet receptors,
may expose the patient to an increased thrombotic risk, due to their ability to induce
platelet aggregation.

Antiplatelets may play an important role in the management of sepsis, particularly in
Escherichia coli. However, although the use of this class of drugs in this indication has
been widely published, almost none of these studies have evaluated the benefit of
antiplatelet drugs in sepsis according to bacterial species.

In order to assess the pro-aggregation potential of Escherichia coli strains, the
determination of specific markers present on Escherichia coli would allow the
prediction of the capacity of this strain to interact with platelets. Thus, with regard to

the potential role of the O antigen in these reactions, its in-silico serotyping would
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allow the rapid determination of the serotype of the strain involved from the FASTA
sequencing data (137,138).

The ability or inability to induce platelet aggregation for each of these strains could
also be evaluated in vitro, in order to identify the strains and serotypes with a strong
capacity to activate platelets. The identification of these strains would allow a more
precise identification of the signalling pathways involved in platelet activation but
would also make it possible to test each of the antiplatelet agents in order to assess
which molecule is able to act in an optimal way to reduce platelet reactivity during
sepsis.

Clinical studies are also needed to confirm the various results obtained in vitro, and to

evaluate the clinical efficacy of antiplatelets in real-life conditions.
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Figure Legends

Figure 1: Platelet-endothelium and platelet-neutrophil interactions.

Endothelial activation in response to infection induces platelet activation which in turn
activates neutrophils through various signalling pathways.

CXCLA4: platelet factor 4; PSGL-1: P-selectin glycoprotein 1; E-selectin: endothelial selectin.

Diagram created on biorender.com using SMART (Servier Medical Art).

Figure 2: Platelet response to LPS recognised (A) or not recognised (B) by CD14.

Upon full recognition of the LPS from the Escherichia coli strain, TLR4 will be able to
complex with CD14 of soluble origin and be captured by platelets. This mechanism will result
in the release of sSCD40L present in platelet alpha granules, capable of activating GplIbllla
and responsible for platelet aggregation. Diagram created on biorender.com; sCD40L: soluble
CD40L

Figure 3: Summary of intra-platelet signalling pathways secondary to interaction with
Escherichia coli.

Depending on the strain involved, the signalling pathways involved in triggering platelet
activation and aggregation may be different.

TLR4: Toll-like Receptor 4, PAF-R: Receptor of Platelet Activating Factor, FcyRIIA: Platelet
Fcy receptor, Akt: protein kinase B, PLA2: phospholipase A2, PLC: phospholipase C, p-LAT:
phospho-LAT, PKC protein kinase C

Diagram created on biorender.com.

Table legends

Table 1 - Summary of data available in the literature concerning interactions between
bacteria and platelets
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Table 1

Strains Platelet receptor Reference
involved
Ol111 TLR4 (77)
O157:H7 FcyRITA (80)
TLR4
0157 CD62 (139)
. FcyRITA
Escherichia coli CFT073 (06:HI) olIbP3 integrin (72)
RS218 FcyRITA (72)
(O18:H7:K1) olIbP3 integrin
- - (25), (82),
K12 C600 o163 intcgrin (86). (140),

(141)

Ol111:B4 TLR4 (140)

055 TLR4 (86)

olIbp3 integrin
Staphylococcus aureus GPIbo. (9,70)
Staphylococcus . :
lugdunensis olIbP3 integrin (9,70)
Streptococcus pneumoniae TLR2 (9,70)
Helicobacter pylori vWF (9,70)
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Préambule

Bien que E. coli soit impliqué dans des infections graves au cours desquelles des
phénomeénes d’immunothromboses sont décrits, les phénomeénes d’agrégation plaquettaire
induits par des bactéries sont principalement étudiés sur bactéries a Gram-positif, dont les
staphylocoques tels que Staphylococcus aureus et Staphylococcus epidermidis et les
streptocoques tels que Streptococcus sanguinis et Streptococcus gordonii (58,59). Tres peu de
travaux in vitro ont caractérisé le potentiel pro-agrégant d’un large panel de souches de E. coli.

Le but de notre étude était d'étudier l'agrégation plaquettaire médiée par 10 souches de
E. coli en utilisant cinq souches résistantes a la colistine provenant d'isolats cliniques et cinq
souches de référence, sensibles a la colistine. La capacit¢ de ces dix souches a induire
l'agrégation plaquettaire a ¢été évaluée par deux méthodes complémentaires : la
spectrophotométrie et la microscopie confocale. L'effet AAP a été évalué sur les souches qui
induisaient I'agrégation plaquettaire.

Nos résultats démontrent que parmi les dix souches testées, a trois concentrations
bactériennes différentes, seulement quatre d’entre elles étaient capables d'induire une
agrégation plaquettaire significative. Cette agrégation est concentration dépendante pour trois
souches. Seule la souche J53 induit une agrégation significative avec les trois concentrations
bactériennes testées. Nous avons émis 1’hypothése que cette différence de réponse est due a la
structure des antigénes-O différents. L’analyse in silico des différents sérotypes de 1’antigéne-
O montre que deux souches ayant le méme sérotype présentent les mémes profils d’agrégation.
De maniere intéressante, bien que les souches apparentées J53 et K12 présentent le méme
sérotype, elles ont des effets inverses sur 1'agrégation plaquettaire. La souche J53 induit une
forte agrégation plaquettaire, qui n'est pas retrouvée avec la souche K12. Ce comportement
opposé de ces souches serait la conséquence de la délétion de 1'¢lément mobile IS5 dans le gene
wbbL de la souche J53 lui permettant d'exprimer un antigéne-O fonctionnel.

L’analyse par microscopie confocale révele de nombreux agrégats contenant des
bacilles avec les souches qui induisent une forte agrégation plaquettaire. Ces observations
confirment les résultats obtenus par spectrophotométrie. A 1’inverse, le nombre de bacilles
observés est plus faible en présence des souches qui n'induisent pas d'agrégats plaquettaires
comme observé par spectrophotométrie.

