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Résumé 

 

Bien que le rôle des plaquettes dans les mécanismes de l’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 espèces bactériennes, ces interactions vont induire une 

activation plaquettaire responsable du relargage du contenu des granules plaquettaires. Ces 

molécules présentes dans les granules plaquettaires possèdent 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 thèse, nous nous sommes intéressés à l’étude de l’interaction 

bidirectionnelle entre les plaquettes et des souches d’E. coli. Notre revue de la littérature a eu 

pour objectif de faire l’état de l’art des connaissances actuelles sur les interactions entre les 

plaquettes et E. coli et leurs conséquences à la fois sur l’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 à induire in vitro une activation plaquettaire mais également leur 

sensibilité à l’activité bactéricide des plaquettes. Nous avons rapporté que cette interaction est 

souche dépendante. Elle pourrait être influencée également par la structure du 

lipopolysaccharide. De manière 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. 
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Le second axe de notre travail de thèse a eu pour objectif de caractériser les mécanismes 

d’agrégation plaquettaire induite par E. coli. Le sepsis est, dans ses formes sévères, associé à 

des complications thrombotiques qualifiées d’immuno-thrombose, dans lesquelles les 

plaquettes jouent un rôle majeur. Nous avons fait une synthèse des connaissances actuellement 

disponibles sur les mécanismes d’agrégation plaquettaire au décours des sepsis à E. coli et une 

actualisation des effets des antiplaquettaires dans ces circonstances pathologiques.  

En parallèle, nous avons caractérisé la capacité de dix souches d’E. coli à induire in vitro 

une agrégation plaquettaire. Ce mécanisme est comme l’activité bactéricide, souche-dépendant. 

Cette agrégation plaquettaire est réduite par un traitement antiplaquettaire sans cependant 

l’inhiber complètement. Ces résultats suggèrent 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 
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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 rôle dans 

l’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 à un récepteur plaquettaire ou iii) la sécrétion de protéines 

bactériennes, c’est-à-dire de toxines, qui vont pouvoir interagir avec les plaquettes. Les 

mécanismes d’interaction dépendent de l’espèce 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 possèdent une activité bactéricide, et des 

chimiokines qui vont être impliquées pour recruter d’autre cellules immunitaires (8–10). Cette 

capacité d’activation en réponse à une infection leur confère donc la possibilité de détruire les 

bactéries grâce à une activité bactéricide. Ceci démontre que leur activation et leur 

dégranulation jouent un rôle important dans la lutte anti-infectieuse (2,6,11).  

La présence de mécanismes multiples dans ces interactions rend difficile l’identification 

des rôles des différentes protéines (tant bactériennes que plaquettaires). Cette analyse est encore 

plus compliquée par le fait que les interactions sont non seulement spécifiques de l’espèce mais 

aussi de la souche, comme le démontre notamment en 2016 Watson et al (12–14). Typiquement, 

les protéines bactériennes impliquées dans l’adhésion sont distinctes de celles qui induisent 

l’agrégation. Ainsi, les bactéries peuvent favoriser l’adhésion plaquettaire et/ou déclencher 

l’activation plaquettaire qui se caractérise par l’apparition ou l’augmentation de certains 

marqueurs de surface plaquettaires (P-sélectine (CD62P) et GpIIbIIIa (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 l’interaction des plaquettes avec les bactéries Gram-positif (3,16–19). En 

revanche, peu de données sont disponibles sur les bactéries à Gram-négatif à 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 à la famille des 

entérobactéries, retrouvée très fréquemment dans le tractus digestif de l’être 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 très variées : méningites, gastro-entérites, infections urinaires… (20,21).  

La plupart des travaux étudient l’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 l’objet 

de nombreuses études. Une activation plaquettaire est observée, conséquence de l’activation de 

l’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 l’intermédiaire du récepteur toll like-4 (TLR-4), entrainant 

une augmentation des marqueurs d’activation plaquettaire et l’expression du facteur tissulaire 

(23). En revanche, la souche d’E. coli O157 :H7, induit une agrégation plaquettaire médiée par 

récepteur FcγRIIA indépendamment du TLR-4 (24).  

Des souches d’E. coli ou leurs lipopolysaccharide (LPS) purs sont capables d’induire 

une activation plaquettaire avec l’implication des récepteurs plaquettaires comme le TLR-4 et 

le FcγRIIA. 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 à la fois de la 

souche impliquée, ainsi que du ratio plaquettes/bactéries présent. La concentration de 

l’inoculum joue aussi un rôle important. Ces interactions reposent principalement sur le 

FcγRIIA et l’intégrine αIIbβ3 (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 être expliquée par le fait qu’en fonction 

de l’antigène-O, les souches d’E. coli possèdent deux formes du LPS, rugueux (LPS-R) ou lisse 

(LPS-L). Ainsi, cette capacité ou non à faire agréger les plaquettes pourrait donc dépendre de 

la structure des LPS et de leur capacité ou non à être reconnus par le TLR-4 exprimé à la surface 

des plaquettes. Ainsi, l’antigène-O pourrait également avoir un rôle important dans la 

reconnaissance de ces motifs bactériens par les plaquettes et dans l’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 contrôlée et disséminée peut conduire à l’aggravation du sepsis, qui peut 

induire une coagulation intravasculaire disséminée (CIVD), responsable d’un risque 

thrombotique mais aussi hémorragique. Ces observations nous conduisent à réfléchir à 

l’utilisation des agents antiplaquettaires (AAP) au cours de sepsis qui diminuerait la réactivité 

plaquettaire délétère 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 délétères des 

plaquettes au cours des infections, notamment le sepsis (29).  

Nos travaux de thèse se sont intéressés aux interactions bidirectionnelles entre les 

plaquettes et des souches d’E. coli. En effet, nous avons étudié en parallèle 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 synthèse 

des données obtenues à partir des études expérimentales et cliniques sur l’action d’E. coli sur 

l’activation plaquettaire d’une part, mais également et sur l’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 à 

étudier la capacité bactéricide des plaquettes sur la croissance de différentes souches d’E. coli. 

Nous avons réalisé cette étude 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 à la colistine différents. Cet axe a nécessité la maitrise de 

plusieurs méthodologies, notamment la coculture des bactéries et les plaquettes pour évaluer 

l’effet des plaquettes sur la croissance bactérienne, la cytométrie en flux pour mesurer 

l’expression du marqueur d’activation plaquettaire, l’analyse du pangénome et enfin la 

microscopie électronique à balayage et à transmission pour visualiser les agrégats plaquettaires 

induites par E. coli (Figure 1). 

En évaluant l’interaction bidirectionnelle entre les plaquettes et E. coli, nous avons 

démontré une variabilité de réponse des souches. Certaines souches peuvent induire une 

activation plaquettaire. A l’inverse, certaines souches n’induisent aucune d’activation 

plaquettaire. Nous avons également démontré que l’activité bactéricide des plaquettes est liée 

au niveau d’activation, ce qui est corrélé avec les résultats de microscopie. L’aspect des 

agrégats, l’état de l’activation ainsi que l’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 à 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-à-vis des plaquettes. Nos résultats suggèrent la présence ou absence de 

l’antigène-O au niveau du LPS pourrait être un facteur de variabilité. Cette hypothèse est 

appuyée par le fait que les plaquettes peuvent interagir avec E. coli à travers le couple TLR4-

LPS (Article 2 et 3).  

Dans le second axe, nous nous sommes intéressés à la capacité des souches d’E. coli à 

induire une agrégation plaquettaire et à l’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 à E. coli, ainsi qu’une 

actualisation des effets des antiplaquettaires dans ces circonstances pathologiques (Article 4).  

L’article 5 avait pour objectif d'étudier l'agrégation plaquettaire induite par des souches 

d’E. coli. Dans cette étude, les dix souches d’E. coli précédemment décrites. Nous avons évalué 

la capacité de ces dix souches à 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 l'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 à 

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 l'agrégation plaquettaire 

observée induite par certaines souches sans l'inhiber complètement (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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Figure 1 : Schéma récapitulatif des techniques utilisées dans nos travaux de thèse. 
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Chapitre I : Revue de la littérature 
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Préambule 

 

Bien que de nombreuses études se soient intéressées à l’interaction entre les plaquettes 

et les bactéries, peu de données sont disponibles sur l’E. coli. L’objectif de cette revue, est de 

faire une synthèse des études expérimentales disponibles sur la relation bidirectionnelle entre 

les plaquettes et E. coli.   

Nous nous sommes intéressés principalement à l’activation et l’agrégation plaquettaire 

induites par E. coli, ainsi qu’à la capacité des plaquettes à inhiber la croissance des bactéries.  

Afin de comprendre les mécanismes d’interaction, nous avons analysé les données des 

études faites sur les principaux pathovars d’E. coli, y compris les pathovars 

entérohémorragiques (EHEC) qui sont impliqués dans le SHU et qui secrètent la Shiga toxine 

ainsi que d’autre souches cliniques et de laboratoire. Notre analyse met en évidence le rôle 

majeur de deux récepteurs plaquettaires : TLR-4 et FcγRIIA. Ces éléments jouent un rôle clé 

dans la reconnaissance, la liaison et l’activation des plaquettes.  

Les résultats de cette analyse bibliographique, ont montré que l’interaction plaquettes-

E. coli est à double sens (30–35). Les conséquences des interactions entre les plaquettes et les 

différentes souches d’E. coli induisent des effets très 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'antigène-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 être un facteur 

de variabilité.  

L’effet d’E. coli sur les plaquettes doit être 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 même dans les études réalisées sur une souche identique (26,27,36). 

L’implication de multiples récepteurs plaquettaires doit également être 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

hypothesize that the structure of O-antigen and an eventual resistance to antibiotics might explain

this difference.

Keywords: Escherichia coli; platelets; LPS; PMP

1. Introduction

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 FcγRIIA, glycoprotein (GP)
αIIbβ3, GPIbα, 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 (InPEC) 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
O157: 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
(Stx), inducing damage to the vascular endothelium, mainly intestinal, renal and cerebral,
whose stx genes have been transferred by bacteriophages [18].
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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 (ExPEC) 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-β 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, FcγRIIA 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 FcγRIIA in the body, containing
1000 to 4000 copies of this type of receptor [35]. Platelets, through the FcγRIIA 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 FcγRIIA [34]. FcγRIIA is also implicated in
signaling being an adapter protein for the platelet integrin αIIbβ3 [34]. Arman et al. have
shown that, in addition to the role of FcγRIIA in the initiation of platelet activation after
having been involved in the oppsonization of bacteria, the secretion of alpha and dense
granules dependent on FcγRIIA and integrin alpha IIb-beta 3 (αIIbβ3) is also important
for triggering bacterial aggregation [36]. αIIbβ3, in turn, is also able to stimulate platelet
aggregation after being bound to soluble fibrinogen [34]. Regarding E. coli, the role of
FcγRIIA 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,
Stx2d, 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 A1 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 FcγRIIA 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 IIIa. 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 FcγRIIA [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 FcγRIIA-dependent [55]. It could therefore be
hypothesized that TLR4 is involved in activation phenomena. On the other hand, FcγRIIA
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 GPIIb/IIIa, 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].

Ståhl et al. compared the effect of four pure LPSs of different serotypes (O157:H7,
O103: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
Strain
Origin

Platelet Form Reported Interaction Result Platelet Receptor Involved Reference

CFT073
RS218

Pyelonephritis and
bacteremia

Neonatal meningitis
PRP Activation and aggregation FcγRIIA and αIIbβ3 [56]

K12 Non pathogen PRP Activation and dense granule release GPIIb/IIIa [53]
O18:K1 Pathogen PRP - - [53]
O111 EHEC PRP Activation TLR4 [54]

O157:H7 EHEC PRP Aggregation αIIbβ3/ Fc [55]

(B) E. coli LPS Effect on Platelet Activation and Aggregation

O111:B4 EHEC PRP - - [57]
O111:B4,

O55:B5 and O127:B8
EHEC PRP

Activation
Alpha and dense granule secretion

CD14, TLR4/MD2 and
MyD88

[31]

O157:H7 EHEC
PRP, WP

No aggregation - [55]

O103, O111, O121,
O157O111:B4

EHEC
Non-EHEC

PRP, WP Activation and fibrinogen binding GPIIb/III [39]

LPS Not mentioned
PRP
WP

- - [58]

(-): No reported interaction consequence, PRP: Plasma Rich Platelets, WP: Washed Platelets. FcγRIIA: Fragment
crystallizable gamma Receptor, αIIbβ3 or GPIIb/IIIa: 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, Ståhl 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, CXCL7 (also known as PBP) and CCL5); defensins (e.g.,
human β-defensin 2 (BD2)); thymosin β4 (Tβ4); 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]

ML35 Laboratory Purified peptides from WP +
pH = 5.5

Peptides concentration
[71]

K-12 WT Laboratory WP − - [62]
KPM53

KPM121
Laboratory WP +

FcγRIIA and chemokine
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, FcγRIIA: 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 FcγRIIA-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-α 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 FcγRIIA; (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,

vWF: 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, FcγRIIA: 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
FcγRIIa in platelet aggregation induced by Gram-positive and Gram-negative bacteria,
FcγRIIa could be an interesting drug target for conditions such as sepsis.
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Préambule 

 

Dans ce chapitre, nous nous sommes intéressées à l’action bactéricide des plaquettes sur 

dix souches d’E. coli. En effet, les plaquettes peuvent être considérées comme des cellules de 

défense contre les agents pathogènes 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 à la suite d’une activation 

plaquettaire, induite par des agents pathogènes lors d’une infection. Selon leur localisation, 

deux types de molécules plaquettaires pourraient être distinguées, les molécules granulaires et 

extra-granulaires. Les chimiokines comme le facteur plaquettaire-4 (PF-4) et CCL5, les 

thrombocidines 1-2 et la thymosine β4 (Tβ4) sont stockées dans les granules alpha (8–10), 

tandis que les β-défensines humaines- 1, 2 et 3 (HβD-1,2 et 3) sont indépendantes du processus  

de dégranulation (35,38,39). Ces HβDs représentent une sous-famille importante des PMPs qui 

tuent les microbes en détruisant leurs membranes cellulaires sans l'utilisation du système 

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 grâce aux molécules antimicrobiennes sécrétées à la suite de l'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 l’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 première a pour objectif d’évaluer 

l’effet antibactérien des plaquettes sur plusieurs souches d’E. coli, soit isolées à partir des 

échantillons cliniques soit des souches de laboratoire. Ces souches ont des profils sensibles ou 

résistantes à la colistine. La seconde partie a été consacrée à l’évaluation de l’effet de ces 

différentes souches sur l’activation plaquettaire.   

