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AVANT PROPOS

Le format de présentation de cette thése correspond a une recommandation de la spécialité
Maladies Infectieuses et Microbiologie, a I'intérieur du Master des Sciences de la Vie et de la
Santé qui dépend de I'Ecole Doctorale des Sciences de la Vie de Marseille. Le candidat est
amené a respecter des régles qui lui sont imposées et qui comportent un format de these
utilisé dans le Nord de I'Europe et qui permet un meilleur rangement que les theéses
traditionnelles. Par ailleurs, la partie introduction et bibliographie est remplacée par une
revue publiée dans un journal scientifique afin de permettre une évaluation extérieure de la
qgualité de la revue et de permettre a I'étudiant de commencer le plus tot possible une
bibliographie exhaustive sur le domaine de cette thése. Par ailleurs, la these est présentée
sur article publié, accepté ou soumis associé d’un bref commentaire donnant le sens général
du travail. Cette forme de présentation a paru plus en adéquation avec les exigences de la
compétition internationale et permet de se concentrer sur des travaux qui bénéficieront

d’une diffusion internationale.

Pr. Didier Raoult
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Résumeé :

Les cellules souches de la pulpe dentaire humaine (DPSCs) sont des cellules souches
mésenchymateuses (MSCs) isolées du tissu de la pulpe dentaire. Comme pour toute cellule
souche, les DPSCs sont capables de s’auto-renouveler et ont la capacité de se différencier en
plusieurs types de cellules, comme les odontoblastes, les ostéoblastes, les chondrocytes, les
neuroblastes et les adipocytes. Grace a ces propriétés, les DPSCs deviennent une cible
attrayante pour les applications cliniques en dentisterie et dans d'autres domaines tels que
la neurologie, I'immunologie et la réparation du tissu osseux. A ce jour, il existe de plus en
plus d'études sur les propriétés immunitaires des DPSCs. Elles hébergent des récepteurs a la
surface de la cellule, il est donc possible que des ligands microbiens tels que le
peptidoglycane (PGN) et le lipopolysaccharide (LPS), composants majeurs de la paroi
bactérienne, puissent influencer la biologie des DPSCs.

Il a été démontré que les DPSCs interagissent avec les cellules immunitaires via un contact
cellulaire ou en produisant une cytokine en tant que signal immunitaire. Cependant, les
propriétés immunitaires sont peu investiguées. En effet, des propriétés immunitaires comme
celles décrites dans les cellules immunitaires professionnelles telles que la phagocytose, la
production de composés antimicrobiens et le nouveau concept d’«immunité entrainée»
pourraient étre étudiées. Suite a ces observations, nous avons décidé d'étudier les
propriétés immunitaires des DPSCs.

Tout d'abord, une bréve revue a été élaborée pour mettre en évidence |'ensemble des
propriétés immunitaires des DPSCs décrites dans la littérature. Ensuite, expérimentalement,
nous avons montré que les DPSCs pouvaient internaliser le pathogene bactérien Bartonella

quintana. A notre connaissance, c'est la premiére fois qu’a été mise en évidence une



capacité phagocytaire des DPSCs. Cette internalisation est associée a une surexpression de
génes codant pour des facteurs inflammatoires tels que IL-6, IL-8, TNF-alpha et MCP-1,
connus pour jouer un réle important dans le recrutement des cellules immunitaires dans un
site d'infection. Nous avons également montré une expression de la béta-défensine 2, un
peptide antibactérien. Cependant, cette activité antimicrobienne n'inhibe pas
I'internalisation de Bartonella quintana. Au contraire, Bartonella quintana semble étre
internalisée dans un compartiment vacuolaire et se multiplier dans les cellules. Nous
suggérons que les DPSCs pourraient étre un sanctuaire pour Bartonella quintana expliquant
I'infection chronique a Bartonella quintana chez 'Homme.

En outre, nous avons décrit la capacité des DPSCs a développer une immunité entrainée
“trained immunity”. Il s’agit d’'un nouveau concept qui décrit la capacité d'un organisme a
réagir plus rapidement contre une seconde infection en ne mettant en jeux que des
composants issus de l'immunité innée. Dans notre étude, il s’agit d’'une mémoire
inflammatoire concernant deux cytokines IL-6 et MCP-1. L'amorcage des DPSCs avec le
ligand bactérien LPS ou PGN induit une augmentation de I'expression et de la production de
I'IlL-6 et du PGN apres un second stimulus.