L'évaluation de l'effet des AAP sur l'agrégation a été¢ principalement réalisée sur la
souche E. coli J53, responsable d’une forte agrégation plaquettaire. Le traitement des plaquettes

avec un AAP n’inhibe pas complétement la capacité des plaquettes a s'agréger. L’association
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de ces deux molécules ne permet pas d’obtenir un effet synergique, et ne présenterait pas de
bénéfice par rapport a I'utilisation de ticagrelor seul. Cette persistance de 1’agrégation pourrait
étre due au mécanisme d’activation des plaquettes par des voies de signalisation non classiques.
Le TLR-4 serait capable de reconnaitre le LPS de différentes souches de maniére hétérogéne.
Certains LPS se lierait de maniere exclusive au TLR-4, tandis que d’autres seraient capable
d’induire le recrutement a partir du plasma de CD14 soluble (sCD14) et d’induire la formation
d’un complexe TLR-4-sCD14-LPS, mettant en jeu des voies de signalisation spécifiques
aboutissant a la libération de CD40L soluble (sCD40L) (60,61). Le CD40L soluble (sCD40L),
libéré a partir des granules plaquettaires en réponse a cette stimulation par le complexe TLR-4-
sCD14-LPS (61), est capable d’induire une augmentation de la sécrétion du thromboxane
(TxA2) (62), et de potentialiser la capacité des plaquettes a s’agréger en se liant a I’intégrine
allbB3 (63), expliquant la persistance d’une agrégation plaquettaire qui court-circuite les voies
classiques d’agrégation ciblées par 1’aspirine et les inhibiteurs de P2Y12. Lorsqu’on s’intéresse
aux niveaux de CD40L chez les patients traités par différents antiplaquettaires, les taux CD40L
ne sont effectivement pas significativement modifiés par la prise d’aspirine, alors que ces taux
sont abaissés lors de la prise associée d’inhibiteur de P2Y12 (64). Cette différence pourrait
expliquer pourquoi le ticagrelor permet une meilleure réduction de 1’agrégation plaquettaire.
Nos travaux démontrent que le profil d’agrégation plaquettaire induit par les souches
d’E. coli serait indépendant de 1’état de résistance a la colistine mais serait sous la dépendance
de la structure du LPS. Les AAP testés permettent de diminuer I’agrégation plaquettaire

observée induite par certaines souches sans 1’inhiber totalement
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Abstract

Background: Despite the ability of Escherichia coli to induce platelet activation and
aggregation, the mechanisms of this interaction are still not clearly established. The aim of
our study was to investigate platelet aggregation mediated by Escherichia coli strains and the
effect of antiplatelet drugs in this phenomenom.

Materials and methods: Ten Escherichia coli strains were used, five colistin-resistant strains
from clinical isolates, and five reference strains, sensitive to colistin, available in the CSUR
collection of the IHU Mediterrannée Infection. The ability of these ten strains to induce
platelet aggregation was evaluated by two complementary methods: spectrophometry and
confocal microscopy. The effect of antiplatelet drugs was evaluated on the strains responsible
for platelet aggregation.

Results: Among the ten strains tested, only four have induced a significant aggregation. This
variability observed in aggregometry was found in confocal microscopy. Four strains were
able to induce the formation of large platelet aggregates in which the bacilli are found. In
presence of the other strains, platelets had remained in a non-activated state despite the
proximity to the bacteria. Treatment of platelets with an antiplatelet agent did not completely
suppress the platelet aggregations.

Conclusion: Aggregation induced by Escherichia coli is strain and concentration dependent.
These differences in behavior are most likely related to differences in the structure of the LPS

of the bacteria, and in particular the O antigen.
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Introduction

In addition to their action in haemostasis, platelets play a major role in the anti-infective
response, as a result of an interaction between bacteria and platelets. These interactions can
trigger platelet activation, leading to the release of granular contents and the secretion of
molecules with multiple roles: direct bactericidal effect, chemotaxis, leukocyte-platelet
interaction.... The ability of platelets to interact with bacteria involves several types of
mechanisms that vary according to the bacterial species. Indeed, platelets are equipped with
numerous receptors, such as TLR-4 (1) which allow them to recognise certain bacterial
motifs, and more particularly in the case of gram-negative bacilli, to interact with
lipopolysaccharide (LPS) (2). Escherichia coli is a Gram-negative commensal bacterium,
belonging to the Enterobacteriaceae family, which is very frequently found in the human
digestive tract and represents a large part of the intestinal flora. Certain strains are often found
in human pathology, particularly in community and nosocomial infections, such as
meningitis, gastroenteritis, urinary tract infections, etc. (3). Escherichia coli strains are
capable of acquiring virulence factors (adhesins, capsule, synthesis and secretion of toxins,
etc.) which give them pathogenic power, as well as mechanisms of resistance to antibiotics
which give them reduced sensitivity to certain anti-infectious molecules (4,5). Resistance to
colistin, although rare in Escherichia coli, results, for the most part, from the acquisition by
horizontal transfer of a gene from the mcr family, and more particularly mcr-1 (6) which
modifies the structure of lipid A of LPS. This LPS structure of colistin-resistant Escherichia
coli strains could modify the interactions between these pathogens and platelets.

Although Escherichia coli is frequently encountered in clinical practice, studies of
interactions leading to platelet activation have focused on Gram-positive bacteria, including
staphylococci (Staphylococcus aureus and Staphylococcus epidermidis (7,8)) and streptococci
(Streptococcus sanguinis and Streptococcus gordonii (9,10)), very few studies have looked at
the mechanisms of interactions between Escherichia coli and platelets.

The aim of our study was to investigate platelet aggregation mediated by Escherichia coli
strains. In this study, ten Escherichia coli strains were used, five colistin-resistant strains from
clinical isolates, and five reference strains, sensitive to colistin, available in the CSUR
collection of the IHU Méditerranée Infection. We evaluated the ability of these ten strains to

induce platelet aggregation by two complementary methods: spectrophometry and confocal

112



64
65
66

67
68

69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

87
88
89
90
91
92
93
94
95

microscopy. The effect of anti-platelet drugs was evaluated on the strains responsible for

platelet aggregation.