Nos résultats ont démontré que la capacité antibactérienne des plaquettes est 

principalement souche-dépendante. En effet, après 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. À l’opposé, la croissance des autres souches est 

augmentée après l’incubation avec les plaquettes. Ces souches sont dites plaquettes-résistantes. 

En parallèle, 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. À l’inverse, d’autres souches n’ont aucun un effet significatif sur l’activation. Nos 

résultats ont démontré que l’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 à 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 variabilité de réponse, nous avons réalisé une analyse 

génomique afin de rechercher une éventuelle similarité de séquence entre les souches qui ont 

le même profil vis-à-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 été démontré que la forme du LPS pourrait 

être 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 synthèse de l’antigène-O entre deux souches 

apparentées mais ayant des profils différents, a montré qu’une modification génétique pourrait 

causer un défaut d’expression de l’antigène-O et donc un comportement différent vis-à-vis des 

plaquettes.   

En conclusion, nos travaux ont évalué l'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 l'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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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 GPIbα [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 GPIbα [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 FcγRIIA without the involvement of
TLR4 [19,20]. In contrast, Matus et al. demonstrated that platelet activation is dependent
on TLR4 but without FcγRIIA 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 ⇥ 109/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 ⇥ 108 CFU
(Colony Forming Unit)/mL for flow cytometry and 3 ⇥ 108 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

Strain
Origin O-Antigen Type

Colistin Resistance
Mechanism

MIC References

IHU clinical isolates

LH 1 Human O174 mcr-1 gene 7.8 mg/L [25]

LH 30 Human O8 mcr-1 gene 3.9 mg/L [25]

Q1066 Human O25 Unknow mechanism 7.8 mg/L Unpublished

Q1065
Human

(Pharyngeal swab)
O9 Unknow mechanism 3.9 mg/L Unpublished

Q6269 Human (urine) O175 Unknow mechanism 3.9 mg/L Unpublished

Laboratory strains

ATCC 25922 Reference strain O6 - 0.97 mg/L [26]

ATCC 11303 Reference strain O7 - 0.48 mg/L [27]

K12 Human - - 1.95 mg/L [28]

J53
Laboratory mutant

of K12
O16 - 0.97 mg/L [29]

BL 21 DE3
Laboratory mutant

of K12
O7 - 0.97 mg/L [30]

2.3. Analysis of Platelet Activation by Flow Cytometry

The washed platelets were used at a concentration of 2.5 ⇥ 109/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 µL,
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 µL, 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®,
Asnières, France) (10 µM), 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)
⇥ 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⇥ g, 5000⇥ g and 5000⇥ g; ten minutes each) and the super-
natant was recovered and filtered (0.22 µm), 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 (n = 5 for each strain: p = 0.0036,
<0.0001 and 0.0017 for ATCC11303, BL21DE3 and J53, respectively, paired Student’s t-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 (n = 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 J53 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 µL, 3 ⇥ 108 CFU) were

added to platelets (180 µL, 4 ⇥ 109/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 t-test.

*: p < 0.05, ** and ##: p < 0.01, ***: p < 0.001, ####: p < 0.0001.

41



Biomedicines 2022, 10, 1533 6 of 12

Ctr - Plt J53 Ctr + Ctr - Plt J53 Ctr +
0

1

2

3

4

5

10

20

30

40

C
o

lo
n

y
 n

u
m

b
e
r 

BL21 ATCC 11303

##

#

#

#

A)

# #

Ctr - Plt J53 Ctr + Ctr - Plt J53 Ctr + Ctr - Plt J53 Ctr +
0

1

2

3

4

5

10

20

30

40

C
o

lo
n

y
 n

u
m

b
e
r

K12 ATCC25922 Q1065

*

*

**
ns

**

*

B)

* ns ns

Figure 2. Effect of platelet supernatant on the growth of E. coli strains. Bacteria (20 µL, 3 ⇥ 108 CFU)

were added to filtered supernatant (180 µL) and incubated together at 37 �C for four hours while being

rotated. (A) Supernatant effect of E. coli platelet-sensitive strains BL21DE3 and ATCC11303 (n = 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
Strains

Mean SD
of Plt-E. coli

p-Value
Plt-E. coli Compared to Plt

p-Value Summary of Plt-TRAP
Compared to Plt

ATCC11303 124.9 ± 14.3 0.007 **

J53 190.7 ± 40.5 0.017 **

BL21DE3 134.5 ± 22.5 0.026 **

K12 106.3 ± 4 0.024 **

ATCC25922 109.1 ± 5.4 0.019 **

LH1 104.2 ± 17.9 - **

LH30 96.5 ± 7.4 - **

Q1065 99.4 ± 9.4 - *

Q1066 102.3 ± 7.8 - *

Q6269 100.4 ± 9 - *

Plt: Platelets alone (100%). Plt-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) × 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 IS911, IS4 family transposase IS4), 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).

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 Cieślik-
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 rfb 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 J53
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 phénomènes d’activation et d’agrégation plaquettaire constituent les principales 

conséquences de l’interaction entre les plaquettes et les bactéries. En effet, deux situations 

peuvent être observées  

 i) 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.  

ii) 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 phénomènes par 

microscopie électronique (ME).  

L'étude des plaquettes par la microcopie électronique date de plus de 70 ans. Les 

premières 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 rôle critique des composants cytosquelettiques des plaquettes (48). Depuis, la 

ME a démontré son intérêt en recherche fondamentale et clinique pour étudier la structure des 

thrombus mais aussi pour analyser l’ultrastructure des plaquettes dans des modèles cliniques 

afin de développer de nouvelles méthodes diagnostic (49). Notre équipe maîtrise 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 l’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 l’organisation cellulaire des préparations 

plaquettes-E. coli en utilisant la microscopie électronique à balayage (MEB). Trois différentes 

préparations de plaquettes-E. coli ont été observées entièrement et en coupes ultrafines par 

MEB. 

Nos résultats ont révélé des différences importantes dans l’aspect des plaquettes ainsi 

que leur colocalisation avec les bactéries. En effet, l’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 à l’intérieur des plaquettes. À 
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l’opposé, dans le troisième cas les plaquettes sont complètement 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 à transmission (TEM). Les images montrent la présence d’un réseau 

de reliefs épais qui pourrait protéger la bactérie contre l’effet bactéricide des plaquettes et ainsi 

expliquer les résultats obtenus.  

L’analyse microscopique a permis une visualisation du phénomène d’activation 

plaquettaire ainsi que l’organisation cellulaire des plaquettes et des bactéries. Les résultats de 

ce travail ont donc confirmé et complété nos résultats précédents, à 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 GPIbα [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 FcγRII recruitment [8].

E. coli is 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 1100⇥ g for ten minutes to obtain a platelet pellet that
was suspended in phosphate buffered saline (PBS) to obtain a solution of 4 ⇥ 109/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.

Strain Origin Platelet Activation
Platelet

Bactericidal Effect
O-Antigen Serotyping Reference

K12 Laboratory strain + - - [9]

LH30 Clinical isolate - - O8 [9]

J53 Laboratory strain + + O16 [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 J53, 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 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 ⇥ 108 CFU (colony format units).

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

As previously described [6], 200 µL of living PBS-washed platelets (4 ⇥ 108/mL) and
of PBS-washed bacteria (109 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 ⇥ 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 µL 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 SU5000 (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 t-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-J53
(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 J53 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.
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Table 2. Description of whole and sectioned platelets-bacteria aggregates using SEM.

BSE-SEM of Whole Platelets-Bacteria
Aggregates (Figure 1)

BSE-SEM of Ultrathin Sections of Platelets-Bacteria Aggregates
(Figure 2)

Criteria
Visible

Platelets
Visible
Bacteria

Platelet
Activation

Platelet
Integrity

Platelet
Activation

Platelet
Granules

Bacteria’s Location
Regarding Platelets

K12 strain Yes Yes Moderate Yes Moderate Inside platelets Mixed

LH30 strain Yes Yes No Yes No Inside platelets Side by side

J53 strain Moderate No NC
Amorphous

matrix
High

Among the
amorphous

matrix

Inside the
amorphous matrix

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 J53 mixture. White

arrows: platelets, black arrows: bacteria.
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Figure 2. Occupied surface (µm2) 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 × 102
± 3.64 × 102). Grey column: occupied surface by E. coli LH30

(1.34 × 103
± 1.04 × 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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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 µm ± 18.23) compared to the two other strains (107.8 µm ± 26.81
and 115.2 µm ± 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 ± 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.

 

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

Technique

BSE-SEM Ultrathin Sections
(Figure 3)

TEM Negative Staining
(Figure 4)

SE-SEM
(Figure 4)

K12
Regular cell wall, attached to

periplasm,
electron-dense bodies

Elongated shape Thin surface reliefs

LH30
Irregular shaped cell wall,
detached from periplasm,
electron-dense periplasm

Elongated shape Thick surface reliefs

J53
Sinuous cell wall, detached

from periplasm,
electron-dense periplasm

Elongated shape
± flagella

Thin surface reliefs

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.
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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 l'hôte à l'infection » (51). En cas 

d’effraction vasculaire, les bactéries passent dans la circulation sanguine, ce qui génère des 

mécanismes de défense. L'activation de l'hémostase au niveau du site de la lésion et la formation 

de thrombi dans les capillaires locaux permettent non seulement de stopper l'hémorragie, mais 

aussi d'initier une réponse anti-infectieuse précoce. Ce dernier phénomène est un mécanisme 

de défense qui limite l'infection aux lésions par un processus appelé immunothrombose ou 

thrombo-inflammation (52). L’immunothrombose désigne la capacité des plaquettes à 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 à l'ensemble de 

l'organisme, produisant des phénomènes délétères 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 l’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 à 57% (54). La porte d’entrée principalement mise en évidence est le tractus uro-

génital, responsable de plus de 50% des contaminations.  

Un des modèles où 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 FcγRIIA 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 à d’autres pathovars (32,33). Dans ces travaux, l’agrégation 

plaquettaire observée est dépendante à la fois de la souche impliquée, ainsi que du ratio 

plaquettes/bactéries présent, démontrant que la concentration de l’inoculum joue aussi un rôle 

important. Le rôle clef du FcγRIIA et de l’intégrine αIIbβ3, est également démontré dans ces 
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modèles. Cette agrégation plaquettaire répond à 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 hypothèses qui permettrait de comprendre l’hétérogénéité de réponses des 

différentes souches repose sur la différence de structure des LPS. Certaines bactéries Gram-

négatif possèdent 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 à faire agréger les plaquettes pourrait donc 

dépendre de la structure des LPS des bactéries Gram-négatif, et de leur capacité ou non à être 

reconnues par le TLR-4 exprimé à la surface des plaquettes. L’antigène-O pourrait également 

jouer un rôle important dans la reconnaissance de ces motifs bactériens par les plaquettes et 

dans l’induction ou non d’un choc septique. 

Les voies de signalisation secondaires à l’interaction entre LPS et TLR-4 mettent en 

évidence une activation de MyD88, une activation de la voie PI3K/Akt, induisant une activation 

plaquettaire responsable ensuite de l’agrégation des plaquettes. Le LPS, en interagissant avec 

le TLR-4, n’entrainerait pas à lui seul une activation plaquettaire, mais jouerait un rôle 

facilitateur de l’adhésion plaquettaire, en association avec un agoniste plaquettaire, et 

favoriserait également la sécrétion et l’agglutination des plaquettes. Il existe une autre voie 

d’activation reposant sur la formation d’un complexe TLR-4-sCD14.  

Ainsi, la réduction de l’activation plaquettaire par l’administration des AAP pourrait 

constituer une cible thérapeutique d’intérêt 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, l’analyse des critères principaux, à savoir la morbi-

mortalité, ne prennent pas en compte l’espèce bactérienne responsable de l’état septique. Il est 

donc difficile d’évaluer l’intérêt des AAP dans le cas spécifique des sepsis à E. coli. 

En revanche, l’administration de LPS purifié chez des sujets sains prétraités par aspirine 

et anti-P2Y12 induirait une diminution de la sécrétion de facteur de nécrose tumorale (TNF) par 

rapport à des sujets non pré-traités sans cependant diminuer la production d’autres cytokines 

pro-inflammatoires (57). Les plaquettes pourraient donc jouer un rôle de modulation de la 

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

par l’administration d’antiplaquettaires. Outre leurs actions classiques sur la voie du 
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TxA2 et du récepteur P2Y12, les antiplaquettaires pourraient avoir une action sur la voie 

de signalisation activée suite à l’interaction entre le TLR-4 plaquettaire et le CD14 

soluble. 

Dans le futur, l’identification de souches pro-agrégantes permettrait d’identifier 

les voies de signalisation impliquées dans l’activation plaquettaire, mais également de 

tester chacun des antiplaquettaires afin de déterminer quelle molécule permettrait d’agir 

de manière 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



  

 

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

 Antoine Mariotti1, 2, 3, Amina Ezzeroug Ezzraimi2, Laurence Camoin-Jau2, 1, 3*

 

1Assistance Publique Hôpitaux de Marseille, France, 2IHU 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

In review

69

http://www.frontiersin.org/


  

 
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.