Dans l'ensemble, I'étude des propriétés immunitaires des DPSCs montre que ces derniéeres
peuvent agir comme des cellules immunitaires. De plus, le préconditionnement des DPSCs
peut étre utilisé pour améliorer la thérapie des cellules souches de la pulpe dentaire pour la

dentisterie, la cicatrisation des plaies et d'autres types de tissu.



Abstract

Human Dental Pulp Stem Cells (DPSCs) are mesenchymal stem cells (MSCs) isolated from
dental pulp tissue. As with any stem cell, DPSC are cell that undergo self-renewal and have
the ability to differentiate into-multiple cell types such as odontoblasts, osteoblasts,
chondrocytes, neuroblasts and adipocyts. Thanks to these properties DPSCs become an
attractive target for clinical applications in dentistry and other field such as neurology,
osteoblaty and immunology. To date, there is more and more studies relating the immune
properties of DPSC. They harbour toll like receptor in the cell surface, so it’s possible that
microbial ligand such as Peptidoglycan (PGN) and Lipopolysacharide (LPS) the major
component of wall bacteria might influence the biology of DPSCs.

It has been shown that DPSCs interact with immune cell via cell-to-cell contact or by
producing cytokine as immune signal. Nevertheless, the immune properties have been
poorly investigated. Indeed, immune properties like those found in professional immune
cells, such as phagocytosis, production of antimicrobial compounds and the new concept
« trained immunity » could be studied. Following these observations, we decided to
investigate the immune properties of DPSCs.

Firstly, a brief review was elaborated to highlight the set of immune properties of DPSCs
described in the literature. Then, experimentally, we have shown that DPSCs can internalize
the bacterial pathogen Bartonella quintana. To our knowledge it is the first time that DPSCs
is able to internalize bacteria. This internalization is associated with an over-expression of
genes coding for inflammatory factors such as IL-6, IL-8, TNF-alpha and MCP-1 known to play
an important role in the recruitment of immune cells at the site of infection. We have also

shown an expression of Beta-defensin 2, an antibacterial peptide. However, this



antimicrobial activity does not inhibit the internalization of Bartonella quintana. In contrast
Bartonella quintana seems to be internalized in vacuolar compartment and multiply into
cells. We suggest that DPSCs could be a sanctuary for Bartonella quintana explaining the
chronic infection in case of human infection with Bartonella quintana.

In addition, we have described, the capacity of DPSCs to develop a trained immunity. Trained
immunity is a new concept which described the ability of an organism to respond faster
against a second infection which only involved components from innate immunity. In our
study, it is an inflammatory memory concerning two cytokines IL-6 and MCP-1. Priming
DPSCs with bacterial ligands LPS or PGN induce an increase of the expression and production
of IL-6 and PGN after a second challenge comparing to un-primed DPSCs.

Our investigations of the immune properties of DPSCs show they are acting like immune
cells. Moreover, preconditioning DPSCs can be used to enhance the dental pulp stem cells

therapy for dentistry and wound healing.






Introduction :

Notre équipe a développé un modele d’étude pour l'investigation des mécanismes
d’interaction hote pathogenes. Il s’agit de la planaire Schmidtea mediteranea, un ver plat
d’eau douce amplement étudié du fait de sa capacité exceptionnelle de régénération
(Sanchez Alvarado et al., 2002). En 1766, Peter Simon Pallasa a montré qu’un morceau de
tissu de planaire peut régénérer une planaire entiére (Odelberg, 2004). En 1898, Thomas
Morgan confirme les premiéres découvertes en montrant qu’1/279 morceau de planaire
régénere la planaire entiére en 20 jours Figure 1 (Gonzalez-Estévez, 2009). Cette capacité
régénérative est due au fait que la planaire est constituée de 30% de cellules souches
pluripotentes (somatiques) qui aprés une lésion ou décapitation permettent de remplacer et
de reconstruire des tissus et organes de la planaire a partir de structure préexistante
(Reddien et al., 2005). Schmidtea mediteranea est donc essentiellement connue de la
communauté scientifique par les études de développement et médecine régénérative alors
gue ses capacités immunitaires et de défense contre les agents pathogénes restent

largement inexplorées.