Materials and methods

1. Preparation of platelet-rich plasma (PRP)

Blood samples were collected in citrated tubes from healthy volunteers, not taking antibiotics
or antiplatelets for 10 days, by venipuncture at the elbow. Platelet-rich plasma (PRP) was
obtained by slow centrifugation at 200 rpm for 10 minutes, according to ISTH
recommendations (11). Platelet count measurement of PRP was systematically performed
using two methods: impedance plus hydroelectric focusing and flow fluorocytometric
measurement (Sysmex XN-1000). Patients with platelet counts below 150 G/L in their PRP
were excluded. PRPs with platelet counts above 450 G/L were diluted with 0.9% NacCl to
bring the platelet concentration down to 400 G/L. After this step, platelet function studies
were systematically performed on PRP samples by platelet aggregation in response to several
agonists (TRAP, ADP, epinephrine, arachidonic acid), according to international
recommendations (11). Our aim was to detect possible drug-induced thrombopathy or platelet
pre-activation related to the pre-analytical steps, thus eliminating false activation.

PRP could also be pre-incubated in solutions containing antiplatelet agents: aspirin
(Kardegic®, Sanofi-Aventis, France) at a final concentration of 2mM by successive dilutions,
ticagrelor (Brilique®, AstraZeneca, Sweden) at a concentration of 10 uM, or a combination of

both molecules.

2. Characterisation of Escherichia coli strains

The Escherichia coli strains used were from the collection of the IHU Méditerranée Infection
(Collection des souches de 1'unité des Rickettsies, CSUR, Marseille, France). The bacteria
were identified by mass spectrometry (MALDI-TOFF, Bruker, Germany). All strains were
cryopreserved at -80°C in cryopreservation systems. Ten strains were used from clinical
isolates (LH1, LH30, RER60/Q1065, PIA61/Q1066, SEF62/Q6269) or reference strains
(ATCC11303, K12, J53, ATCC25922, BL21DE3). Strains were plated on Columbia blood
agar enriched with sheep blood (COS, Biomérieux, France) and placed in an oven at 37°C for

24 hours. Solutions were then prepared by diluting colonies from the cultures in 0.9% NaCl.
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The target concentrations we used were 10, 12 and 15 McFarland, which were measured
using a densitometer (BioSan® DEN-1B). For each strain, the MIC of colistin was

determined by microdilution method according to EUCAST recommendations (Table 1).

3. Measurement of platelet aggregation after incubation with Escherichia coli
strains

Platelet aggregation was measured by spectrophotometric measurement at 740nm on an
APACT® 4004 (Elitech, France). 180n L of platelet-rich plasma (PRP) were mixed with 20
pL of bacteria and agitated at 900 rpm at a temperature of 37°C. Data acquisition was
performed for 1200 seconds. Platelet poor plasma (PPP) was also prepared by rapid
centrifugation at 1100g for 10 minutes and used to adjust the 100% aggregation. The
aggregation capacity of the bacteria was measured by the maximum aggregation percentage,
calculated by the following formula: (light transmission before addition of bacteria - light
transmission after addition of bacteria) x 100. Two control conditions were systematically
performed, one in the presence of 20 uL of 0.9% NacCl, and the other in the presence of 10
uM TRAP (Thrombin Receptor-Activating Peptide, STAGO® , France).

4. Sequencing of strains, in-silico serotyping and determination of bacterial
virulence genes

For seven of the ten strains used (ATCC25922, ATCC11303, K12, J53, BL21 DE3, LH1 and
LH30), the genomes were already available and published on the National Center for
Biotechnology Information (NCBI) database. For the other three strains (Q1065, Q1066 and
Q6269), pangenome sequencing was performed by Illumina MiSeq pair sequencing. The
determination of ORFs (Open Reading Frame) was performed by PROKKA software using
the default parameters. The pangenome sequencing data was then processed by Roary
software which performed the alignment and comparison of the pangenomes of the different
strains.

From the sequencing data obtained, FASTA files were used to determine the serotype of
Escherichia coli strains in-silico. Two software programs were used to ensure concordance of
the results. The genomes were first processed by the ECTyper software, available since 2021
(12). The results obtained were then compared to those returned by the SeroTypeFinder
module of the Center for Genomic Epidemiology (CGE) (13). The CGE VirulenceFinder

module also allowed us to determine in-silico, from the bacterial genomes, the different
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129  virulence factors specific to each strain. In order to obtain the mapping of the genes of the
130 different strains, we used the Genome Browser function of the EcoCyc database (ecocyc.org),
131  which allows us to obtain the relative positions of each of the genes within the Escherichia
132 coli genome and to identify the presence of inserted elements within the genome (14).

133

134 5. Studies of interactions between Escherichia coli strains and platelets by

135 confocal microscopy

136  After 24 hours of culture on Columbia blood agar enriched with sheep blood (COS,

137  Biomérieux, France), Escherichia coli solutions containing a bacterial concentration equal to

138 2 McFarland were prepared. Two protocols were tested in parallel.

139 e Protocol 1: Immunostaining on slide. Bacteria were contacted with PRP containing
140 250 G/L platelets for 220 seconds, which corresponds to the average response time
141 observed in aggregation for strain J53. The mixture was then fixed in 4%
142 paraformaldehyde (PFA) for 15 minutes and rinsed in PBS for 5 minutes. The mixture
143 was then placed on a glass slide to be incubated for 30 minutes with a fluorescent
144 DNA marker for bacterial identification (Hoechst 33342 Solution (20 mM), Thermo
145 Scientific, dil 1:1000), as well as phalloidin for platelet actin labelling (Alexa Fluor™
146 488 Phalloidin, Invitrogen, dil 1:500). This labelling step was followed by rinsing in
147 PBS and then distilled water for 5 minutes. The coverslip was then mounted, with the
148 purified water deposit serving as the mounting medium. Reading was performed on a
149 Zeiss LSM800 confocal microscope at different magnifications.
150 e Protocol 2: Suspension immunostaining. Bacteria were incubated for 30 minutes with
151 a fluorescent DNA marker (Hoechst 33342 (20mM) solution, dil 1:1000). They were
152 then contacted with PRP containing 250 G/L platelets for 220 seconds. The mixture
153 was then fixed in 4% PFA for 15 minutes and rinsed in PBS for 5 minutes. A second
154 marker, phalloidin, for platelet actin labelling (Alexa Fluor™ Phalloidin 488, dil
155 1:500) was then added to the platelet-bacteria mixture, rinsed for 5 minutes in PBS
156 and then distilled water. The labelled platelet-bacteria mixture was then placed in a
157 Cytospin® device to be spread in a standardised manner on a glass slide (900 rpm for
158 10 minutes, low acceleration). Finally, the slide mounting step took place, with
159 deposition of a mounting medium containing purified water. The reading was
160 performed on a Zeiss LSM800 confocal microscope at different magnifications.
161
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6. Statistical study

Statistical analysis was performed using GraphPad Prism 9. Statistically significant
differences were highlighted using unpaired Student's t-tests with a significance level of
p<0.05. A normality test was also applied when analysing the effect of antiplatelets. A
normality test was also applied when analysing the effect of antiplatelets. The samples

followed a Gaussian distribution verified by the Shapiro-Wilk test (p>0.05).