  

In review

70



	 1	

Effect of antiplatelet agents on Escherichia coli sepsis 1	

mechanisms: a review 2	

 3	

Antoine Mariotti
1,2,3

, Amina Ezzeroug Ezzraimi
1,2

, Laurence Camoin-Jau
1,2,3*

 4	

 5	
1
Aix Marseille Univ, IRD, APHM, MEPHI, IHU Méditerranée Infection, Marseille, 6	

France
 

7	
2
 IHU Méditerranée Infection, boulevard Jean Moulin, 13385 Marseille, France 8	

3
Haematology Laboratory, Hôpital de la Timone, APHM, boulevard Jean- Moulin, 9	

13005 Marseille, France 10	

 11	

 12	

 13	
*
Corresponding author:  14	

Prof. Laurence Camoin-Jau 15	

Aix Marseille University, IRD, MEPHI, IHU-Méditerranée Infection, 19-21 Boulevard 16	

Jean Moulin, 13005 Marseille, France.  17	

Tel: 33 4 91 38 60 49 18	

Fax: 33 4 91 38 91 55 19	

E-mail: laurence.CAMOIN@ap-hm.fr  20	

 21	

 22	

 23	

Number of words: 5796 24	

 25	

 26	

 27	

Keywords: Escherichia coli, platelets, platelet aggregation, TLR4, antiplatelet drugs, 28	

sepsis 29	

 30	

 31	

  32	

In review

71



	 2	

Abbreviations 33	

 34	

APA : antiplatelet agent 35	

 36	

ADP: Adenosine diphosphate 37	

 38	

CCL5 : chemokine ligand 5 39	

 40	

CXCL4 : platelet factor 4 41	

 42	

DIC: disseminated intravascular 43	

coagulation 44	

 45	

ClfA: clumping factor A 46	

 47	

C4BP: C4 binding protein 48	

 49	

EHEC: Enterohaemorrhagic Escherichia 50	

coli 51	

 52	

EIEC: Enteroinvasive Escherichia coli 53	

 54	

EPEC: Enteropathogenic Escherichia coli 55	

 56	

ETEC: Enterotoxigenic Escherichia coli 57	

 58	

ExPEC: Extraintestinal pathogenic 59	

Escherichia coli 60	

 61	

FcγRIIA: immunoglobulin Fc fragment 62	

receptor IIa 63	

 64	

TF: Tissue Factor 65	

 66	

IgG: immunoglobulin G 67	

 68	

LPS: Lipopolysaccharide 69	

 70	

MODS: Multiple organ dysfunction 71	

syndrome 72	

 73	

NET: Neutrophil extracellular traps 74	

 75	

NO: Nitrogen monoxide 76	

 77	

PAF: Platelet Activating Factor 78	

 79	

PAF-R: PAF Receptor 80	

 81	

PI3K : Phosphoinositide 3-kinase 82	

 83	

PSGL-1 : P-selectin glycoprotein ligand-1 84	

 85	

RR: Relative Risk 86	

 87	

sCD14: soluble CD14 88	

 89	

ARDS: Acute Respiratory Distress 90	

Syndrome  91	

 92	

HUS: Haemolytic Uremic Syndrome 93	

 94	

SIRS: Systemic Inflammatory Response 95	

Syndrome 96	

 97	

TLR-4: Toll-like receptor 4 98	

 99	

TxA2: Thromboxane A2 100	

 101	

von Willebrand factor: vWF 102	

 103	

 104	

 105	

  106	
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Summary 107	

 108	

Despite ever-increasing improvements in the prognosis of sepsis, this condition 109	

remains a frequent cause of hospitalisation and mortality in Western countries. Sepsis 110	

exposes the patient to multiple complications, including thrombotic complications, due 111	

to the ability of circulating bacteria to activate platelets.  112	

One of the bacteria most frequently implicated in sepsis, Escherichia coli, a Gram-113	

negative bacillus, has been described as being capable of inducing platelet activation 114	

during sepsis. However, to date, the mechanisms involved in this activation have not 115	

been clearly established, due to their multiple characteristics. Many signalling 116	

pathways are thought to be involved  117	

At the same time, reports on the use of antiplatelet agents in sepsis to reduce platelet 118	

activation have been published, with variable results. To date, their use in sepsis 119	

remains controversial. 120	

The aim of this review is to summarise the currently available knowledge on the 121	

mechanisms of platelet activation secondary to Escherichia coli sepsis, as well as to 122	

provide an update on the effects of antiplatelet agents in these pathological 123	

circumstances.  124	

  125	
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Introduction 126	

 127	

In addition to their role in haemostasis, platelets play a major role in the anti-128	

infective response and in the regulation of the inflammatory response (1). This anti-129	

infective defence role of platelets has been demonstrated by their ability to interact and 130	

activate in the presence of many classes of pathogens. They are involved in antiviral 131	

defence, notably through the release of the chemokine CCL5, promoting the 132	

development of a protective response during dengue virus (2,3) and hepatitis C virus 133	

(HCV) infection (4). More recently, platelets have also been described to be involved 134	

in a deleterious response during SARS-CoV-2 infection, linked to abnormal 135	

expression of certain genes (5), making platelets hyper-reactive and promoting the 136	

procoagulant state found in critical patients with COVID-19 (6,7).  137	

Platelet activation may also play an important role in the pathophysiological 138	

mechanisms of certain parasitic infections, such as malaria, where platelets are a key 139	

player in the neurological complications of malaria due to their ability to form 140	

microthrombi. This response initially limits parasite proliferation and has a protective 141	

effect on the host, but will later become deleterious if platelet activation persists (8).  142	

Many receptors located on the surface of platelets have been shown to be 143	

involved in the interaction with bacteria, such as TLRs, the PAF receptor, FcγRIIA or 144	

GPIbα (9). During sepsis, bacteria will be able to interact with one or more of these 145	

receptors and induce platelet activation that can lead to the appearance of deleterious 146	

phenomena, such as the appearance of thrombosis or deregulated inflammation, or 147	

beneficial, with a demonstrated bactericidal effect of platelets on certain bacterial 148	

strains (10). 149	

Sepsis is characterised by complex pathological mechanisms and is associated 150	

with a high mortality rate (11). In 1991, a consensus conference proposed the initial 151	

definition of sepsis as “a syndrome of systemic inflammatory response (SIRS) of the 152	

host to an infection” (12). In 2016, a new definition of sepsis was developed as “life-153	

threatening organ dysfunction caused by a dysregulated host response to infection”. 154	

(13). Sepsis is an extremely serious condition in which bacteria induce the activation 155	

of haemostasis and, in particular, the activation of platelets across the entire vascular 156	

system, leading to the phenomena of immuno-thrombosis (14), which is based on an 157	
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uncontrolled interaction of the systems of inflammation and haemostasis, with 158	

platelets being an integral part of both systems.  159	

In this review, we will focus on Escherichia coli sepsis. We will review the 160	

current state of knowledge on the mechanisms of interaction between platelets 161	

and Escherichia coli, and the potential value of antiplatelets in this indication.  162	

 163	

Platelets in the pathophysiology of sepsis 164	

 165	

Platelet-bacteria interactions during sepsis 166	

 167	

In recent years, a growing number of studies have demonstrated that platelets 168	

are involved in the deleterious processes observed during sepsis and that they play an 169	

important role in the development of organ damage that can lead to multiple organ 170	

dysfunction syndrome (MODS) (15). 171	

In the event of vascular invasion, bacteria enter the bloodstream, which triggers 172	

defence mechanisms. Activation of haemostasis at the site of the injury and the 173	

formation of thrombi in local capillaries not only stops bleeding, but also initiates an 174	

early anti-infective response. Platelets will express receptors (P-selectin, CD40L or 175	

CD154) allowing interaction with immune cells or with endothelial cells (via PSGL-1, 176	

CD154 receptors) which allow signal transduction and activation of these different cell 177	

types (16). This phenomenon is a defence mechanism that limits infection of the 178	

lesions by a process known as immunothrombosis or thromboinflammation (14). In the 179	

case of sepsis, local reactions extend to the whole body, producing deleterious 180	

phenomena in many tissues. Thus, in an animal model of abdominal sepsis, neutrophil 181	

infiltration of the lung, induced by platelet activation, is thought to contribute towards 182	

the development of pulmonary oedema (17).  183	

At the same time, endothelial activation, observed during sepsis, leads to the 184	

appearance of or increase in surface molecules, such as von Willebrand factor (vWF), 185	

E-selectin and integrins αVβ3, encouraging interaction with platelets and leading to 186	

their activation, while decreasing anti-adhesive inhibition pathways, thus favouring the 187	

risk of thrombosis (18,19) (Figure 1). Ischaemia in several areas, secondary to the 188	
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appearance of generalised activation of endothelial cells, may be observed, leading in 189	

particular to abnormalities in blood pressure and vascular permeability (20) associated 190	

with the formation of micro clots. 191	

Several types of signalling mechanisms and pathways may be involved 192	

depending on the bacterial species, or on the receptor implicated in this interaction.  193	

 194	

Platelets and immune cells 195	

 196	

Platelets can therefore exhibit several effects that will take place during sepsis 197	

in a chronological manner. Firstly, they will be involved in the recognition of specific 198	

bacterial patterns, notably through TLRs (21,22). Once the bacteria have been 199	

recognised, a platelet response will occur, which will vary according to several 200	

parameters: the bacterial species involved and their escape mechanisms, and the 201	

platelet receptors and signalling pathways involved. Platelets can therefore be involved 202	

in the destruction of pathogens, either by direct cytotoxicity (10,23) or by cooperation 203	

with other cell types, through opsonisation (24) or NETosis (25,26). By activating, 204	

platelets will also cause the release of chemical mediators (CCL5, CXCL4), which will 205	

be involved in chemotaxis of certain immune cells, notably neutrophils and monocytes 206	

(27,28), but also in the modulation of the inflammatory response (29). This interaction 207	

with the inflammatory system will take place via certain cytokines (30) or via the 208	

complement system (31,32). Platelets will also be able to interact with the coagulation 209	

system and remain a major player in the initiation of DIC and the procoagulant state 210	

encountered during sepsis (33,34). In fact, recent studies show that there are platelet 211	

subpopulations, including pro-coagulant platelets that arise in response to intraplatelet 212	

calcium release. These pro-coagulant platelets will play a key role in the regulation of 213	

thrombotic and haemorrhagic phenomena, but also in thromboinflammation and 214	

NETosis, by interacting with certain immune cells, notably neutrophils (35).   215	

The deregulation of the NETosis phenomenon, encountered during sepsis, may 216	

lead to the development of deleterious effects, relying on unregulated activation of 217	

neutrophils in response to a platelet-derived signal to scavenge circulating bacteria 218	

(25). However, the formation of these NETs will also lead to the formation of a pro-219	
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coagulant terrain allowing the attachment of certain coagulation factors or extracellular 220	

vesicles (36), which can favour the development of arterial and venous thrombotic 221	

phenomena (37). These deleterious effects, when prolonged, can lead to either 222	

localised organ dysfunction or to multiple organ failure syndromes. The organs most 223	

frequently concerned are the kidneys, through the development of acute renal failure 224	

secondary to renal hypoperfusion, but also secondary to endothelial damage (38); the 225	

liver, which is the site of the synthesis of numerous cytokines, and which can therefore 226	

play an important role in the anarchic inflammation that occurs during sepsis (39); and 227	

the circulatory system, notably through the systemic activation of endothelial cells and 228	

the significant release of vasodilator molecules such as nitric oxide (NO), leading to 229	

hypotension that is almost always encountered during sepsis (40).  230	

Some bacteria also appear to have escape mechanisms from the platelet-induced 231	

anti-infective response. Yersinia pestis, for example, is able to induce a change in the 232	

structure of the thrombus, formed by platelets and fibrin, in order to escape the 233	

NETosis phenomenon. This is possible through one of its virulence factors (Y pestis 234	

plasminogen activator Pla) which activates a fibrinolysis phenomenon, allowing an 235	

escape from bactericidal action (41). 236	

 237	

Other actors of thrombosis in sepsis 238	

 239	

However, platelets are not the only factors linking haemostasis and 240	

inflammation. Certain mediators of inflammation have the ability to interact with 241	

different factors in the coagulation cascade, creating a pro-thrombotic state. The 242	

coagulation and complement systems, usually represented separately, are in fact 243	

closely intertwined. Proteins involved in one of the cascades are capable of interacting 244	

with factors in the other system. For example, the activation of factor XII to activated 245	

factor XIIa is capable of inducing the activation of the classical complement pathway, 246	

while C4-binding protein (C4BP) can bind to protein S and inhibit its effect, thereby 247	

promoting the development of thrombosis (42). The existence of exacerbated 248	

inflammation can therefore lead to the development of hypercoagulability and, in the 249	

most severe cases, induce the onset of disseminated intravascular coagulation (DIC), 250	
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thus increasing the risk of developing tissue hypoxia and organ dysfunction through 251	

the formation of thrombi in the capillary circulation (43,44). 252	

In summary, this inflammation-coagulation phenomenon in sepsis, associated 253	

with endothelial damage, is partly the result of the activation of platelets, which are 254	

able, through some of their membrane receptors, to participate in anti-infective 255	

defence. Platelets, once activated, will exacerbate systemic inflammatory reactions and 256	

coagulation disorders through interactions with immune cells and endothelial cells. 257	

The platelet activation observed during sepsis could also partly explain the 258	

thrombocytopaenia frequently observed during sepsis, through a consumption 259	

mechanism (45). In addition to the already high mortality rate in sepsis, linked to the 260	

intrinsic severity of the disease, the occurrence of thrombocytopaenia further worsens 261	

the prognosis, exposing the patient to higher morbimortality (46). This includes an 262	

increased risk of bleeding, the development of acute renal failure, a longer stay in 263	

intensive care, and even mortality if the thrombocytopaenia is not resolved (47). 264	

Thus, the inhibition of platelet activation may reduce uncontrolled 265	

inflammatory and coagulation reactions in sepsis, thereby reducing the severity of 266	

organ damage and improving patient prognosis (48).  267	

 268	

Escherichia coli sepsis 269	

	270	

A 2021 meta-analysis studying the epidemiology of bacteraemia-causing agents 271	

between 2007 and 2018 in Western countries estimates that Escherichia coli is found 272	

in an average of 27.1% of bacteraemia cases, although there is considerable 273	

heterogeneity between studies, ranging from 6.5% to 57% (49). The main entry point 274	

identified was the urogenital tract, responsible for more than 50% of infections. 275	

According to this meta-analysis, the overall incidence of Escherichia coli bacteraemia, 276	

all groups combined, is 40.2 to 57.2 per 100,000 inhabitants per year, with a mortality 277	

rate of between 2.9 and 10.3 per 100,000 people. On a smaller scale, a 2019 UK report 278	

indicated that the incidence rate of Escherichia coli bacteraemia has been increasing 279	

over the past 10 years, with a significant acceleration since 2014, from 55.2 per 280	

100,000 population in 2014 to 70.7 cases per 100,000 population (50). 281	
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However, these figures remain global statistics, and should be put into perspective 282	

according to the sex and age of the patients as well as their underlying pathologies. 283	

The incidence is higher in women than in men, and increases sharply with age, with 284	

statistically higher rates in the general population from the age of 60. Indeed, the 285	

incidence is multiplied by 30 in subjects over 75 years of age compared to young 286	

adults (24). The subgroup analysis in this meta-analysis shows that patients with 287	

haematological malignancies are most at risk of developing Escherichia coli sepsis. A 288	

study in a Swedish centre found a prevalence of up to 12.7% in patients with chronic 289	

lymphocytic leukaemia (51). Among other haematological diseases, Escherichia coli 290	

is responsible for 46% of bacteraemias in acute leukaemia (52) and 22.4% in multiple 291	

myeloma (53). In addition, Escherichia coli is found in 34.2% of neutropenic patients 292	

with sepsis (54). Escherichia coli is also found in patients with solid cancers. In a 2014 293	

study, it was implicated in 30.5% of bacteraemias (55) and more precisely in 22.2% of 294	

patients with colon cancer (56). Finally, surgical patients are also at risk of developing 295	