Figure 1 : Régénération de la planaire aprés amputation.
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La premiére étude sur I'immunité des planaires a été effectuée dans les années 1990 par
Morita, mettant en évidence des cellules, appelées réticulocytes, capables de reconnaitre
des bactéries Mycobacterium tuberculosis H37RA tuées par la chaleur et de les éliminer dans
I'intestin de la planaire Dugesia dorotocephala (Morita, 1991). Cependant dans ce travail
princeps, les mycobactéries étaient inactivées par la chaleur. Au cours des cing dernieres
années, notre équipe a mis en évidence les premieres caractéristiques immunitaires de la
planaire. La premiére étude a mis en évidence le fait que la planaire résistait a des bactéries
pathogénes pour 'Homme, en utilisant un mécanisme de phagocytose Figure 2 (Abnave et
al.,, 2014). Ensuite, on a montré l'implication du rythme circadien dans le contréle de
I'infection a Staphyloccocus aureus. L'invalidation du géne Timeless, un gene de I’horloge
moléculaire suivi d’une infection a Staphyloccocus aureus montre que la planaire n’arrive pas

éliminer les bactéries par rapport aux vers non invalidés (Tsoumtsa et al., 2017).

B .. L pneumophila

o

] 3 g ]
Time (days)

S aureus

3 B
Time (days)

M. tuberculosis

3 &
Time {days)

Figure 2 : Elimination bactérienne par la planaire Dugesia japonica (Abnave et al., 2014)



Ensuite, il a été mis en évidence un médiateur inflammatoire dans le contréle de I'infection a
Staphylococcus aureus. L'invalidation de LT4AH, un gene codant pour la production de
I’enzyme leucotriéne A4 hydrolase (LT4AH) impliquée dans la conversion de leucotriéne A4
en B4, médiateurs de I'inflammation (Henderson, 1994), permettait d’augmenter la vitesse

d’élimination de Staphyloccous aureus (Hamada et al., 2016).

Récemment, nous avons montré que la planaire avait la capacité de reconnaitre un agent
pathogene et de I'éliminer rapidement lors d’un second contact 30 jours aprés la primo-
infection. Cette mémoire immunologique est gouvernée par des néoblastes. L’'invalidation
des génes impliqués dans le maintien des néoblastes au sein de la planaire, montre une
perte de la mémoire immunologique (Torre et al., 2017a). Les néoblastes sont des cellules
souches pluripotents, I'équivalent des cellules souches mésenchymateuses chez les

vertébrés(Keating et al., 2017).
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Figure 3 : Immunité entrainée dépendant du géne Smed-PGRP 2 contre Staphylococcus

aureus chez la planaire Schmidtea mediteranea (Torre et al., 2017a).
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Au début de notre thése, aucune étude n’avait mis en évidence la présence d’'immunité
entrainée dans les cellules souches. En effet, toutes les études portaient sur les cellules
immunitaires innées telles que les monocytes, macrophages et cellules NK (Natural killer). Il
s’agit de cellules différenciées de durée de vie limitée, plus courte que la durée de
I'immunité entrainée. Partant de ce constat, Jorge Pereira a travers une revue intitulée « A
lasting impression : epigenetic memory of bacterial infections ? (Pereira et al., 2016) avait
suggéré d’investiguer la mémoire immunitaire des cellules pro-géniteurs de longue durée de
vie. Sur la base de ces suggestions et les résultats issus de notre étude, nous avons décidé
d’étudier I'immunité entrainée des cellules souches de I’'Homme, plus particulierement des

cellules souches mésenchymateuses dérivées de la pulpe dentaire.

Les cellules souches de la pulpe dentaire que nous nommerons hDPSCs (human Dental Pulp
Stem Cells) sont des cellules mésenchymateuses dérivées du tissu pulpaire de la dent. Les
hDPSCs résident dans la zone apicale de la pulpe dentaire riche en cellules Figure 4 (Galler
et al., 2014; Martens et al., 2012). In vitro, les hDPSCs ont une forme similaire aux cellules
fibroblastiques (fusiformes, coniques, présentant un cytoplasme volumineux avec un noyau
central Figure 5 (Varga et al.,, 2011). Comme toutes les cellules souches, les hDPSCs
possedent la propriété de s’auto-renouveler et de se différencier en plusieurs types de
cellules telles que les ondotoblastes (Wang et al., 2011), les ostéoblastes (Liu et al., 2009),
les chondrocytes (lohara et al., 2006), les adipocytes (lohara et al., 2006), les cellules

nerveuses (Arthur et al., 2008) et les cellules vasculaires in vitro Figure 6.