Results

1. Identification of platelet aggregation inducing Escherichia coli strains

For the ten Escherichia coli strains tested, platelet aggregations were performed on 5 PRP
samples from different healthy donors. As shown in figure 1A, only 4 strains were able to
induce platelet aggregation above 40% at 15 McF (ATCCI11303, J53, BL21 DES3,
ATCC25922, SEF62). Only the J53 strain induced platelet aggregation above 40% at all three
concentrations of Escherichia coli tested. In contrast, the effect was dose dependent, with a
significant increase in the mean aggregation percentage as the bacterial concentration
increased for strains ATCC11303 (19.85%, 10 McF vs 45.24%, 15 McF, p<0.05) and BL21
DE3 (26.02%, 10 McF vs 60.50%, 15 McF, p<0.05). In primary analysis, there was a
statistically significant difference for strain ATCC11303 at the two lowest concentrations
(19.85%, 10 McF vs. 34.42%, 12 McF, p<0.05), as well as results close to significance for
strain BL21 DE3 between 12 McF and 15 McF (41.03%, 12 McF vs. 60.50%, 15 MCcF,
p=0.052) The colistin-resistant strain SEF62 showed moderate platelet aggregation, exceeding
40% aggregation only at the two highest bacterial concentrations (10 McF: 32.2%, 12 McF:
40.6%, 15 McF: 44.4%, not significant).

Thus, platelet aggregation is observed in both colistin-sensitive and colistin-resistant strains.
The ability of strains to aggregate platelets is therefore not dependent on colistin resistance. It
is interesting to note that K12, J53 and BL21 DE3 all show different aggregation profiles,

despite the fact that the latter are mutant strains derived from the reference strain K12.

2. Determination of virulence factors and in-silico serotyping
In order to identify the mechanisms that could explain the differences in aggregation profile

observed between Escherichia coli strains, strains were sequenced. The analysis of the results
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obtained did not reveal any genes of interest shared by the strains showing similar behaviour
(figure 2).

The virulence factors carried by the different strains were determined by in-silico sequencing
from the FASTA data. Similarly, no common virulence factor for all strains inducing platelet
aggregation could be identified by the bioinformatics prediction software, among the 44
virulence factors identified on the 10 Escherichia coli strains (figure 3).

However, despite the absence of a common virulence factor to explain the heterogeneity of
the results obtained in aggregometry, it was identified in some strains (ATCC11303,
ATCC25922, BL21DE3, PIA61/Q1066, SEF62/Q6269) the presence of a gene family called
kps, which would play a role in the formation of a capsule (K antigen) around the bacterium,
thus capable of modifying the interactions between platelet receptors and LPS (table 2, figure
3).

3. O antigen serotyping of Escherichia coli strains

Based on these results, we investigated the structures present on the bacterial surface that
might be able to modify the interactions between platelets and bacteria, and more particularly
LPS. We therefore performed in-silico serotyping of the ten strains of interest based on
FASTA sequencing data. We were particularly interested in determining the type of O
antigen, the outermost part of the LPS, and the H antigen, which characterises the type of
flagellum possessed by the bacteria. As shown in Table 3, strains BL21 DE3 and ATCC11303
have an O7 antigen and show relatively similar platelet aggregation profiles. The
SEF62/Q6269 strain, which also shows significant platelet aggregation (Figure 1A), expresses
a different O serotype to the previous two strains. Strains LH1, LH30, RER60/Q1065 and
PIA61/Q1066, which do not induce platelet aggregation, all express different O serotypes
(Table 3). Strains J53 and K12 share the same O16:H48 serotype, despite the fact that they
have opposite abilities to induce platelet aggregation: strain J53 induces strong platelet
aggregation, which is not found with strain K12.

The difference in behaviour between these two strains, which are genetically close as one is
derived from the other, was further explored. The GenomeMapper of the EcoCyc database
(ecocyc.org) allowed us to search for the genes involved in the biosynthesis of the O antigen
and LPS. We found that the wbhbL gene, predicted to play an important role in the biosynthesis
of the N-terminal fragment of LPS, had a mobile element called IS5 inserted in its sequence,

rendering it non-functional (figure 4). This strain is therefore unable to synthesise an O-
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antigen, and therefore shows changes in the structure of LPS that cannot be predicted in-
silico. From these observations, our secondary hypothesis is that the ability of a strain to
induce platelet aggregation is therefore dependent on the type of O antigen present in the LPS

of each bacterium.

4. Study of platelet-bacteria interaction by confocal microscopy and

determination of signalling pathways

a - Validation of immunostaining protocols

The two immunolabelling protocols (solution labelling and deposition by Cytospin® system
vs. slide labelling and manual deposition on a glass slide) were compared to determine which
one provided the best characterisation of platelet-bacteria interactions. Both protocols resulted
in satisfactory platelet labelling, with complete labelling of the actin cytoskeleton, indicating
good intra-platelet penetration of the marker (Figure 5). Bacteria were also satisfactorily
labelled.

However, the images obtained by the two protocols showed significant differences. Labelling
on the slide allows the observation of spontaneous colocalisation between platelets and
bacteria, illustrating their ability to interact and induce platelet activation. However, due to the
low number of platelets and bacteria present on the slide, this type of labelling does not allow
the analysis of the structure of the aggregates obtained with certain strains.