Escherichia coli sepsis, particularly those who have undergone abdominal surgery, due 296	

to the important localisation of this pathogen in the digestive tract. Escherichia coli 297	

was implicated in more than a quarter of cases of sepsis after pancreatic resection and 298	

in 12.4% of gastric resections (57). These figures are consistent with those of another 299	

retrospective study on the development of septic shock after digestive surgery, where 300	

Escherichia coli was found in 16.8% of cases (58).  301	

However, cancer is only the third most common relative risk for developing 302	

Escherichia coli bacteraemia (RR: 14.9). Indeed, this relative risk is 26.9 for patients 303	

with renal failure on dialysis and 20.for patients with solid organ transplantation (49). 304	

Escherichia coli sepsis also affects other categories of patients. A retrospective study 305	

carried out in Ireland showed that between 2001 and 2014, Escherichia coli was 306	

involved in 37% of cases of sepsis in pregnant women, a population particularly at 307	

risk, as sepsis accounts for a quarter of maternal deaths in pregnancy (59). Similarly, 308	

neonates are a particularly high-risk patient group. Although Streptococcus B 309	

(Streptococcus agalactiae) is the most frequently implicated germ in newborn sepsis 310	

(38%–43% of cases), Escherichia coli sepsis is the second most important cause of 311	

mortality (24% of all episodes), being implicated in 24.5% of sepsis-related deaths 312	
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(60). This high mortality is partly explained by the fact that 81% of Escherichia coli 313	

bacteraemias occur in premature infants, who are at greater risk of infection due to 314	

their as yet fragile immunity (61).   315	

 316	

 317	

Escherichia coli: general information, classification and pathogenicity 318	

	319	

Escherichia coli is a Gram-negative commensal bacterium belonging to the 320	

Enterobacteriaceae family, frequently found in the human digestive tract and 321	

representing a large part of the intestinal flora. Certain strains are often found in 322	

human pathologies, particularly in community and nosocomial infections, in a wide 323	

variety of sites, including meningitis, gastroenteritis, and urinary tract infections (62). 324	

These Escherichia coli strains are capable of acquiring virulence factors (adhesins, 325	

capsule, synthesis and secretion of toxins, etc.) which confer their pathogenic power, 326	

as well as antibiotic resistance mechanisms which give them reduced sensitivity to 327	

certain anti-infective molecules (63,64).  328	

In 2016, a classification of Escherichia coli strains into several subclasses was 329	

proposed (65) according to the syndromes they are capable of causing, which 330	

themselves depend on the different virulence factors that the strain may have acquired. 331	

A distinction must be made between enterohaemorrhagic (EHEC), enterotoxigenic 332	

(ETEC), enteropathogenic (EPEC) and enteroinvasive (EIEC) strains, which are 333	

similar to Shigella. These pathogenic strains all have a tropism for the digestive tract 334	

and will cause gastrointestinal manifestations. Commensal strains, on the other hand, 335	

are only rarely pathogenic, in cases of extra-intestinal dissemination linked to 336	

particular circumstances (major immunodepression, abdominal trauma, etc.). Finally, 337	

it is important to distinguish strains that cause extra-intestinal pathogens (ExPEC), 338	

which can reach many organs, but which are often found as commensals of the 339	

digestive tract. These strains have a particular ability to disseminate and survive in a 340	

normally sterile site, leading to colonisation and potential infection in these extra-341	

intestinal locations. 342	

However, although Escherichia coli is frequently encountered in clinical 343	

practice, very few studies have investigated the mechanisms of Escherichia coli-344	
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platelet interactions. Despite a growing interest in Gram-negative bacilli, including 345	

Escherichia coli, studies on bacterial interactions leading to platelet activation have 346	

been mainly limited to Gram-positive bacteria, including staphylococci 347	

(Staphylococcus aureus and Staphylococcus epidermidis (66,67)) and streptococci 348	

(Streptococcus sanguinis and Streptococcus gordonii (68,69)).   349	

Platelet-Escherichia coli interactions 350	

	351	

Three mechanisms could explain the interaction between bacteria and platelets 352	

(9,70) responsible for platelet activation. Bacteria can bind to platelets via a plasma 353	

protein. This is the case for Staphylococcus aureus and Helicobacter pilori, which 354	

are able to bind to vWF. Bacteria can direct binding to a platelet receptor. 355	

Streptococcus gordonii and Streptococcus sanguinis can directly interact with 356	

GpIb via their Hs antigen.  This interaction can also be mediated by secreted 357	

bacterial proteins, i.e., toxins. 358	

When activated, platelets secrete the contents of their granules, which contain more 359	

than 300 molecules (71) including adenosine diphosphate (ADP) and serotonin. 360	

Secreted cytokines and chemokines recruit leukocytes, and secreted antimicrobial 361	

peptides act to kill pathogens. This ability to activate in response to infection thus 362	

gives them the ability to destroy bacteria through bactericidal activity (10). This 363	

demonstrates that their activation and degranulation play an important role in the fight 364	

against infection.  365	

The presence of multiple mechanisms makes it difficult to identify the roles of 366	

different proteins (both bacterial and platelet). This analysis is further complicated by 367	

the fact that interactions are not only species-specific but also strain-specific, as 368	

demonstrated in 2016 by Watson et al. (10,72,73). Some interactions lead to platelet 369	

activation, while others will have no direct effect. One study even highlights the fact 370	

that LPS promotes a dose-dependent decrease in platelet reactivity in response to 371	

certain agonists, notably thrombin or ADP. This inhibition of platelet aggregation 372	

would be due to modifications in the concentration of numerous substances, such as 373	

thromboxane A2 or cyclic GMP (74). 374	
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Non-activating interactions are generally of high affinity and probably play a 375	

role in supporting platelet adhesion under the shear conditions encountered in the 376	

circulation (75). Typically, the bacterial proteins involved in adhesion are distinct from 377	

those that induce aggregation. Thus, bacteria can promote platelet adhesion and/or 378	

trigger platelet activation. Platelet activation is characterised by the appearance of or 379	

increase in certain platelet surface markers, or by the secretion of granular content 380	

(CD42b, P-selectin (CD62P) and activated GpIIbIIIa (CD41)). These markers are most 381	

often detected by flow cytometry, but do not necessarily indicate the formation of a 382	

platelet aggregate (76). 383	

One model in which the relationship between Escherichia coli and platelets has 384	

been well described is haemolytic uremic syndrome (HUS), which is characterised by, 385	

among other things, mechanically induced haemolytic anaemia and thrombocytopenia 386	

due to activation of platelets by altering the vascular endothelium caused by the 387	

production of Shigatoxins (77). Work on the Escherichia coli O111 strain has led to a 388	

better understanding of these interactions. This strain of Escherichia coli O111 389	

producing these Shigatoxins could interact directly with platelets via Toll-like 390	

Receptor 4 (TLR4), leading to an increase in platelet activation markers and the 391	

expression of tissue factor (78). The complement system, as well as variations in the 392	

LPS O antigen, could explain the observed platelet activation (79). However, these 393	

studies did not establish the predominant interaction mechanism for all Escherichia 394	

coli strains, which appears to be strain-dependent. Indeed, the Escherichia coli 395	

O157:H7 strain, which is also responsible for HUS, is thought to induce FcγRIIA 396	

receptor-mediated platelet aggregation rather than TLR4 (80).  397	

 Although as early as 1971, a paper demonstrated the ability of Escherichia coli 398	

to induce platelet aggregation (81), it was not until several decades later that the 399	

mechanisms of this platelet aggregation were studied and that some interest was shown 400	

in other strains of Escherichia coli. The study by Watson et al. identified two 401	

important characteristics. The platelet aggregation they are able to induce is dependent 402	

on both the strain involved, as well as the platelet/bacteria ratio, demonstrating that the 403	

concentration of the inoculum also plays an important role. This platelet aggregation 404	

responds to the “all or nothing” law, which means that a given strain will either be able 405	
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to induce significant platelet aggregation or will have no effect. In this study, the key 406	

role of FcγRIIA and integrin αIIbβ3, also known as GpIIbIIIa (72) is also described, 407	

although, as we have seen, these signalling pathways may play a different role 408	

depending on the strains involved. This notion was confirmed by Fejes et al. on the 409	

reference strain K12, which is reported to induce an elevation of the platelet activation 410	

markers P-selectin, CD63, the GPIIbIIIa activation marker PAC-1, and bound 411	

fibrinogen (82). In the paper by Fejes et al., Escherichia coli strains were classified 412	

according to the structure of their lipopolysaccharide (LPS), specifically lipid A, 413	

which is thought to partly determine their interaction with platelets as well as with 414	

certain immune system cells. Some Gram-negative bacteria have a ‘smooth’ LPS, such 415	

as Escherichia coli O18:K1, while others have a ‘rough’ LPS, such as Escherichia coli 416	

K12 strains (83). Strains with a ‘rough’ LPS would activate a wider spectrum of cells 417	

including macrophages, and with greater efficiency, than strains with a ‘smooth’ LPS 418	

(82). Thus, this ability or inability to aggregate platelets could depend on the structure 419	

of the LPS of the Gram-negative bacteria, and their ability or inability to be recognised 420	

by the TLR4 expressed on the surface of platelets. The O antigen may also play an 421	

important role in the recognition of these bacterial patterns by platelets and in the 422	

induction or non-induction of septic shock (79). The serotype of the strain involved in 423	

an infection in human pathology could thus play an important role in the prognosis of 424	

the patient.  425	

The demonstration of TLR expression, particularly TLR4, on the surface of platelets 426	

has confirmed the hypothesis of a role for platelets in the anti-infective response (84). 427	

The interaction between LPS from Gram-negative bacteria and platelets will lead to an 428	

increase in platelet binding to fibrinogen in a possibly TLR4-dependent manner (82). 429	

Another major consequence of the presence of these TLRs on the platelet surface is the 430	

ability of platelets to be sequestered in the lung through their interaction with 431	

neutrophils (22).  432	

The signalling pathways secondary to the interaction between LPS and TLR4 have 433	

been extensively studied to determine whether these receptors were indeed responsible 434	

for the platelet activation observed upon contact with Escherichia coli. The various 435	

platelet TLRs were able to induce, via activation of MyD88 (85,86) leading  to 436	
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activation of the PI3K/Akt pathway, leading to platelet activation and subsequent 437	

platelet aggregation. LPS, by interacting with TLR4, would not by itself lead to 438	

platelet activation, but would play a facilitating role in platelet adhesion, in association 439	

with a platelet agonist, and would also promote platelet secretion and aggregation 440	

(86,87). It thus appears that Escherichia coli LPS, depending on the strain used, has a 441	

variable capacity to induce platelet aggregation. Similarly, in addition to its effect on 442	

platelet TLR4, the ability of Escherichia coli LPS to interact with TLR4 of other cell 443	

types could induce the production of extracellular microvesicles with a strong 444	

procoagulant potential, which may partly explain the risk of DIC in infected patients 445	

(88). In addition to being involved in the synthesis of microvesicles, platelets are 446	

capable of internalising their own microvesicles. This ability of platelets to endocytose 447	

microvesicles is thought to be dependent on the TLR4 receptor, and to promote the 448	

development of a prothrombotic state (89). However, platelets are not the only actors 449	

involved in the release of procoagulant microvesicles. The role of monocyte-derived 450	

microvesicles, containing significant amounts of tissue factor, in the development of 451	

thrombotic complications of sepsis has also been demonstrated (90,91). 452	

 453	

TLR4 would not recognise LPS from different strains in the same way. Some forms 454	

would be able to bind only the TLR4 receptor, while others would induce the 455	

formation of a TLR4-sCD14 complex, which would involve specific signalling 456	

pathways (92). Since platelets do not produce sCD14, it would be adsorbed onto the 457	

platelet surface from the plasma (93). This effect would be very specific to activation 458	

by LPS and would not be observed with conventional agonists such as TRAP. CD14 459	

plays a critical role in the physiopathology of sepsis. Its inhibition would attenuate the 460	

deleterious responses linked to pro-inflammatory cytokines and reduce the 461	

procoagulant state that accompanies sepsis (94,95).  462	

 Knowledge of this second activation pathway by the TLR4-sCD14 complex is 463	

particularly important, since it would lead to the release of CD40L contained in 464	

platelet granules (93) which would be able to induce or promote platelet aggregation, 465	

by having some affinity for integrin αIIbβ3 (96) integrin or by raising thromboxane A2 466	

levels (97). LPS is thought to cross-react with the PAF receptor, PAF-R. PAF is an 467	
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agent capable of causing intense platelet activation and disseminated intravascular 468	

coagulation  syndromes very rapidly after injection in mice, leading to the death of the 469	

animal (98). The ability of LPS to induce activation of the PAF-R receptor has been 470	

known for many years. Indeed, LPS increases the expression of PAF-R in vitro, while 471	

potentiating its effect, even if the effects in vivo were more moderate (99). 472	

Furthermore, LPS, in addition to PAF-R-mediated platelet aggregation, is capable of 473	

inducing a tolerance phenomenon and thus of decreasing the response of platelets to 474	

PAF in the event of prior exposure, as well as modifying the expression of certain 475	

genes coding for pro-inflammatory cytokines (100). These different properties of LPS 476	

thus show that bacteria, through their structural proteins, are able to induce a complex 477	

platelet response mediated by numerous signalling pathways. This effect described on 478	

PAF is particularly interesting.  Indeed, although the percentage of platelet aggregation 479	

measured by aggregometry decreased in response to antiplatelet drugs, there was still 480	

an ability of platelets to aggregate in the presence of PAF. This residual aggregation is 481	

not observed when platelets are activated by ADP (101).  482	

FcγRIIA may also play a role in platelet activation. The anti-infective role of 483	

platelets is thought to be partly dependent on this receptor, their bactericidal activity 484	

being linked to the recognition of IgG deposited on bacteria during opsonisation (101). 485	

Therefore, these IgGs, via the Fc fragment, will be recognised by FcγRIIA and induce 486	

a platelet response capable of killing these bacteria. This FcγRIIA-dependent pathway 487	

is also involved in the platelet aggregation mechanism when platelets are exposed to 488	

bacteria, through the formation of immune complexes (102). Contact of a strain of 489	

Escherichia coli responsible for HUS (O157:H7) with platelets would trigger strong 490	

platelet aggregation, which would be completely inhibited in the presence of an anti-491	