DPSCs

Dantal Pulp Stam Cells are
found in areas adjacent to the
nerves and blood vessels inside
the dental pulp.

DENTAL
PULP

— ALVEOLAR

APICAL
FORAMEN

Figure 4 : Localisation des cellules souches dans la pulpe dentaire.

http://palmbeachdentistfl.com/dentistry/stem-cells-from-dental-pulp-used-to-make-corneal-

cells/attachment/dental-pulp-stem-cells-dpscs/
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Figure 6 : Potentiel de multi différentiation des DPSC (Luo et al., 2018).
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Dans les conditions homéostatiques, les hDPSCs restent quiescentes et temporairement non
prolifératives. Leur principale fonction est de produire des odontoblastes pour assurer la
production de la dentine et le maintien de la vitalité biologique et physiologique de la
dentine. En cas de lésion de la pulpe, causée par des facteurs mécaniques, chimiques ou
thermiques, les hDPSCs sont activées et migrent vers le site de lésion ou elles se
différencient en odontoblastes afin de remplacer les cellules lésées et réparer la dentine

(Rombouts et al., 2016; Téclés et al., 2005) Figure 7.

ta] Transwell sssay (b} Scratch assay Migration assay with
fture insert

Chemotactic factor
(FGF2, TGFbetal, ...}
Biomaterial extract

OPSC
Wi. =

Migration distance

Chemotactic factor
(FGE2, TGFbetal, )
Blomaterial extract

(c) Long term migration assay (d }

‘ starting point {0 mm)
[l Crifurg madham
—

Matrigel .
B

Chematactic factor Chemotactic factor free
(FGF2, TGFbetat, ..}

u"?f‘

Figure 7 : Migration des hDPSC apreés lésions tissulaires (Rombouts et al., 2016).

Ces fonctions naturelles de production d’odontoblastes et de différentiation multi-lignée
sont utilisées pour des applications thérapeutiques telles que la réparation de la dentine et
la régénération des structures dentaires. Des expériences récentes ont démontré le

potentiel thérapeutique des cellules souches de pulpe dentaire pour la régénération
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compléte de la pulpe (Nakashima et al., 2017). Les hDPSCs sont également étudiées pour la
réparation des tissus en dehors de la dent telle que la régénération neuronale des tissus

cesophagiens (Chalisserry et al., 2017; Luo et al., 2018; Zhang et al., 2018) .

Outre les dommages chimiques et physiques, la pulpe dentaire peut subir des lésions
causées par des bactéries ou par une maladie inflammatoire comme la parodontite. Les
hDPSCs sont alors activées, proliféerent et migrent vers le site de lésion. Ainsi, venant a
proximité des bactéries et des composants bactériens ol elles initient I'inflammation via
leurs propriétés immunitaires, elles peuvent se différencier pour créer de nouvelles cellules
et tissus différenciés comme la dentine afin d’assurer le maintien de la fondation de la

structure dentaire (Li et al., 2014; Rombouts et al., 2016; Téclés et al., 2005).

Au cours des dix dernieres années, de nouvelles connaissances ont été apportées sur la
biologie des cellules souches qui prouvent que les hDPSCs contribuent également a la

défense de I'h6te et a I'inflammation (He et al., 2017).

Des études ont montré que les hDPSC possedent des propriétés immunitaires pour faire face
aux agressions microbiennes. Fawzy El Sayd et ses collaborateurs ont montré qu’en réponse
a un agent infectieux les hDPSCs sont activées et expriment des « pattern recognition
receptors » (PRRs) plus particulierement les Toll-like Receptors (TLRs) permettant ainsi de
reconnaitre les « pathogen associated molecular patterns » (PAMPs) largement exprimés a

la surface de différents types de microorganismes (Fawzy El-Sayed et al., 2016a) .