Solution labelling and deposition using the Cytospin® system allows all the elements to be
concentrated on a smaller surface. This technique allows the observation of a larger number
of elements of interest, but loses the ability to conclude passive colocalisation of bacteria and
platelets. Platelet morphology is also less accurate and may be altered during centrifugation.

However, analysis of aggregate structure is still possible.

b - Determination of interaction profiles by confocal microscopy
Several parameters were studied in order to determine the interaction profile of each strain
with platelets. For each of the strains, the following was investigated:

- The presence of free Escherichia coli bacilli on the slide

- The existence of activated platelet morphology in platelet-bacterial colocalisation

images
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- The presence of aggregates containing both platelets and bacteria, and if present, the

location of the bacteria within the aggregate

The presence of colocalisation could indicate the presence of an interaction between these two
elements. Colocalisation was defined in our case as the superposition between two elements
with different labelling, possibly within a cluster of platelets (Figures 5 and 6). We therefore
performed a semi-quantitative approach by looking for the presence of colocalisation images
between the two markings, indicating a direct interaction between platelets and bacteria.

Numerous aggregates containing bacilli were observed with strains ATCC11303 and
BL21DE3. These observations confirm the results obtained by spectrophometry. Although
strain J53 induced a very significant aggregation, the microscopy images showed a lower
number of aggregates than those observed for the previously mentioned strains. In addition,
the number of bacilli observed is also smaller. Strains ATCC25922 and K12 do not induce
platelet aggregates as observed by spectrophotometry. Results are pending for strains

PIA61/Q1066, RER60/Q1065 and SEF62/Q6269. All results are summarised in Table 4.

5. Study of the effect of antiplatelets and aggregation mechanisms
The effect of antiplatelet agents was studied on the J53 strain inducing the most platelet
aggregation. The effect of two antiplatelet agents was analysed: aspirin, an inhibitor of
thromboxane A; synthesis, and ticagrelor, an inhibitor of the P2Y 12 receptor to ADP.
Pre-treatment of platelets with aspirin (2mM) statistically significantly decreases platelet
aggregation regardless of the concentration of J53 strain used (10 McF: 85.09% vs 40.38%,
p<0.05; 12 McF: 87.07% vs 61.38%, p<0.05). Similar results were obtained with ticagrelor
(10 McF: 85.09% vs 14.67%, p<0.05; 12 McF: 87.07% vs 39.10%, p<0.05). Although not
significant, the decrease was greater with ticagrelor than with aspirin (figure 7).
However, treatment of platelets with an antiplatelet agent does not completely suppress the
ability of platelets to aggregate. It should be noted that the reduction in aggregation under
antiplatelet therapy appears to be inversely proportional to the bacterial concentration, but not
statistically significant (Aspirin: 40.38% (10 McF) vs 61.38% (12 McF), p=0.17; Ticagrelor:
14.67% (10 McF) vs 39.10% (12 McF), p=0.13).

The effect of dual therapy with aspirin and ticagrelor was investigated to determine
whether a synergistic action was observed compared to the use of ticagrelor alone.

Surprisingly, the use of dual therapy did not significantly reduce platelet aggregation in J53
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(10 McF: 23.68% vs 23.40%; 12 McF: 42.37% vs 38.06%) compared to ticagrelor alone
(figure 7). Thus, platelet aggregation persists regardless of the antiplatelet treatment used,

with greater aggregation as the bacterial concentration increases.

Discussion

Our results therefore show that aggregation induced by Escherichia coli is strain-dependent
but also concentration-dependent. This variability observed in aggregometry is found in
confocal microscopy. Some strains are able to induce the formation of large platelet
aggregates in which the bacilli are found. With other strains, the platelets will remain in a
non-activated state despite the proximity to the bacteria. These differences in behaviour are
most likely related to differences in the structure of the LPS of the bacteria, and in particular
the O antigen.

Watson et al. demonstrate in a small number of Escherichia coli strains that platelet
aggregation induced by two strains, CFT073 and RS218, is strain dependent, one strain being
able to induce rapid and potent aggregation, while the other will have no effect, and also
concentration dependent, with the platelet/bacteria ratio playing a role in the maximum
percentage of aggregation achieved (15).

However, the initial assumption that there was a link between colistin resistance of a bacterial
strain and its ability to induce platelet aggregation was thus invalidated, as we observed
platelet aggregation with both colistin-susceptible and colistin-resistant strains (Figure 1A).
The analysis of the different pangenomes allowed us to determine whether certain strains
possessed genes that could code for proteins capable of inducing platelet activation. Some are
already known for other bacterial species, such as clumping factor A (clf4) from
Staphylococcus aureus (16) capable of binding fibrinogen and inducing platelet aggregation.
However, we did not identify any virulence factors that could explain the differences
observed (Table 2). Based on the study of virulence factors and serotypes of the different
strains used, as well as the aggregometry and microscopy results, we hypothesise that
the interaction between platelets and bacteria depends on the structure of the LPS and
in particular on the O antigen present on its surface.

The serotyping results also drew attention to two strains that are genetically very similar: the
K12 strain and one of its derived mutant strains, J53, which have opposite properties on
platelet aggregation. As previously demonstrated, strain K12 is unable to present a functional
O antigen, due to the insertion of a mobile element, IS5, in one of the genes involved in O

antigen biosynthesis, the wbhbL gene (Figure 4) (17-19). From this reference K12 strain
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(substrain MG1655), a mutant K12 strain (substrain W3110) was developed by transposing a
gene cluster called /b, to which the wbbL gene belongs. It was shown that this mutant K12
strain W3110 is capable of expressing a functional O antigen, serotype O:16 (20). Strain J53
is also derived from the reference K12 strain, but spontaneously has a deletion of the mobile
element IS5 in the wbbL gene, allowing it to express a functional O (21). This difference in
LPS structure between two strains with opposite behaviour is the basis for our hypothesis that
the serotype of the strains and more specifically the O antigen plays an indispensable role in
the interaction with platelets. This hypothesis is also reinforced by the fact that it has been
shown that platelets are able to express TLR-4 on their surface, which is involved in the
recognition of LPS (22) recognition, and that this TLR-4-mediated signalling pathway is
capable of inducing platelet aggregation (23).