FcγRIIA (80). In contrast, the aggregation induced by this strain of Escherichia coli is 492	

not dependent on the TLR4 signalling pathway. The multiplicity of platelet activation 493	

mechanisms depending on the Escherichia coli strain testifies to the complexity of the 494	

interactions. Indeed, the mechanism involved seems to vary according to the virulence 495	

factors possessed by the strain. In the study by Watson et al., activation of FcγRIIA 496	

was in close collaboration with integrin-dependent αIIbβ3 signalling involved in 497	
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platelet aggregation induced by some Gram-positive bacteria, notably Staphylococci 498	

(9).  499	

Other phenomena have also been highlighted to explain the platelet activation 500	

occurring during sepsis, which would in fact be multifactorial and not solely 501	

dependent on direct activation by bacteria. The appearance of endothelial cell lesions 502	

during sepsis would favour not only inflammatory but also thrombotic phenomena 503	

(20,103). These endothelial lesions can lead to the appearance of platelet activation 504	

signals, which contribute to the phenomenon of aggregation in vivo. Indeed, the 505	

endothelium will interact with certain bacterial structures, leading to its activation, the 506	

release of numerous molecules (pro-inflammation cytokines, chemokines, pro-507	

coagulant factors) as well as the expression of adhesion molecules (VCAM-1, 508	

PECAM), favouring interactions with the figurative elements of the blood, including 509	

platelets (104). The increase in these interactions, associated with an imbalance in the 510	

anticoagulant and antiaggregant function of the endothelium, would therefore increase 511	

the risk of thrombosis (105).    512	

The anti-infective activity of platelets gives them a bactericidal power, which 513	

can be based on two mechanisms: indirect interaction with immune cells, or direct 514	

secretion by platelets of peptides with antimicrobial activity.  These molecules belong 515	

to the platelet microbicidal peptide (PMP) family (106,107), which includes CXCL4, 516	

CXCL7 (also known as PBP), and CCL5, but also the class of defensins (human β-517	

defensin 2 (BD2)); thymosin β4 (Tβ4)) and derivative antimicrobial peptides 518	

(thrombocydins, fibrinopeptide A)	(108–110). In a recent study, we demonstrated that 519	

the bactericidal activity of platelets was heterogeneous and depended on the 520	

Escherichia coli strain involved: out of ten strains tested, only three induced 521	

bactericidal activity from platelets. Comparison of the genomes of two strains with 522	

different behaviours revealed the existence of differences in the cluster of genes 523	

involved in O antigen synthesis.  524	

Based on our results and the literature, we hypothesised that the structural 525	

variations of LPS could alter the interactions with platelets and lead to a loss of the 526	

ability of platelets to activate and induce a bactericidal response. The loss of this 527	

bactericidal mechanism induced by platelets secondary to a modification of LPS 528	
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would thus be similar to what can be observed during resistance to certain antibiotics 529	

and would rely on the same mechanisms (111). However, few studies have looked at 530	

whether or not there is a link between antibiotic resistance and the ability of strains to 531	

interact with platelets. In our recent publication, we have shown that there appeared to 532	

be no link between colistin resistance and the ability of platelets to induce bacterial 533	

growth reduction using ten Escherichia coli strains (10).  534	

There will, therefore, be a balance between the beneficial and deleterious 535	

effects of platelets during sepsis (112). They will have a direct antimicrobial effect, 536	

tissue repair capabilities and will allow immunomodulation of the immune response as 537	

well as some chemotaxis. However, uncontrolled and disseminated activation can lead 538	

to the aggravation of sepsis, through the thrombotic and haemorrhagic risk that DIC 539	

can induce. The use of molecules capable of reducing this state of platelet 540	

hyperactivation could therefore have a beneficial effect on mortality during sepsis.  541	

 542	

Effect of antiplatelets in sepsis 543	

 544	

Platelet count is included in the SOFA score and is inversely associated with the 545	

severity of sepsis (113). The severity of thrombocytopaenia is often used to stratify 546	

patients with sepsis and septic shock. In general, 20%–58% of septic patients develop 547	

thrombocytopaenia, of which 10% develop severe thrombocytopaenia (114). 548	

Many mechanisms have been proposed to explain thrombocytopaenia in sepsis. 549	

A combination of several mechanisms remains the most likely hypothesis. Among 550	

other things, immune-mediated platelet activation decreases platelet life span, as 551	

activated platelets are rapidly cleared from the circulation (115). Thus, reducing 552	

platelet activation could be a therapeutic target of interest for the prevention of 553	

morbidity and mortality in affected patients (112). One fairly obvious hypothesis 554	

would, therefore, seem to be that, by reducing platelet reactivity, it would be possible 555	

to reduce their interactions with pathogens and the resulting consequences. 556	

Antiplatelets could, therefore, theoretically play an interesting role in improving the 557	

clinical prognosis during sepsis.  558	
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Several antiplatelet agents (APAs) are available that have a specific action on 559	

one of the platelet activation pathways. The most commonly used APAs are aspirin, 560	

which inhibits the synthesis of thromboxane A2 (TxA2), and inhibitors of the P2Y12 561	

pathway (clopidogrel, prasugrel, ticagrelor). Other antiplatelet agents, notably the anti-562	

GpIIbIIIa, specifically inhibit platelet aggregation, have more limited indications and 563	

have been little evaluated, to our knowledge, in this indication. 564	

Although many studies have evaluated the potential benefit of APAs in sepsis, the data 565	

of interest were presented in two meta-analyses and one literature review that aimed to 566	

determine whether APA administration had a beneficial effect on reducing the risk of 567	

mortality in sepsis (79, 84-85). The first meta-analysis included 15 studies conducted 568	

between 2011 and 2016, and concluded that there was a reduction in the risk of 569	

mortality of an average of 7%, ranging from 2% to 12% when aspirin was taken before 570	

the development of sepsis (116). The analysis by Ouyang et al., published in 2019, 571	

includes 10 studies, of which four were also analysed by Trauer et al. (117). 572	

In both meta-analyses, the authors point to significant heterogeneity between 573	

studies. Indeed, although the results presented for each study were those of the subset 574	

of patients with sepsis, some of the studies included in these meta-analyses not only 575	

looked at cohorts of patients with sepsis, but also examined the effect of aspirin on the 576	

development of acute respiratory distress syndrome (ARDS) (118,119) or acute 577	

community-acquired pneumonia (120,121). Similarly, some studies looked at the 578	

effect of long-term aspirin use on the development of the acute episode, while others 579	

assessed its effect on mortality during hospitalisation. However, the benefit of the 580	

administration of APAs and aspirin in particular is retained by these two meta-581	

analyses.  582	

A review of the literature published in 2018 by Wang et al. (122) includes eight 583	

retrospective studies conducted between 2012 and 2016. Some of these conclude that 584	

there is a reduction in mortality when aspirin is taken in the ICU (120,123), while 585	

others do not show statistically significant benefits (124). Conversely, only one study 586	

showed an increased risk of developing severe sepsis in the ICU for patients who are 587	

given aspirin (125).  588	
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The two meta-analyses (116,117) would therefore be in favour of a beneficial effect of 589	

aspirin in terms of mortality, whereas the review of the literature by Wang et al. is 590	

more reserved as to the conclusions of the effect of aspirin (122).  591	

It is important to note that these clinical studies on the effect of APAs do not 592	

assess their potential benefit in relation to the bacterial species responsible for the 593	

septic condition. Some studies that have looked specifically at the Staphylococcus 594	

family have shown that aspirin and ticagrelor have a greater effect on Staphylococcus 595	

sanguinis than on Staphylococcus aureus (126). The effect of antiplatelet agents 596	

therefore appears to be variable depending on the bacterial species. 597	

The retrospective study by Osthoff et al. is unique in that it only looked at the 598	

effect of aspirin in sepsis caused by Staphylococcus aureus in hospitalised patients 599	

with or without long-term low-dose aspirin therapy (127). Interestingly, the control 600	

population consisted of patients with Escherichia coli sepsis. The results indicated a 601	

significant reduction in mortality with aspirin in the Staphylococcus aureus sepsis 602	

group. In the Escherichia coli sepsis group, no reduction in mortality was observed 603	

with aspirin use. However, they did not necessarily attribute this result to treatment 604	

failure but to a much lower mortality rate than in the Staphylococcus aureus group, 605	

with a lack of statistical power to assess this parameter (127). In view of these data, it 606	

is difficult to confirm a possible beneficial role for aspirin in Escherichia coli sepsis.  607	

However, a 2017 randomised study looked at the effect of antiplatelets when 608	

healthy subjects were given purified LPS from Escherichia coli O:113 (128). Taking 609	

aspirin for seven days before the administration of LPS would lead to an increase in 610	

the inflammatory response, by increasing the production of pro-inflammatory 611	

cytokines without, however, affecting the production of anti-inflammatory cytokines. 612	

However, dual therapy, with the addition of a P2Y12 inhibitor, reduces TNF-α 613	

production to levels comparable to those observed with placebo without, however, 614	

reducing the production of other pro-inflammatory cytokines. Platelets could therefore 615	

play a role in modulating the inflammatory response, in addition to their direct 616	

bactericidal effect, which could be modified by the administration of antiplatelets, and 617	

in particular aspirin. One of the reasons for the variability of the platelet response upon 618	

contact with different bacterial strains may be the affinity of the binding to TLR4 and 619	
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the formation of the TLR4-sCD14 complex. Antiplatelets will also play an important 620	

role in this signalling pathway. sCD40L, released from platelet granules, is able to 621	

induce an increase in the secretion of thromboxane A2, and to potentiate the capacity 622	

of platelets to aggregate. Aspirin intake would inhibit this thromboxane A2 secretion 623	

without affecting CD40L levels, thereby fully or partially suppressing the potentiating 624	

effect of platelet aggregation in response to low doses of thrombin or collagen (97). 625	

Aspirin is also thought to inhibit the phosphorylation of Myosin Light Chain (MLC), a 626	

protein involved in modifying the actin cytoskeleton structure of platelets, allowing 627	

them to remain in a resting conformation. CD40L levels in patients treated with 628	

different antiplatelet agents, shows that CD40L levels are indeed not significantly 629	

altered when taking aspirin, but that these levels are lowered when taking a P2Y12 630	

inhibitor (129). A decrease in the membrane expression levels of P-selectin and 631	

GpIIbIIIa was also observed (130).  632	

In sepsis, CD40L has been used as a possible marker of platelet activation being 633	

statistically higher in a group of patients admitted to intensive care compared to a 634	

control group (131). These results confirm that sCD40L could be an important 635	

prognostic marker in sepsis, with not only increased levels in septic patients, but also a 636	

significant association with mortality (132).  637	

 638	

Although the vast majority of studies on the effect of antiplatelets in sepsis have 639	

focused on the effect of aspirin and P2Y12 ADP receptor inhibitors, other molecules 640	

with a different mechanism of action could play an interesting role. This is particularly 641	

the case with inhibitors of the PAR-1 (Protease-activated Receptors) to thrombin, such 642	

as vorapaxar and atopaxar, which are still in development (133), and which would 643	

therefore make it possible to obtain a reduction in thrombotic events secondary to 644	

thrombin-related platelet activation, without any consequence on normal haemostasis. 645	

However, although there are few data on the effect of these two molecules during 646	

sepsis, it was shown in a randomised double-blind trial that vorapaxar was able to 647	

induce a decrease in certain coagulation markers, notably the concentration of 648	

prothrombin F1+2 fragments and thrombin-antithrombin complexes (TAT) after 649	

injection of LPS into healthy subjects (134). This molecule was also capable of 650	
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inducing a decrease in the levels of antigenic Willebrand factor (vWF: Ag) and certain 651	

pro-inflammatory cytokines, notably TNF- and IL-6. Vorapaxar would therefore have 652	

a beneficial effect during sepsis, not only by reducing platelet activation, but also by 653	

its ability to act on other cell types. Monocytes play a fundamental role in the 654	

activation of coagulation during sepsis, notably through the significant release of tissue 655	

factor (TF), which is thought to be secondary to the activation of PAR-1 receptors on 656	

their surface (135,136). If we look more specifically at the effect of these PAR-1 657	

inhibitors during an Escherichia coli infection, we find a study that was particularly 658	

interested in the effect of one of these molecules, SCH79797, which not only induces 659	

an intense formation of NETs, but also has a direct antibiotic effect against the outer 660	

membrane of Escherichia coli (115). However, these effects would not be found with 661	

vorapaxar, and would therefore not be dependent on PAR-1 inhibition. 662	

 663	

Conclusion  664	

	665	

	666	

The interaction between platelets and bacteria is a complex mechanism, varying 667	

according to the species, and even according to the different strains belonging to the 668	

same species. This is the case for Escherichia coli. Some strains show low levels of 669	

interaction with platelets and induce platelet aggregation with a low probability. 670	

Conversely, other strains, recognised with greater affinity by certain platelet receptors, 671	

may expose the patient to an increased thrombotic risk, due to their ability to induce 672	

platelet aggregation.  673	

Antiplatelets may play an important role in the management of sepsis, particularly in 674	

Escherichia coli. However, although the use of this class of drugs in this indication has 675	

been widely published, almost none of these studies have evaluated the benefit of 676	

antiplatelet drugs in sepsis according to bacterial species.  677	

In order to assess the pro-aggregation potential of Escherichia coli strains, the 678	

determination of specific markers present on Escherichia coli would allow the 679	

prediction of the capacity of this strain to interact with platelets. Thus, with regard to 680	

the potential role of the O antigen in these reactions, its in-silico serotyping would 681	
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allow the rapid determination of the serotype of the strain involved from the FASTA 682	

sequencing data (137,138).  683	

The ability or inability to induce platelet aggregation for each of these strains could 684	

also be evaluated in vitro, in order to identify the strains and serotypes with a strong 685	

capacity to activate platelets. The identification of these strains would allow a more 686	

precise identification of the signalling pathways involved in platelet activation but 687	

would also make it possible to test each of the antiplatelet agents in order to assess 688	

which molecule is able to act in an optimal way to reduce platelet reactivity during 689	

sepsis.  690	

Clinical studies are also needed to confirm the various results obtained in vitro, and to 691	

evaluate the clinical efficacy of antiplatelets in real-life conditions.  692	

  693	

In review

92



	 23	

Figure Legends 694	

 695	

 696	

Figure 1: Platelet-endothelium and platelet-neutrophil interactions.  697	

Endothelial activation in response to infection induces platelet activation which in turn 698	

activates neutrophils through various signalling pathways.  699	

CXCL4: platelet factor 4; PSGL-1: P-selectin glycoprotein 1; E-selectin: endothelial selectin. 700	