Une ensemble de mécanismes peuvent étre activés suite a I'engagement des TLRs tel que la
régulation a la hausse des effecteurs de l'immunité innée, y compris la production de
peptides antimicrobiens contre les bactéries, de cytokines pro-inflammatoires et de

chimiokines qui recrutent et activent les cellules immunitaires / inflammatoires résidant
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dans les tissus (He et al., 2013, 2014; Tomic et al., 2011). Une étude a montré que des
hDPSCs stimulées par le lipopolycasscharide (LPS), qui est un composé majeur de la paroi
bactérienne des bactéries Gram-négatif, induit la production d’interleukine 8 (1I-8), par un
processus dépendant de I'activation de TLR-4 et NF-KB, de maniere similaire aux cellules
immunitaires (He et al., 2013). Une étude semblable a montré également la production d’un
ensemble de cytokines pro-inflammatoires IL-1b, IL-6, IL-8, TNF-a, MCP-1 en réponse au
signal de danger LPS. Cette étude a montré en paralléle que les hDPSCs produisent aussi une
cytokine anti-inflammatoire IL-10 comme les cellules immunitaires, permettant de moduler
la réponse inflammatoire et de revenir dans une condition homéostatique (Bindal et al.,
2018). Par ailleurs cet ensemble de réactions inflammatoires permet d’activer les cellules
immunitaires et de les attirer sur le site de l'infection afin de développer une réponse

immunitaire protectrice.

Grace a leurs propriétés régénératives et immunitaires, les cellules souches de la pulpe
dentaires se présentent comme une source potentielle de cellules pour la médecine
régénérative. Cependant, avant que les hDPSCs ne soient utilisées pour des applications
cliniques, il est impératif de comprendre leurs propriétés biologiques en réponse aux
bactéries. Les mécanismes immunitaires sous-jacents a la réponse des cellules de la pulpe
dentaire humaine aux traumatismes ne sont pas complétement compris. D’autres propriétés
immunitaires peuvent étre investiguées. Effectivement les cellules souches situées dans la
zone interne de la chambre de la pulpe dentaire en contact étroit avec la terminaison
nerveuse, pourraient constituer des cellules sentinelles pour les blessures et l'invasion

d'agents pathogenes circulant dans le sang.
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Notre objectif principal au cours de notre these est d’apporter de nouvelles connaissances
concernant les propriétés immunitaires des cellules souches de la pulpe dentaire en réponse
aux bactéries. Pour répondre a 'objectif principal, différentes propriétés immunitaires ont

été explorées.

En premier lieu, nous avons réalisé une revue bibliographique pour faire le point sur les
nouvelles avancées biologiques concernant les propriétés immunitaires des cellules souches
de la pulpe dentaire. Ensuite, nous avons poursuivi nos travaux de recherche bibliographique
en rédigeant une deuxiéme revue bibliographique sur I'immunité entrainée, qui traite deux
grands points : le paradoxe entre la durée de vie des cellules de I'immunité innée et la durée
de I'immunité entrainée, le deuxiéme point étant I'immunité entrainée portée par des
cellules souches et cellules non professionnellement immunitaires. Dans un troisieme temps,
nous avons réalisé des travaux de recherche expérimentale mettant en évidence une
mémoire inflammatoire des hDPSCs aux ligands bactériens LPS et peptidoglycane (PGN).
Enfin, nous avons étudié expérimentalement les propriétés phagocytaires des cellules
souches de la pulpe dentaire en utilisant la bactérie pathogene intracellulaire facultative

Bartonella quintana comme modeéle.
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Préambule de la revue

Malgré les dernieres découvertes sur les caractéristiques immunitaires de la planaire, le
systeme immunitaire des planaires reste encore largement inexploré. De ce fait, nous avons
décidé de mettre en évidence chez la planaire, des agents antibactériens et médiateurs
inflammatoires connus pour jouer un role sur la réponse immunitaire sur les vertébrés. Sur
cette base nous avons étudié I'implication d’'un ensemble de médiateurs de I'inflammation
et des peptides antimicrobiens dans la réponse immunitaire antimicrobienne de la planaire

Schmidtea mediteranea.