Several interaction profiles between platelets and bacteria can therefore be determined, based
on the results obtained not only by aggregometry but also by confocal microscopy. These
interaction profiles would depend, as mentioned before, on the structure of the LPS and more
precisely on the type of O antigen present on the surface of gram-negative bacilli. Indeed, any
modification of the LPS structure could therefore lead to a loss of recognition of the bacterial
outer membrane by this TLR-4, giving rise to heterogeneous platelet responses as we have
observed here. The establishment of these aggregation profiles of the different strains could
play an important role in the prognosis of the patient, making it possible to identify the strains
most at risk of inducing platelet activation and therefore the patients with an increased risk of
developing a thrombotic event. This work should be carried out in parallel with the
determination of the serotypes of the Escherichia coli strains most frequently involved in
bacteremia and sepsis, data for which some recent retrospective studies have already been
carried out, which demonstrate that certain serotypes are frequently isolated, in particular
serotype O:25 (24,25). These articles echo a previous publication, which already in 2002
demonstrated the capacity of certain LPS with particular serotypes to induce a more important
transformation into septic shock than others, when these LPS were injected into mice, and
could thus lead to a higher mortality rate (26).

Knowledge of these aggregation profiles could play an important role in determining which
serotypes are at greatest risk of developing a thrombotic event, where the use of an
antiplatelet agent may be of interest. As we have observed, the effect of ticagrelor appears to
be superior to that of aspirin. The combination of these two molecules does not provide a
synergistic effect, and would not be of benefit compared to the use of ticagrelor alone.

However, the use of antiplatelets, despite a significant decrease in the percentage of maximal
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aggregation, does not completely eliminate the ability of platelets to aggregate in the presence
of certain strains, notably J53. This persistence of aggregation could be due to the mechanism
of activation of platelets by bacteria, which would call upon non-classical signalling
pathways. Indeed, it has been shown that TLR-4 is able to recognise LPS from different
strains in a heterogeneous manner. Some LPS would bind exclusively to TLR-4, while others
would be able to induce the recruitment from plasma of soluble CD14 (sCD14) and induce
the formation of a TLR-4-sCD14-LPS complex, involving specific signalling pathways
leading to the release of soluble CD40L (sCD40L) (27,28). Soluble CD40L (sCD40L),
released from platelet granules in response to this stimulation by the TLR-4-sCD14-LPS (28)
complex, is able to induce an increase in the secretion of thromboxane A»(29) and potentiate
the ability of platelets to aggregate by binding to integrin allbB3 (30)integrin, explaining the
persistence of platelet aggregation that bypasses the classical aggregation pathways targeted
by aspirin and P>Y12 inhibitors. When looking at CD40L levels in patients treated with
different antiplatelet agents, CD40L levels are indeed not significantly altered when taking
aspirin, but are lowered when taking a P.Y12 inhibitor (31). This difference could be the
reason for our results, explaining both why ticagrelor provides a better reduction in platelet
aggregation and the failure of dual therapy with aspirin and ticagrelor compared to ticagrelor

alone.

Conclusion

Our work shows that the platelet aggregation profile induced by Escherichia coli strains is
independent of the colistin resistance state but is dependent on the structure of the LPS.
Antiplatelet drugs allow the observed platelet aggregation induced by certain strains to be
reduced without completely inhibiting it. In order to better understand these mechanisms, we
propose to pursue this work through several complementary approaches:

- the study of the structure of the membrane of bacteria by electronic microscopy

- O antigen detection by microscopy (using a fluorescent O antigen marker)

- the study of signalling pathways leading to activation and therefore to platelet

aggregation, in particular the Akt pathway.

In perspective, our objective is to characterise in a prospective study the Escherichia coli
strains identified in bacteremia and to correlate their profile with the clinical outcome of the

patients.
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Figure legends

Figure 1 - A: Platelet aggregation induced by Escherichia coli strains at 10 McF (black), 12
MCcF (grey) or 15 McF (white). N = 5 for each strain and bacterial concentration. *: p<0.05 in

adjusted analysis; **: p<0.05 in primary analysis.

B: Example of aggregation results obtained with strains LH30 and BL21 DE3. The BL21
DES3 strain induces moderate platelet aggregation at all three concentrations, after a lag time
of approximately 400 seconds. TRAP is used as a positive control and spontaneous

aggregation as a negative control. 1

Figure 2- Comparison of different pangenomes obtained by NGS sequencing. All ten strains

show a low level of clusterisation.

Figure 3: Heatmap of the 44 virulence factors identified in the different Escherichia coli
strains. No common virulence factors inducing platelet aggregation could be identified for all

strains

Figure 4: Comparison of the structure and biosynthesis of the O antigen of strains K12 and
J53. Strain K12 does not have a functional O antigen, secondary to the presence of a mobile

element, IS5, inserted into the wbbL gene involved in O antigen synthesis.

Figure 5: Images of colocalisation (A, C) or lack of colocalisation (B) between the two labels
(x63 objective, mosaic images). The presence of bacteria within a smooth looking aggregate
is noted for the BL21 DE3 strain (C) (x63 immersion lens). The colocalisation results

observed seem to be consistent with the results found in aggregometry.

Figure 6: Confocal microscopy images of aggregates with a very heterogeneous appearance
depending on the strain (x63 immersion objective).

A and B: Absence of platelet aggregates in response to strain ATCC 25922.

C: Presence of numerous small aggregates in response to J53. There is a change in the general

appearance of the platelets in response to this strain.
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D and E: Presence of large aggregates in response to ATCC 11303 (Z-stack) and BL21 DE3
(3D rendering, obtained by orthogonal projection). Some bacilli are visible in the middle of
the aggregate, but also outside.

F: Presence of large aggregates in response to strain LH30. No bacteria are visible outside

these structures.

Figure 7: Effect of antiplatelet agents on aggregation induced by Escherichia coli strain J53
in the presence of aspirin (white), ticagrelor (grey), dual therapy with aspirin + ticagrelor
(barred) or without antiplatelet therapy (black). Statistical significance: * = p<0.05 in adjusted

analysis, ** = p<0.05 in primary analysis. N = 5 for each condition

Table legends

Table 1- Origin and sensitivity of the Escherichia coli strains used.