Diagram created on biorender.com using SMART (Servier Medical Art). 701	

 702	

Figure 2: Platelet response to LPS recognised (A) or not recognised (B) by CD14.  703	

Upon full recognition of the LPS from the Escherichia coli strain, TLR4 will be able to 704	

complex with CD14 of soluble origin and be captured by platelets. This mechanism will result 705	

in the release of sCD40L present in platelet alpha granules, capable of activating GpIIbIIIa 706	

and responsible for platelet aggregation. Diagram created on biorender.com; sCD40L: soluble 707	

CD40L 708	

 709	

Figure 3: Summary of intra-platelet signalling pathways secondary to interaction with 710	

Escherichia coli.  711	

Depending on the strain involved, the signalling pathways involved in triggering platelet 712	

activation and aggregation may be different.  713	

TLR4: Toll-like Receptor 4, PAF-R: Receptor of Platelet Activating Factor, FcγRIIA: Platelet 714	

Fcγ receptor, Akt: protein kinase B, PLA2: phospholipase A2, PLC: phospholipase C, p-LAT: 715	

phospho-LAT, PKC  protein kinase C 716	

Diagram created on biorender.com. 717	

	718	

	719	

Table legends  720	

 721	

Table 1 - Summary of data available in the literature concerning interactions between 722	

bacteria and platelets 723	

 724	

  725	
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Table 1 726	

 727	

 

Escherichia coli 
 

Strains Platelet receptor 
 involved 

Reference 

O111 TLR4 (77) 

O157:H7 FcγRIIA (80) 

O157 
TLR4 
CD62 

(139) 

CFT073 (O6:H1) 
FcγRIIA 

αIIbβ3 integrin 
(72) 

RS218 
(O18:H7:K1) 

FcγRIIA 
αIIbβ3 integrin 

(72) 

K12 C600 
αIIbβ3 integrin 

TLR4 

(25), (82), 
(86), (140), 

(141) 

O111:B4 TLR4 (140) 

O55 TLR4 (86) 

Staphylococcus aureus  
αIIbβ3 integrin 

GPIbα 
(9,70) 

Staphylococcus 
lugdunensis 

 αIIbβ3 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 

phénomènes d’immunothromboses sont décrits, les phénomènes d’agrégation plaquettaire 

induits par des bactéries sont principalement étudiés sur bactéries à Gram-positif, dont les 

staphylocoques tels que Staphylococcus aureus et Staphylococcus epidermidis  et les 

streptocoques tels que Streptococcus sanguinis et Streptococcus gordonii (58,59). Très 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 à la colistine provenant d'isolats cliniques et cinq 

souches de référence, sensibles à la colistine. La capacité de ces dix souches à 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 l'agrégation plaquettaire. 

Nos résultats démontrent que parmi les dix souches testées, à 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 l’hypothèse que cette différence de réponse est due à la 

structure des antigènes-O différents. L’analyse in silico des différents sérotypes de l’antigène-

O montre que deux souches ayant le même sérotype présentent les mêmes profils d’agrégation. 

De manière intéressante, bien que les souches apparentées J53 et K12 présentent le même 

sérotype, elles ont des effets inverses sur l'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 l'élément mobile IS5 dans le gène 

wbbL de la souche J53 lui permettant d'exprimer un antigène-O fonctionnel.  

L’analyse par microscopie confocale révèle de nombreux agrégats contenant des 

bacilles avec les souches qui induisent une forte agrégation plaquettaire. Ces observations 

confirment les résultats obtenus par spectrophotométrie. A l’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 complètement la capacité des plaquettes à 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 à l’utilisation de ticagrelor seul. Cette persistance de l’agrégation pourrait 

être due au mécanisme d’activation des plaquettes par des voies de signalisation non classiques. 

Le TLR-4 serait capable de reconnaître le LPS de différentes souches de manière hétérogène. 

Certains LPS se lierait de manière exclusive au TLR-4, tandis que d’autres seraient capable 

d’induire le recrutement à 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 à la libération de CD40L soluble (sCD40L) (60,61).  Le CD40L soluble (sCD40L), 

libéré à partir des granules plaquettaires en réponse à 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 à s’agréger en se liant à l’intégrine 

αIIbβ3 (63), expliquant la persistance d’une agrégation plaquettaire qui court-circuite les voies 

classiques d’agrégation ciblées par l’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 l’agrégation plaquettaire. 

Nos travaux démontrent que le profil d’agrégation plaquettaire induit par les souches 

d’E. coli serait indépendant de l’état de résistance à la colistine mais serait sous la dépendance 

de la structure du LPS. Les AAP testés permettent de diminuer l’agrégation plaquettaire 

observée induite par certaines souches sans l’inhiber totalement 
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Abstract 10	

Background: Despite the ability of Escherichia coli to induce platelet activation and 11	

aggregation, the mechanisms of this interaction are still not clearly established. The aim of 12	

our study was to investigate platelet aggregation mediated by Escherichia coli strains and the 13	

effect of antiplatelet drugs in this phenomenom. 14	

Materials and methods: Ten Escherichia coli strains were used, five colistin-resistant strains 15	

from clinical isolates, and five reference strains, sensitive to colistin, available in the CSUR 16	

collection of the IHU Mediterrannée Infection. The ability of these ten strains to induce 17	

platelet aggregation was evaluated by two complementary methods: spectrophometry and 18	

confocal microscopy. The effect of antiplatelet drugs was evaluated on the strains responsible 19	

for platelet aggregation. 20	

Results: Among the ten strains tested, only four have induced a significant aggregation. This 21	

variability observed in aggregometry was found in confocal microscopy. Four strains were 22	

able to induce the formation of large platelet aggregates in which the bacilli are found. In 23	

presence of the other strains, platelets had remained in a non-activated state despite the 24	

proximity to the bacteria. Treatment of platelets with an antiplatelet agent did not completely 25	

suppress the platelet aggregations. 26	

Conclusion: Aggregation induced by Escherichia coli is strain and concentration dependent. 27	

These differences in behavior are most likely related to differences in the structure of the LPS 28	

of the bacteria, and in particular the O antigen. 29	

 30	

	  31	
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Introduction 32	

	33	

In addition to their action in haemostasis, platelets play a major role in the anti-infective 34	

response, as a result of an interaction between bacteria and platelets. These interactions can 35	

trigger platelet activation, leading to the release of granular contents and the secretion of 36	

molecules with multiple roles: direct bactericidal effect, chemotaxis, leukocyte-platelet 37	

interaction....  The ability of platelets to interact with bacteria involves several types of 38	

mechanisms that vary according to the bacterial species. Indeed, platelets are equipped with 39	

numerous receptors, such as TLR-4 (1) which allow them to recognise certain bacterial 40	

motifs, and more particularly in the case of gram-negative bacilli, to interact with 41	

lipopolysaccharide (LPS) (2). Escherichia coli is a Gram-negative commensal bacterium, 42	

belonging to the Enterobacteriaceae family, which is very frequently found in the human 43	

digestive tract and represents a large part of the intestinal flora. Certain strains are often found 44	

in human pathology, particularly in community and nosocomial infections, such as 45	

meningitis, gastroenteritis, urinary tract infections, etc. (3). Escherichia coli strains are 46	

capable of acquiring virulence factors (adhesins, capsule, synthesis and secretion of toxins, 47	

etc.) which give them pathogenic power, as well as mechanisms of resistance to antibiotics 48	

which give them reduced sensitivity to certain anti-infectious molecules (4,5). Resistance to 49	

colistin, although rare in Escherichia coli, results, for the most part, from the acquisition by 50	

horizontal transfer of a gene from the mcr family, and more particularly mcr-1 (6) which 51	

modifies the structure of lipid A of LPS. This LPS structure of colistin-resistant Escherichia 52	

coli strains could modify the interactions between these pathogens and platelets. 53	

Although Escherichia coli is frequently encountered in clinical practice, studies of 54	

interactions leading to platelet activation have focused on Gram-positive bacteria, including 55	

staphylococci (Staphylococcus aureus and Staphylococcus epidermidis (7,8)) and streptococci 56	

(Streptococcus sanguinis and Streptococcus gordonii (9,10)), very few studies have looked at 57	

the mechanisms of interactions between Escherichia coli and platelets. 58	

The aim of our study was to investigate platelet aggregation mediated by Escherichia coli 59	

strains. In this study, ten Escherichia coli strains were used, five colistin-resistant strains from 60	

clinical isolates, and five reference strains, sensitive to colistin, available in the CSUR 61	

collection of the IHU Méditerranée Infection. We evaluated the ability of these ten strains to 62	

induce platelet aggregation by two complementary methods: spectrophometry and confocal 63	
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microscopy. The effect of anti-platelet drugs was evaluated on the strains responsible for 64	

platelet aggregation.  65	

	66	

Materials and methods 67	

	68	

1. Preparation of platelet-rich plasma (PRP) 69	

Blood samples were collected in citrated tubes from healthy volunteers, not taking antibiotics 70	

or antiplatelets for 10 days, by venipuncture at the elbow. Platelet-rich plasma (PRP) was 71	

obtained by slow centrifugation at 200 rpm for 10 minutes, according to ISTH 72	

recommendations (11). Platelet count measurement of PRP was systematically performed 73	

using two methods: impedance plus hydroelectric focusing and flow fluorocytometric 74	

measurement (Sysmex XN-1000). Patients with platelet counts below 150 G/L in their PRP 75	

were excluded. PRPs with platelet counts above 450 G/L were diluted with 0.9% NaCl to 76	

bring the platelet concentration down to 400 G/L. After this step, platelet function studies 77	

were systematically performed on PRP samples by platelet aggregation in response to several 78	

agonists (TRAP, ADP, epinephrine, arachidonic acid), according to international 79	

recommendations (11). Our aim was to detect possible drug-induced thrombopathy or platelet 80	

pre-activation related to the pre-analytical steps, thus eliminating false activation. 81	

PRP could also be pre-incubated in solutions containing antiplatelet agents: aspirin 82	

(Kardegic®, Sanofi-Aventis, France) at a final concentration of 2mM by successive dilutions, 83	

ticagrelor (Brilique®, AstraZeneca, Sweden) at a concentration of 10 µM, or a combination of 84	

both molecules.  85	

 86	

2. Characterisation of Escherichia coli strains 87	

The Escherichia coli strains used were from the collection of the IHU Méditerranée Infection 88	

(Collection des souches de l'unité des Rickettsies, CSUR, Marseille, France). The bacteria 89	

were identified by mass spectrometry (MALDI-TOFF, Bruker, Germany). All strains were 90	

cryopreserved at -80°C in cryopreservation systems. Ten strains were used from clinical 91	

isolates (LH1, LH30, RER60/Q1065, PIA61/Q1066, SEF62/Q6269) or reference strains 92	

(ATCC11303, K12, J53, ATCC25922, BL21DE3). Strains were plated on Columbia blood 93	

agar enriched with sheep blood (COS, Biomérieux, France) and placed in an oven at 37°C for 94	

24 hours. Solutions were then prepared by diluting colonies from the cultures in 0.9% NaCl. 95	
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The target concentrations we used were 10, 12 and 15 McFarland, which were measured 96	

using a densitometer (BioSan® DEN-1B). For each strain, the MIC of colistin was 97	

determined by microdilution method according to EUCAST recommendations (Table 1). 98	

 99	

3. Measurement of platelet aggregation after incubation with Escherichia coli 100	

strains 101	

Platelet aggregation was measured by spectrophotometric measurement at 740nm on an 102	

APACT® 4004 (Elitech, France). 180µ L of platelet-rich plasma (PRP) were mixed with 20 103	

µL of bacteria and agitated at 900 rpm at a temperature of 37°C. Data acquisition was 104	

performed for 1200 seconds. Platelet poor plasma (PPP) was also prepared by rapid 105	

centrifugation at 1100g for 10 minutes and used to adjust the 100% aggregation. The 106	

aggregation capacity of the bacteria was measured by the maximum aggregation percentage, 107	

calculated by the following formula: (light transmission before addition of bacteria - light 108	

transmission after addition of bacteria) x 100. Two control conditions were systematically 109	

performed, one in the presence of 20 µL of 0.9% NaCl, and the other in the presence of 10 110	

µM TRAP (Thrombin Receptor-Activating Peptide, STAGO® , France). 111	

 112	

4. Sequencing of strains, in-silico serotyping and determination of bacterial 113	

virulence genes 114	

For seven of the ten strains used (ATCC25922, ATCC11303, K12, J53, BL21 DE3, LH1 and 115	

LH30), the genomes were already available and published on the National Center for 116	

Biotechnology Information (NCBI) database. For the other three strains (Q1065, Q1066 and 117	

Q6269), pangenome sequencing was performed by Illumina MiSeq pair sequencing. The 118	

determination of ORFs (Open Reading Frame) was performed by PROKKA software using 119	

the default parameters. The pangenome sequencing data was then processed by Roary 120	

software which performed the alignment and comparison of the pangenomes of the different 121	

strains.  122	

From the sequencing data obtained, FASTA files were used to determine the serotype of 123	

Escherichia coli strains in-silico. Two software programs were used to ensure concordance of 124	

the results. The genomes were first processed by the ECTyper software, available since 2021 125	

(12). The results obtained were then compared to those returned by the SeroTypeFinder 126	

module of the Center for Genomic Epidemiology (CGE) (13). The CGE VirulenceFinder 127	

module also allowed us to determine in-silico, from the bacterial genomes, the different 128	
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virulence factors specific to each strain. In order to obtain the mapping of the genes of the 129	

different strains, we used the Genome Browser function of the EcoCyc database (ecocyc.org), 130	

which allows us to obtain the relative positions of each of the genes within the Escherichia 131	

coli genome and to identify the presence of inserted elements within the genome (14).  132	

 133	

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

confocal microscopy  135	

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

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

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

• Protocol 1: Immunostaining on slide. Bacteria were contacted with PRP containing 139	

250 G/L platelets for 220 seconds, which corresponds to the average response time 140	

observed in aggregation for strain J53. The mixture was then fixed in 4% 141	

paraformaldehyde (PFA) for 15 minutes and rinsed in PBS for 5 minutes. The mixture 142	

was then placed on a glass slide to be incubated for 30 minutes with a fluorescent 143	

DNA marker for bacterial identification (Hoechst 33342 Solution (20 mM), Thermo 144	

Scientific, dil 1:1000), as well as phalloidin for platelet actin labelling (Alexa Fluor™ 145	