Par génétique comparative, en utilisant la base de donnés SMED GD (Robb et al., 2015), nous
avons identifié chez la planaire des genes homologues a des genes de ’'Homme incluant la
cathelicidin (LL-37), un peptide antimicrobien (Krasnodembskaya et al., 2010), Indoleamine
2,3-dioxygenase IDO-1 un immuno-modulateur (Mbongue et al., 2015), le médiateur
inflammatoire Macrophage mediator in resolving inflammation 1 (Marl) (Serhan et al.,
2012), I'enzyme leukotriene A4 hydrolase (LT4AH) impliquée dans la conversion de
leukotriene A4 en B4, médiateurs de l'inflammation (Henderson, 1994), le peptide
antimicrobien beta-defensin (Semple and Dorin, 2012) et le médiateur immunitaire Nitric

Oxide (Madhu et al., 2016).

Des amorces spécifiques ont été désignées sur la base de ces genes prédits et une PCR a été
réalisée avec pour matrice ’ADNc des ARNm totaux de la planaire Schmidtea mediterranea.
Les genes Smed-LL37, Smed-IDO-1,Smed- Maresin, Smed-LT4AH, Smed-Beta-defensin et
Smed-Nitric Oxide, ont été amplifiés avec succes en présence de témoins négatifs. Ces
observations montrent I'existence, dans le génome de Schmidtea mediterranea, de régions

capables de coder pour des protéines présentant une homologie significative avec les
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peptides antimicrobiens et des médiateurs inflammatoires humains. Dans un deuxiéme
temps, I'invalidation de ces génes par RNA interference (RNAI), suivie d’une infection avec la
bactérie Staphylococcus aureus a permis de montrer que seul le gene Smed-LT4AH avait un
impact sur I'élimination des bactéries Staphylococcus aureus. L'invalidation de ce géne
permettait aux vers d’éliminer rapidement les bactéries, passant de 6 jours chez les vers
contréles a 4 jours chez les vers invalidés. Cette observation est en total désaccord avec les
observations publiées chez les vertébrés montrant plutét une susceptibilité a l'infection
bactérienne lors d’une déficience en LTA4H (Tobin et al., 2010). LT4AH est connu pour jouer
un réle dans la diminution de la douleur dans une inflammation induite dans un modeéle de

rat (Henderson, 1994).

Cette étude donne la voie pour étudier d’autres facteurs antimicrobiens connus chez les

vertébrés.
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Abstract

The study of host-pathogen interactions in model organisms offers a means to charac-
terize mechanisms and new critical innate immune genes that are conserved in higher
eukaryotes. In vertebrates, leukotriene A4 hydrolase (LTA4H) is known to play a role
in bacterial growth restriction. Planarian, a non-vertebrate organism, has the extraor-
dinary ability to fight a wide spectrum of bacterial pathogens and have the faculty to
regenerate an entire organism from a tissue fragment. However, the antibacterial re-
sponse of the planarian remains poorly understood. We evaluated the contribution of
LTA4H in the antibacterial response of the planarian, and we have observed that the si-
lencing of the Smed-LTA4H gene by RNA interference promotes the S. aureus clearance,
suggesting a role of LTA4H in the microbicidal activity of planarians.

Introduction

The planarian, a non-vertebrate, is actively used to investigate developmental and re-
generation processes [1]. In addition, this platyhelminth is a model used to investigate
the evolutionarily conserved mechanism of antibacterial response because of its resis-
tance to infection [2]. Indeed, the planarian species Schmidtea mediterranea and Du-
gesia japonica are able to eliminate a large spectrum of human pathogens, including
Staphylococcus aureus [2], a microbe responsible for nosocomial disease and for causing
pneumonia, abscess, sepsis, toxic shock syndrome [3]. In vertebrates, Leukotriene A4
hydrolase (LTA4H) is a ubiquitously expressed enzyme that catalyzes the final step in
the synthesis of leukotriene B4 (LTB4), a potent pro-inflammatory lipid mediator de-
rived from arachidonic acid [4]. LTA4H controls the balance of pro-inflammatory and
anti-inflammatory eicosanoids and determines the expression of tumor necrosis factor
(TNF)-a.. The expression of LTA4H induces the production of pro-inflammatory cy-
tokines; in contrast, the inhibition of LTA4H reduces the LPS-induced production of
pro-inflammatory cytokines, upregulates the production of the anti-inflammatory cy-
tokine interleukin-10, and enhances bacterial invasion or bacterial susceptibility [5] [6]