MIC = minimum inhibitory concentration

Table 2: Example of in-silico prediction result for virulence factors of Escherichia coli

SEF62. The function of each gene is also predicted.

Table 3: Results of serotyping data using the ECTyper in-silico prediction program, allowing

determination of the O and H antigens carried by each Escherichia coli strain

Table 4: Summary table of the results obtained by in-silico serotyping, aggregometry and
microscopy with the 10 Escherichia coli strains. Two strains with the same serotype appear to

have similar profiles. EC: In progress
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489 Table1

490
Souches
CMI colistine Sensibilité a la Mécanisme de
d’Escherichia Origine
(mg/L) (32) colistine résistance (32)
coli
LH1 Humaine 7,8 Résistant Gene mcer-1
LH30 Humaine 3,9 Résistant Géne mcer-1
Humaine Mécanisme
PIA61/Q1066 7,8 Résistant )
(prélévement rectal) inconnu
Humaine
Mécanisme
RER60/Q1065 (prélévement 3,9 Résistant )
inconnu
pharyng¢)
Mécanisme
SEF62/Q6269 Humaine (urine) 3,9 Résistant ]
inconnu
ATCC25922 | Souche de référence 0,97 Sensible
ATCC11303 | Souche de référence 0,48 Sensible
K12 Souche de référence 1,95 Sensible
Souche de référence )
J53 0,97 Sensible
(mutant de la K12)
Souche de référence )
BL21 DE3 0,97 Sensible
(mutant de la K12)
491
492
493
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494
495

496
497

Table 2

Virulence_SEF62

Database Virulence factor Identity Query/Template length Contig Position in contig Protein function Accession number
virulence_ecoli ‘ air 95.48 4606 / 4605 NODE_8_length_225858_cov_19.9126  115175..119780 Enteroaggregative immunoglobulin repeat protein CP003034
virulence_ecoli ‘ chuA 99.95 1983 /1983 NODE_10_length_197674_cov_19.6138 178465..180447 Outer membrane hemin receptor UGFM01000001
virulence_ecoli ‘ eilA 99.18 1698 / 1698 NODE_8_length_225858_cov_19.9126  127797..129494 Salmonella HilA homolog FN554766
virulence_ecoli \ gad 98.86  875/1401 NODE_52_length_875_cov_28.9318 1..875 Glutamate decarboxylase CuU928162
virulence_ecoli ‘ kpsE 99.83 1149 /1149 NODE_1_length_506624_cov_19.0891  155161..156309 Capsule ide export il protein 1
virulence_ecoli \ kpsMII_KS 1000  777/777 NODE_1_length_506624_cov_19.0891  142545..143321 Polysialic acid transport protein; Group 2 capsule UGCHO01000001
virulence_ecoli l SitA 100.0 915/915 NODE_2_length_323237_cov_17.9383  240071..240985 Iron transport protein ADTMO01000098
virulence_ecoli | terC 99.02 714/714 NODE_1_length_506624_cov_19.0891  321269..321982 Tellurium ion resistance protein CP000468
virulence_ecoli ‘ terC 98.54 959 / 966 NODE_11_length_180785_cov_19.0791 6481..7439 Tellurium ion resistance protein MG591698
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500
501

Table 3

Escherichia coli strains O-type H-type Serotype GeneCoverages(%) Agrégation
BL21DE3 o7 - o7:- 100;100; +
Escherichia_coli_ATCC_11303 | O7 - o7:- 100;100; +
Escherichia_coli_ATCC_25922 | O6 H1 06:H1 100;100;100; -
J53 016 H48 016:H48 | 100;100;100; +++
K12MG1655 016 H48 016:H48 | 100;100;100; -
LH1 0174 | H2 0174:H2  100;100; -
LH30 08 H4 08:H4 100;100;100; -
RER60/Q1065 09 H25 09:H25 | 100;100;100; -
PIA61/Q1066 025 H4 025:H4 | 100;100;100; -
SEF62/Q6269 0175 | H15 0175:H15 100;100; +

135

26



502
503

504

Table 4

Bacilles
Agrégats Bactérie
Souche libres Aspect de
plaquettaire s dans
d’Escherichia | Sérotype | Agrégométrie | visibles en plaquette .
sen es
coli microscop s activées
. microscopie agrégats
ie
LH1 O174:H2 - ++ +/- - +/-
LH30 0O8:H4 - - ++ +/- ++
PIA61/Q1066 | O25:H4 - EC EC EC EC
RER60/Q1065 | O9:H25 - EC EC EC EC
SEF62/Q6269 | O175:H15 + EC EC EC EC
ATCC25922 0O6:H1 - ++ - +/- -
K12 - :H48 - + - +/- -
JS3 016:H48 ++ + +/- ? +
ATCC11303 O7:- + ++ + ++ ++
BL21 DE3 O7:- A 4= + ++ ++
27
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Conclusion et perspectives

Les travaux présentés dans cette thése ont pour objectif de participer a la compréhension
des mécanismes d’interaction entre les plaquettes et E. coli et a identifier les conséquences de
cette interaction sur les plaquettes, mais aussi sur les bactéries.

Les conclusions des travaux précédemment disponibles dans la littérature sur ce théme
reposent classiquement sur un nombre restreint de souches. Notre analyse bibliographique nous
a permis de démontrer que les conclusions obtenues étaient souvent contradictoires. Ce travail
inaugural nous a aidé a établir notre modele d’étude. Nous avons systématiquement utilisé un
large panel de souches qui étaient soit des souches de laboratoire et soit issues d’isolats
cliniques pour mettre en exergues les différences de réponses.