488 Phalloidin, Invitrogen, dil 1:500). This labelling step was followed by rinsing in 146	

PBS and then distilled water for 5 minutes. The coverslip was then mounted, with the 147	

purified water deposit serving as the mounting medium. Reading was performed on a 148	

Zeiss LSM800 confocal microscope at different magnifications. 149	

• Protocol 2: Suspension immunostaining. Bacteria were incubated for 30 minutes with 150	

a fluorescent DNA marker (Hoechst 33342 (20mM) solution, dil 1:1000). They were 151	

then contacted with PRP containing 250 G/L platelets for 220 seconds. The mixture 152	

was then fixed in 4% PFA for 15 minutes and rinsed in PBS for 5 minutes. A second 153	

marker, phalloidin, for platelet actin labelling (Alexa Fluor™ Phalloidin 488, dil 154	

1:500) was then added to the platelet-bacteria mixture, rinsed for 5 minutes in PBS 155	

and then distilled water. The labelled platelet-bacteria mixture was then placed in a 156	

Cytospin® device to be spread in a standardised manner on a glass slide (900 rpm for 157	

10 minutes, low acceleration). Finally, the slide mounting step took place, with 158	

deposition of a mounting medium containing purified water. The reading was 159	

performed on a Zeiss LSM800 confocal microscope at different magnifications.  160	

 161	
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6. Statistical study 162	

Statistical analysis was performed using GraphPad Prism 9. Statistically significant 163	

differences were highlighted using unpaired Student's t-tests with a significance level of 164	

p<0.05. A normality test was also applied when analysing the effect of antiplatelets. A 165	

normality test was also applied when analysing the effect of antiplatelets. The samples 166	

followed a Gaussian distribution verified by the Shapiro-Wilk test (p>0.05). 167	

 168	

Results 169	

 170	

1. Identification of platelet aggregation inducing Escherichia coli strains 171	

For the ten Escherichia coli strains tested, platelet aggregations were performed on 5 PRP 172	

samples from different healthy donors. As shown in figure 1A, only 4 strains were able to 173	

induce platelet aggregation above 40% at 15 McF (ATCC11303, J53, BL21 DE3, 174	

ATCC25922, SEF62). Only the J53 strain induced platelet aggregation above 40% at all three 175	

concentrations of Escherichia coli tested. In contrast, the effect was dose dependent, with a 176	

significant increase in the mean aggregation percentage as the bacterial concentration 177	

increased for strains ATCC11303 (19.85%, 10 McF vs 45.24%, 15 McF, p<0.05) and BL21 178	

DE3 (26.02%, 10 McF vs 60.50%, 15 McF, p<0.05). In primary analysis, there was a 179	

statistically significant difference for strain ATCC11303 at the two lowest concentrations 180	

(19.85%, 10 McF vs. 34.42%, 12 McF, p<0.05), as well as results close to significance for 181	

strain BL21 DE3 between 12 McF and 15 McF (41.03%, 12 McF vs. 60.50%, 15 McF, 182	

p=0.052) The colistin-resistant strain SEF62 showed moderate platelet aggregation, exceeding 183	

40% aggregation only at the two highest bacterial concentrations (10 McF: 32.2%, 12 McF: 184	

40.6%, 15 McF: 44.4%, not significant). 185	

Thus, platelet aggregation is observed in both colistin-sensitive and colistin-resistant strains. 186	

The ability of strains to aggregate platelets is therefore not dependent on colistin resistance. It 187	

is interesting to note that K12, J53 and BL21 DE3 all show different aggregation profiles, 188	

despite the fact that the latter are mutant strains derived from the reference strain K12.  189	

 190	

2. Determination of virulence factors and in-silico serotyping 191	

In order to identify the mechanisms that could explain the differences in aggregation profile 192	

observed between Escherichia coli strains, strains were sequenced. The analysis of the results 193	
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obtained did not reveal any genes of interest shared by the strains showing similar behaviour 194	

(figure 2).  195	

The virulence factors carried by the different strains were determined by in-silico sequencing 196	

from the FASTA data. Similarly, no common virulence factor for all strains inducing platelet 197	

aggregation could be identified by the bioinformatics prediction software, among the 44 198	

virulence factors identified on the 10 Escherichia coli strains (figure 3).  199	

However, despite the absence of a common virulence factor to explain the heterogeneity of 200	

the results obtained in aggregometry, it was identified in some strains (ATCC11303, 201	

ATCC25922, BL21DE3, PIA61/Q1066, SEF62/Q6269) the presence of a gene family called 202	

kps, which would play a role in the formation of a capsule (K antigen) around the bacterium, 203	

thus capable of modifying the interactions between platelet receptors and LPS (table 2, figure 204	

3).  205	

 206	

3. O antigen serotyping of Escherichia coli strains 207	

Based on these results, we investigated the structures present on the bacterial surface that 208	

might be able to modify the interactions between platelets and bacteria, and more particularly 209	

LPS. We therefore performed in-silico serotyping of the ten strains of interest based on 210	

FASTA sequencing data. We were particularly interested in determining the type of O 211	

antigen, the outermost part of the LPS, and the H antigen, which characterises the type of 212	

flagellum possessed by the bacteria. As shown in Table 3, strains BL21 DE3 and ATCC11303 213	

have an O7 antigen and show relatively similar platelet aggregation profiles. The 214	

SEF62/Q6269 strain, which also shows significant platelet aggregation (Figure 1A), expresses 215	

a different O serotype to the previous two strains. Strains LH1, LH30, RER60/Q1065 and 216	

PIA61/Q1066, which do not induce platelet aggregation, all express different O serotypes 217	

(Table 3). Strains J53 and K12 share the same O16:H48 serotype, despite the fact that they 218	

have opposite abilities to induce platelet aggregation: strain J53 induces strong platelet 219	

aggregation, which is not found with strain K12. 220	

The difference in behaviour between these two strains, which are genetically close as one is 221	

derived from the other, was further explored. The GenomeMapper of the EcoCyc database 222	

(ecocyc.org) allowed us to search for the genes involved in the biosynthesis of the O antigen 223	

and LPS. We found that the wbbL gene, predicted to play an important role in the biosynthesis 224	

of the N-terminal fragment of LPS, had a mobile element called IS5 inserted in its sequence, 225	

rendering it non-functional (figure 4). This strain is therefore unable to synthesise an O-226	
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antigen, and therefore shows changes in the structure of LPS that cannot be predicted in-227	

silico. From these observations, our secondary hypothesis is that the ability of a strain to 228	

induce platelet aggregation is therefore dependent on the type of O antigen present in the LPS 229	

of each bacterium. 	230	

	231	

4. Study of platelet-bacteria interaction by confocal microscopy and 232	

determination of signalling pathways  233	

 234	

a - Validation of immunostaining protocols 235	

The two immunolabelling protocols (solution labelling and deposition by Cytospin® system 236	

vs. slide labelling and manual deposition on a glass slide) were compared to determine which 237	

one provided the best characterisation of platelet-bacteria interactions. Both protocols resulted 238	

in satisfactory platelet labelling, with complete labelling of the actin cytoskeleton, indicating 239	

good intra-platelet penetration of the marker (Figure 5). Bacteria were also satisfactorily 240	

labelled.  241	

However, the images obtained by the two protocols showed significant differences. Labelling 242	

on the slide allows the observation of spontaneous colocalisation between platelets and 243	

bacteria, illustrating their ability to interact and induce platelet activation. However, due to the 244	

low number of platelets and bacteria present on the slide, this type of labelling does not allow 245	

the analysis of the structure of the aggregates obtained with certain strains.  246	

Solution labelling and deposition using the Cytospin® system allows all the elements to be 247	

concentrated on a smaller surface. This technique allows the observation of a larger number 248	

of elements of interest, but loses the ability to conclude passive colocalisation of bacteria and 249	

platelets. Platelet morphology is also less accurate and may be altered during centrifugation. 250	

However, analysis of aggregate structure is still possible.  251	

b - Determination of interaction profiles by confocal microscopy 252	

Several parameters were studied in order to determine the interaction profile of each strain 253	

with platelets. For each of the strains, the following was investigated: 254	

- The presence of free Escherichia coli bacilli on the slide 255	

- The existence of activated platelet morphology in platelet-bacterial colocalisation 256	

images 257	
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- The presence of aggregates containing both platelets and bacteria, and if present, the 258	

location of the bacteria within the aggregate 259	

 260	

The presence of colocalisation could indicate the presence of an interaction between these two 261	

elements. Colocalisation was defined in our case as the superposition between two elements 262	

with different labelling, possibly within a cluster of platelets (Figures 5 and 6). We therefore 263	

performed a semi-quantitative approach by looking for the presence of colocalisation images 264	

between the two markings, indicating a direct interaction between platelets and bacteria.  265	

Numerous aggregates containing bacilli were observed with strains ATCC11303 and 266	

BL21DE3. These observations confirm the results obtained by spectrophometry. Although 267	

strain J53 induced a very significant aggregation, the microscopy images showed a lower 268	

number of aggregates than those observed for the previously mentioned strains. In addition, 269	

the number of bacilli observed is also smaller. Strains ATCC25922 and K12 do not induce 270	

platelet aggregates as observed by spectrophotometry.  Results are pending for strains 271	

PIA61/Q1066, RER60/Q1065 and SEF62/Q6269. All results are summarised in Table 4. 272	

 273	

5. Study of the effect of antiplatelets and aggregation mechanisms 274	

The effect of antiplatelet agents was studied on the J53 strain inducing the most platelet 275	

aggregation. The effect of two antiplatelet agents was analysed: aspirin, an inhibitor of 276	

thromboxane A2 synthesis, and ticagrelor, an inhibitor of the P2Y12 receptor to ADP.  277	

Pre-treatment of platelets with aspirin (2mM) statistically significantly decreases platelet 278	

aggregation regardless of the concentration of J53 strain used (10 McF: 85.09% vs 40.38%, 279	

p<0.05; 12 McF: 87.07% vs 61.38%, p<0.05). Similar results were obtained with ticagrelor 280	

(10 McF: 85.09% vs 14.67%, p<0.05; 12 McF: 87.07% vs 39.10%, p<0.05). Although not 281	

significant, the decrease was greater with ticagrelor than with aspirin (figure 7).  282	

However, treatment of platelets with an antiplatelet agent does not completely suppress the 283	

ability of platelets to aggregate. It should be noted that the reduction in aggregation under 284	

antiplatelet therapy appears to be inversely proportional to the bacterial concentration, but not 285	

statistically significant (Aspirin: 40.38% (10 McF) vs 61.38% (12 McF), p=0.17; Ticagrelor: 286	

14.67% (10 McF) vs 39.10% (12 McF), p=0.13).  287	

The effect of dual therapy with aspirin and ticagrelor was investigated to determine 288	

whether a synergistic action was observed compared to the use of ticagrelor alone. 289	

Surprisingly, the use of dual therapy did not significantly reduce platelet aggregation in J53 290	
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(10 McF: 23.68% vs 23.40%; 12 McF: 42.37% vs 38.06%) compared to ticagrelor alone 291	

(figure 7). Thus, platelet aggregation persists regardless of the antiplatelet treatment used, 292	

with greater aggregation as the bacterial concentration increases. 293	

Discussion 294	

Our results therefore show that aggregation induced by Escherichia coli is strain-dependent 295	

but also concentration-dependent. This variability observed in aggregometry is found in 296	

confocal microscopy. Some strains are able to induce the formation of large platelet 297	

aggregates in which the bacilli are found. With other strains, the platelets will remain in a 298	

non-activated state despite the proximity to the bacteria. These differences in behaviour are 299	

most likely related to differences in the structure of the LPS of the bacteria, and in particular 300	

the O antigen.  301	

Watson et al. demonstrate in a small number of Escherichia coli strains that platelet 302	

aggregation induced by two strains, CFT073 and RS218, is strain dependent, one strain being 303	

able to induce rapid and potent aggregation, while the other will have no effect, and also 304	

concentration dependent, with the platelet/bacteria ratio playing a role in the maximum 305	

percentage of aggregation achieved (15).  306	

However, the initial assumption that there was a link between colistin resistance of a bacterial 307	

strain and its ability to induce platelet aggregation was thus invalidated, as we observed 308	

platelet aggregation with both colistin-susceptible and colistin-resistant strains (Figure 1A).  309	

The analysis of the different pangenomes allowed us to determine whether certain strains 310	

possessed genes that could code for proteins capable of inducing platelet activation. Some are 311	

already known for other bacterial species, such as clumping factor A (clfA) from 312	

Staphylococcus aureus (16) capable of binding fibrinogen and inducing platelet aggregation. 313	

However, we did not identify any virulence factors that could explain the differences 314	

observed (Table 2). Based on the study of virulence factors and serotypes of the different 315	

strains used, as well as the aggregometry and microscopy results, we hypothesise that 316	

the interaction between platelets and bacteria depends on the structure of the LPS and 317	

in particular on the O antigen present on its surface.  318	

The serotyping results also drew attention to two strains that are genetically very similar: the 319	

K12 strain and one of its derived mutant strains, J53, which have opposite properties on 320	

platelet aggregation. As previously demonstrated, strain K12 is unable to present a functional 321	

O antigen, due to the insertion of a mobile element, IS5, in one of the genes involved in O 322	

antigen biosynthesis, the wbbL gene (Figure 4) (17–19). From this reference K12 strain 323	
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(substrain MG1655), a mutant K12 strain (substrain W3110) was developed by transposing a 324	

gene cluster called rfb, to which the wbbL gene belongs. It was shown that this mutant K12 325	

strain W3110 is capable of expressing a functional O antigen, serotype O:16 (20). Strain J53 326	

is also derived from the reference K12 strain, but spontaneously has a deletion of the mobile 327	

element IS5 in the wbbL gene, allowing it to express a functional O (21). This difference in 328	