Nous avons démontré que D’interaction entre les plaquettes est E. coli est
bidirectionnelle. Les bactéries peuvent induire une activation plaquettaire voire une agrégation,
et les plaquettes a leur tour relarguent des molécules granulaires qui peuvent tuer les bactéries.
En revanche, les conséquences de ces interactions différent entre les souches testées. A notre
connaissance, nous sommes les premiers a démontrer une différence de comportement en
fonction des souches, en utilisant un nombre de dix souches avec des profils différents.
Certaines souches induisent une activation plaquettaire et d’autres non. Ces différences
s’illustrent principalement dans la croissance bactérienne. Les résultats du premier travail
(article 2) montrent que la diminution de nombre de colonies d’E. coli en présence de plaquettes
est liée au phénoméne d’activation plaquettaire. Plus les bactéries induisent une activation,
moins les bactéries sont présentes apres leur incubation avec les plaquettes. Ces observations
nous ont montré que I’activité bactéricide des plaquettes est d’origine sécrétoire et qu’elle est
dépendante du niveau d’activation. La différence de comportement des souches d’E. coli vis-a-
vis des plaquettes a été analysée par comparaison génomique. Cela ne nous a pas permis
d’identifier le géne ou le groupe de genes originaire de cette différence. Néanmoins, en en se
basant sur les données de la littérature, nous nous sommes intéressées a deux souches
apparentées mais qui présentent des profils opposés. Nos résultats ont démontré le rdle de
I’antigéne-O dans ces interactions. En effet, la présence ou I’absence de 1’antigene-O explique
que le LPS soit de type rugueux ou lisse. Cette différence pourra influencer la réponse des
bactéries et des plaquettes lors de leur interaction. Nos résultats démontrent en revanche que
ces différences de comportement sont indépendantes de la résistance ou de la sensibilité a la

colistine.
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L’analyse par SEM des préparations plaquettes-E. coli a permis d’expliquer les
différences de réponse observées précédemment. Effectivement, 1’aspect des préparations
plaquettes-E. coli est principalement li¢ au niveau d’activation. Les souches qui n’activent pas
les plaquettes se trouvent avec un nombre important cote a cote des plaquettes et celles qui
induisent une activation modérée se trouvent mélangés avec les plaquettes. En revanche, les
souches qui induisent une forte activation se trouvent piégées a l’intérieur du magma
plaquettaire qui est le contenu relargué des granules lors d’une activation. Nous pouvons donc
émettre I’hypothése que certaines souches d’E. coli en cas de bactériémie sont détruites par les
plaquettes. L’ensemble des résultats de ce premier axe, nous ont apporté un gain considérable
d’information sur I’interaction et ses conséquences entre les plaquettes et E. coli, a savoir
I’activation et la bactéricidie.

Le second axe de notre travail concerne I’agrégation plaquettaire induite par les souches
d’E. coli. L’évaluation a été faite en utilisant les souches testées précédemment avec des
concentrations bactériennes croissantes.

Certaines souches présentent de faibles niveaux d’interaction avec les plaquettes et
induisent une faible agrégation plaquettaire. A I’inverse, d’autres souches induisent une forte
agrégation plaquettaire. Nos résultats démontrent que 1’agrégation est indépendante des profils
de résistance a la colistine. Ce phénomene d’agrégation est donc variable et également
principalement souche-dépendant. Nous émettons 1’hypothése que la capacité des souches a
induire une agrégation est liée aux sérotypes de I’antigene-O et a sa fonctionnalité. Cette
hypothese est appuyée :

e Premicrement, par le fait que certaines souches, qui présentent le méme
sérotype, induisent le méme profil d’agrégation

e Deuxiemement par le fait qu'un méme sérotype associé a un antigéne-O
fonctionnel ou pas présente les profils d’agrégation différents.

Les phénomenes d’agrégation, en situation de bactériémie, peuvent exposer les patients
a un phénoméne d’immunothrombose. Ainsi, les antiplaquettaires pourraient jouer un rdle
important dans la prise en charge du sepsis, et particuliecrement a E. coli. Cependant, aucune
¢tude clinique n’a évalué le bénéfice des antiplaquettaires dans le sepsis en fonction de I’espece
bactérienne. Dans ce travail, nous avons évalué in vitro 'effet de deux molécules
antiplaquettaires testées seules et combinées sur 1’agrégation induite par une souche de
référence. Le traitement des plaquettes par les agents antiplaquettaires, les plus fréquemment

prescrits, diminue la capacité des plaquettes a s'agréger sans l'inhiber totalement. De plus, la
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bithérapie ne réduit pas I’agrégation de maniére significative. Ces résultats suggerent la mise
en ceuvre d’autres voies d’activation plaquettaire lors de ces interactions.

Cette thése a permis pour la premiere fois d’étudier I’interaction bidirectionnelle entre
les plaquettes et un large panel de souches d’E. coli. Cependant, nos travaux soulévent
¢galement de nombreuses questions et plusieurs approches complémentaires pourraient étre
envisagées (figure 2).

Nos résultats démontrent I’activité bactéricide des plaquettes sur certaines souches de
E. coli, nous proposons de caractériser les PMPs impliquées dans ces phénomeénes par
spectrométrie de masse dans un premier temps mais également par séquengage. Cela nous
permettra de comprendre le mode d’action de ces PMPs et d’évaluer leurs effets sur les souches
cliniques.

A propos des mécanismes d’activation et d’agrégation plaquettaire, nous proposons
d’étudier :

e Les voies d’activation plaquettaire mises en jeu lors de I’interaction avec les
différentes souches, notamment la voie Akt.

e L’action d’autres agents antiplaquettaires notamment les anti-GPIIbllla
(tirofiban).

Au regard des phénomenes d’immunothromboses décrits lors des bactériémies a E coli,
les conséquences de ces interactions sur ’activité procoagulante des plaquettes n’ont pas
¢tudiées. Nous proposons de rechercher 1’expression de facteur tissulaire (FT) par les plaquettes
par immunomarquage mais également de procéder a des tests globaux tels que la génération de
thrombine a partir des mélanges plaquettes-E. coli.

Enfin, dans le cadre d’une étude clinique prospective chez les patients présentant un
sepsis a E. coli, il serait utile de caractériser les souches isolées a partir des hémocultures.
L’objectif de notre équipe serait de corréler 1’évolution des patients aux caractéristiques des
souches en réalisant :

e Leur sérotypage, en étudiant notamment [’antigéne-O, sa présence et sa
fonctionnalité
e Une description de la surface des souches par microscopie électronique

e Leur profil d’agrégation et leur réponse en présence d’agents antiplaquettaires.
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Figure 2 : Schéma récapitulatif des perspectives abordées
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