LPS structure between two strains with opposite behaviour is the basis for our hypothesis that 329	

the serotype of the strains and more specifically the O antigen plays an indispensable role in 330	

the interaction with platelets. This hypothesis is also reinforced by the fact that it has been 331	

shown that platelets are able to express TLR-4 on their surface, which is involved in the 332	

recognition of LPS (22) recognition, and that this TLR-4-mediated signalling pathway is 333	

capable of inducing platelet aggregation (23). 334	

Several interaction profiles between platelets and bacteria can therefore be determined, based 335	

on the results obtained not only by aggregometry but also by confocal microscopy. These 336	

interaction profiles would depend, as mentioned before, on the structure of the LPS and more 337	

precisely on the type of O antigen present on the surface of gram-negative bacilli. Indeed, any 338	

modification of the LPS structure could therefore lead to a loss of recognition of the bacterial 339	

outer membrane by this TLR-4, giving rise to heterogeneous platelet responses as we have 340	

observed here. The establishment of these aggregation profiles of the different strains could 341	

play an important role in the prognosis of the patient, making it possible to identify the strains 342	

most at risk of inducing platelet activation and therefore the patients with an increased risk of 343	

developing a thrombotic event. This work should be carried out in parallel with the 344	

determination of the serotypes of the Escherichia coli strains most frequently involved in 345	

bacteremia and sepsis, data for which some recent retrospective studies have already been 346	

carried out, which demonstrate that certain serotypes are frequently isolated, in particular 347	

serotype O:25 (24,25). These articles echo a previous publication, which already in 2002 348	

demonstrated the capacity of certain LPS with particular serotypes to induce a more important 349	

transformation into septic shock than others, when these LPS were injected into mice, and 350	

could thus lead to a higher mortality rate (26). 351	

Knowledge of these aggregation profiles could play an important role in determining which 352	

serotypes are at greatest risk of developing a thrombotic event, where the use of an 353	

antiplatelet agent may be of interest. As we have observed, the effect of ticagrelor appears to 354	

be superior to that of aspirin. The combination of these two molecules does not provide a 355	

synergistic effect, and would not be of benefit compared to the use of ticagrelor alone. 356	

However, the use of antiplatelets, despite a significant decrease in the percentage of maximal 357	
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aggregation, does not completely eliminate the ability of platelets to aggregate in the presence 358	

of certain strains, notably J53. This persistence of aggregation could be due to the mechanism 359	

of activation of platelets by bacteria, which would call upon non-classical signalling 360	

pathways. Indeed, it has been shown that TLR-4 is able to recognise LPS from different 361	

strains in a heterogeneous manner. Some LPS would bind exclusively to TLR-4, while others 362	

would be able to induce the recruitment from plasma of soluble CD14 (sCD14) and induce 363	

the formation of a TLR-4-sCD14-LPS complex, involving specific signalling pathways 364	

leading to the release of soluble CD40L (sCD40L) (27,28). Soluble CD40L (sCD40L), 365	

released from platelet granules in response to this stimulation by the TLR-4-sCD14-LPS (28) 366	

complex, is able to induce an increase in the secretion of thromboxane A2 (29) and potentiate 367	

the ability of platelets to aggregate by binding to integrin αIIbβ3 (30)integrin, explaining the 368	

persistence of platelet aggregation that bypasses the classical aggregation pathways targeted 369	

by aspirin and P2Y12 inhibitors. When looking at CD40L levels in patients treated with 370	

different antiplatelet agents, CD40L levels are indeed not significantly altered when taking 371	

aspirin, but are lowered when taking a P2Y12 inhibitor (31). This difference could be the 372	

reason for our results, explaining both why ticagrelor provides a better reduction in platelet 373	

aggregation and the failure of dual therapy with aspirin and ticagrelor compared to ticagrelor 374	

alone.  375	

	376	

Conclusion 377	

Our work shows that the platelet aggregation profile induced by Escherichia coli strains is 378	

independent of the colistin resistance state but is dependent on the structure of the LPS. 379	

Antiplatelet drugs allow the observed platelet aggregation induced by certain strains to be 380	

reduced without completely inhibiting it. In order to better understand these mechanisms, we 381	

propose to pursue this work through several complementary approaches:  382	

- the study of the structure of the membrane of bacteria by electronic microscopy 383	

- O antigen detection by microscopy (using a fluorescent O antigen marker)  384	

- the study of signalling pathways leading to activation and therefore to platelet 385	

aggregation, in particular the Akt pathway. 386	

In perspective, our objective is to characterise in a prospective study the Escherichia coli 387	

strains identified in bacteremia and to correlate their profile with the clinical outcome of the 388	

patients. 389	

 390	
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Figure legends 394	

 395	

Figure 1 - A: Platelet aggregation induced by Escherichia coli strains at 10 McF (black), 12 396	

McF (grey) or 15 McF (white). N = 5 for each strain and bacterial concentration. *: p<0.05 in 397	

adjusted analysis; **: p<0.05 in primary analysis. 398	

B: Example of aggregation results obtained with strains LH30 and BL21 DE3. The BL21 399	

DE3 strain induces moderate platelet aggregation at all three concentrations, after a lag time 400	

of approximately 400 seconds. TRAP is used as a positive control and spontaneous 401	

aggregation as a negative control. 1 402	

 403	

Figure 2- Comparison of different pangenomes obtained by NGS sequencing. All ten strains 404	

show a low level of clusterisation. 405	

 406	

Figure 3: Heatmap of the 44 virulence factors identified in the different Escherichia coli 407	

strains. No common virulence factors inducing platelet aggregation could be identified for all 408	

strains 409	

 410	

Figure 4: Comparison of the structure and biosynthesis of the O antigen of strains K12 and 411	

J53. Strain K12 does not have a functional O antigen, secondary to the presence of a mobile 412	

element, IS5, inserted into the wbbL gene involved in O antigen synthesis. 413	

 414	

Figure 5: Images of colocalisation (A, C) or lack of colocalisation (B) between the two labels 415	

(x63 objective, mosaic images). The presence of bacteria within a smooth looking aggregate 416	

is noted for the BL21 DE3 strain (C) (x63 immersion lens). The colocalisation results 417	

observed seem to be consistent with the results found in aggregometry. 418	

 419	

Figure 6: Confocal microscopy images of aggregates with a very heterogeneous appearance 420	

depending on the strain (x63 immersion objective).  421	

A and B: Absence of platelet aggregates in response to strain ATCC 25922.  422	

C: Presence of numerous small aggregates in response to J53. There is a change in the general 423	

appearance of the platelets in response to this strain.  424	
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D and E: Presence of large aggregates in response to ATCC 11303 (Z-stack) and BL21 DE3 425	

(3D rendering, obtained by orthogonal projection). Some bacilli are visible in the middle of 426	

the aggregate, but also outside.  427	

F: Presence of large aggregates in response to strain LH30. No bacteria are visible outside 428	

these structures. 429	

 430	

Figure 7: Effect of antiplatelet agents on aggregation induced by Escherichia coli strain J53 431	

in the presence of aspirin (white), ticagrelor (grey), dual therapy with aspirin + ticagrelor 432	

(barred) or without antiplatelet therapy (black). Statistical significance: * = p<0.05 in adjusted 433	

analysis, ** = p<0.05 in primary analysis. N = 5 for each condition 434	

 435	

Table legends 436	

 437	

Table 1- Origin and sensitivity of the Escherichia coli strains used.  438	

MIC = minimum inhibitory concentration 439	

 440	

Table 2: Example of in-silico prediction result for virulence factors of Escherichia coli 441	

SEF62. The function of each gene is also predicted. 442	

 443	

Table 3: Results of serotyping data using the ECTyper in-silico prediction program, allowing 444	

determination of the O and H antigens carried by each Escherichia coli strain  445	

Table 4: Summary table of the results obtained by in-silico serotyping, aggregometry and 446	

microscopy with the 10 Escherichia coli strains. Two strains with the same serotype appear to 447	

have similar profiles. EC: In progress 448	

  449	
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Figure 1 450	

 451	

 452	

 453	

 454	

  455	
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 456	

Figure 2: 457	

 458	

 459	

 460	

  461	
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Figure 3: 462	

 463	

 464	

 465	

  466	
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Figure 4 467	

 468	

 469	

 470	

  471	
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Figure 5 472	

 473	

 474	

 475	

 476	

  477	
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Figure 6: 478	

 479	

 480	

 481	

 482	

  483	
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Figure 7:  484	

 485	

 486	

 487	

  488	

132



	 24	

Table 1 489	

 490	

Souches 

d’Escherichia 

coli 

Origine 
CMI colistine 

(mg/L) (32) 

Sensibilité à la 

colistine 

Mécanisme de 

résistance (32) 

LH1 Humaine 7,8 Résistant Gène mcr-1 

LH30 Humaine 3,9 Résistant Gène mcr-1 

PIA61/Q1066 
Humaine 

(prélèvement rectal) 
7,8 Résistant 

Mécanisme 

inconnu 

RER60/Q1065 

Humaine 

(prélèvement 

pharyngé) 

3,9 Résistant 
Mécanisme 

inconnu 

SEF62/Q6269 Humaine (urine) 3,9 Résistant 
Mécanisme 

inconnu 

ATCC25922 Souche de référence 0,97 Sensible  

ATCC11303 Souche de référence 0,48 Sensible  

K12 Souche de référence 1,95 Sensible  

J53 
Souche de référence 

(mutant de la K12) 
0,97 Sensible  

BL21 DE3 
Souche de référence 

(mutant de la K12) 
0,97 Sensible  

 491	

 492	

493	
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Table 2 494	

 495	

 496	

  497	
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Table 3 498	

 499	

 500	

  501	
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Table 4 502	

 503	

Souche 

d’Escherichia 

coli 

Sérotype Agrégomètrie 

Bacilles 

libres 

visibles en 

microscop

ie 

Agrégats 

plaquettaire

s en 

microscopie 

Aspect de 

plaquette

s activées 

Bactérie

s dans 

les 

agrégats 

LH1 O174:H2 - ++ +/- - +/- 

LH30 O8: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 O6:H1 - ++ - +/- - 

K12 - :H48 - + - +/- - 

J53 O16:H48 ++ + +/- ? + 

ATCC11303 O7:- + ++ + ++ ++ 

BL21 DE3 O7:- + ++ + ++ ++ 

  504	
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Conclusion et perspectives 

 
Les travaux présentés dans cette thèse ont pour objectif de participer à la compréhension 

des mécanismes d’interaction entre les plaquettes et E. coli et à 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 thème 

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 à établir notre modèle 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 l’interaction entre les plaquettes est E. coli est 

bidirectionnelle. Les bactéries peuvent induire une activation plaquettaire voire une agrégation, 

et les plaquettes à leur tour relarguent des molécules granulaires qui peuvent tuer les bactéries. 

En revanche, les conséquences de ces interactions diffèrent entre les souches testées. À notre 

connaissance, nous sommes les premiers à 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 phénomène d’activation plaquettaire. Plus les bactéries induisent une activation, 

moins les bactéries sont présentes après leur incubation avec les plaquettes. Ces observations 

nous ont montré que l’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-à-

vis des plaquettes a été analysée par comparaison génomique. Cela ne nous a pas permis 

d’identifier le gène ou le groupe de gènes originaire de cette différence. Néanmoins, en en se 

basant sur les données de la littérature, nous nous sommes intéressées à deux souches 

apparentées mais qui présentent des profils opposés. Nos résultats ont démontré le rôle de 

l’antigène-O dans ces interactions. En effet, la présence ou l’absence de l’antigène-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 à 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, l’aspect des préparations 

plaquettes-E. coli est principalement lié au niveau d’activation. Les souches qui n’activent pas 

les plaquettes se trouvent avec un nombre important côte à côte 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 à l’intérieur du magma 

plaquettaire qui est le contenu relargué des granules lors d’une activation. Nous pouvons donc 

émettre l’hypothèse 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 l’interaction et ses conséquences entre les plaquettes et E. coli, à savoir 

l’activation et la bactéricidie.   

Le second axe de notre travail concerne l’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 l’inverse, d’autres souches induisent une forte 

agrégation plaquettaire. Nos résultats démontrent que l’agrégation est indépendante des profils 

de résistance à la colistine. Ce phénomène d’agrégation est donc variable et également 

principalement souche-dépendant. Nous émettons l’hypothèse que la capacité des souches à 

induire une agrégation est liée aux sérotypes de l’antigène-O et à sa fonctionnalité. Cette 

hypothèse est appuyée : 

• Premièrement, par le fait que certaines souches, qui présentent le même 

sérotype, induisent le même profil d’agrégation  

• Deuxièmement par le fait qu’un même sérotype associé à un antigène-O 

fonctionnel ou pas présente les profils d’agrégation différents. 

Les phénomènes d’agrégation, en situation de bactériémie, peuvent exposer les patients 

à un phénomène d’immunothrombose. Ainsi, les antiplaquettaires pourraient jouer un rôle 

important dans la prise en charge du sepsis, et particulièrement à E. coli. Cependant, aucune 

étude clinique n’a évalué le bénéfice des antiplaquettaires dans le sepsis en fonction de l’espèce 

bactérienne. Dans ce travail, nous avons évalué in vitro l’effet de deux molécules 

antiplaquettaires testées seules et combinées sur l’agrégation induite par une souche de 

référence. Le traitement des plaquettes par les agents antiplaquettaires, les plus fréquemment 

prescrits, diminue la capacité des plaquettes à s'agréger sans l'inhiber totalement. De plus, la 
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bithérapie ne réduit pas l’agrégation de manière significative.  Ces résultats suggèrent la mise 

en œuvre d’autres voies d’activation plaquettaire lors de ces interactions. 

Cette thèse a permis pour la première fois d’étudier l’interaction bidirectionnelle entre 

les plaquettes et un large panel de souches d’E. coli. Cependant, nos travaux soulèvent 

également de nombreuses questions et plusieurs approches complémentaires pourraient être 

envisagées (figure 2).  

Nos résultats démontrent l’activité bactéricide des plaquettes sur certaines souches de 

E. coli, nous proposons de caractériser les PMPs impliquées dans ces phénomènes par 

spectrométrie de masse dans un premier temps mais également par séquençage. 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 :  

• Les voies d’activation plaquettaire mises en jeu lors de l’interaction avec les 

différentes souches, notamment la voie Akt. 

• L’action d’autres agents antiplaquettaires notamment les anti-GPIIbIIIa 

(tirofiban). 

Au regard des phénomènes d’immunothromboses décrits lors des bactériémies à E coli, 

les conséquences de ces interactions sur l’activité procoagulante des plaquettes n’ont pas 

étudiées. Nous proposons de rechercher l’expression de facteur tissulaire (FT) par les plaquettes 

par immunomarquage mais également de procéder à des tests globaux tels que la génération de 

thrombine à partir des mélanges plaquettes-E. coli. 

Enfin, dans le cadre d’une étude clinique prospective chez les patients présentant un 

sepsis à E. coli, il serait utile de caractériser les souches isolées à partir des hémocultures. 

L’objectif de notre équipe serait de corréler l’évolution des patients aux caractéristiques des 

souches en réalisant :  

• Leur sérotypage, en étudiant notamment l’antigène-O, sa présence et sa 

fonctionnalité 

• Une description de la surface des souches par microscopie électronique  

• 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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