(7] (8] [9]-

Objective

The role of LTA4H in resolving a bacterial infection in a model of resistance to bacterial
infection, such as planarians, remains unknown. Therefore, we investigated the role of
LTA4H in the planarian species Schmidtea mediterranea, infected with S. aureus.
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Figure 1. The silencing of Smed-LTA4H enhanced bacterial elimination.
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(A) Protein alignment between Hs-LTA4H (NP_000886.1) and predicted Smed-LTA4H.
The results are color coded for amino acid conservation and the scoring scheme works
from o, for the least conserved alignment position, to 10, for the most conserved align-
ment position.

(B) Planarians were challenged with S. aureus (1x10e9 bacteria), and Smed-LTA4H ex-
pression was evaluated using RTqQPCR. S. aureus induced a transient expression of Smed-
LTA4H. The results are presented as the mean + SD (3 worms per time point processed
individually in triplicate, number of experiments= 3, *p <o0.05).

(C) The S. mediterranea eGFP (RNAi) and the S. mediterranea LTA4H (RNAi) were fed
with S. aureus (1x10e9 bacteria), and the CFUs per worm were counted over time. S.
aureus were eliminated in 6 days in control and 4 days in planarians silenced for Smed-
LTA4H. The results are expressed as the mean + SD (10 worms per time point, the number
of experiments= 3, *p <0.05).

(D) The amount of bacteria ingested by the S. mediterranea eGFP (RNAi) and the S.
mediterranea LTA4H (RNAi) after feeding (Time o day) was determined by counting
the CFUs. The S. mediterranea eGFP (RNAi) and the S. mediterranea LTA4H (RNAi) had
ingested the same amount of bacteria. The results are expressed as the mean * SD (10
worms per time point, number of experiments= 3).

(E) The efficiency of the Smed-LTA4H silencing by RNAI in the S. mediterranea was de-
termined using RTqPCR. In S. mediterranea LTA4H (RNAi) animals, the level of expres-
sion of Smed-LTA4H is diminished of 79% compared to the control (eGFP RNAi). The
results are expressed as the mean + SD (3 worms per time point processed individually
in triplicate, number of experiments= 3, *p <0.05).

Planarians

Used planarians belong to the species Schmidtea mediterranea (CIW4). Planarians were
maintained as previously described [13] in autoclaved water at 20°C and fed once per
week with calf liver. Animals were starved for at least 2 weeks prior to the experiments.
Bacteria

Staphylococcus aureus (ATCC25923) was grown on blood agar plates (BioMerieux SA)
at 37°C.

Worm feeding with bacteria

S. mediterranea were fed with S. aureus (1x10e9 bacteria) using a protocol adapted from
a dsRNA feeding method [14] as previously described [2]. Briefly, S. aureus were sus-
pended in homogenized liver, mixed with ultra-low-gelling-temperature agar and red
food coloring, and allowed to solidify on ice. Room temperature solidified food was fed
to planarians. After 2 h (defined as day o) of feeding, the planarians were extensively
washed, and then collected or kept at 20°C in function of the experiments. Each exper-
iment has been made in triplicate, for each experiment there were 10 worms per time
point.

CFU Counting

As previously described [2], S. mediterranea were collected and homogenized in PBS.
The lysate was passed 5 times through a sterile syringe with a 29G needle to disrupt
planarian tissue clumps, and CFUs were counted after plating of 10 pl of a serial dilution
of planarian lysates onto blood agar plates (BioMerieux SA) followed by an incubation
of 24 h at 37°C.

Gene prediction

Smed-LTA4H has been identified using PlanMine transcriptomes database (http://plan-
mine.mpi-cbg.de). Protein sequence of the Hs-LTA4H (NP_005082.1) has been blast via
blastp against planmine transcriptomes dd_Smed_v6 using default parameters (e-value
1e-5). We identified the sequences producing a significant alignment with Hs-LTA4H.
The top BLAST hit was used to predict Smed-LTA4H via FGENESH+ (http://www.soft-
berry.com/) using default parameters. The homology at the protein level between pre-
dicted Smed-LTA4H and Hs-LTA4H (NP_o05082.1) was analyzed using blastx. The
conservation scoring was performed by PRALINE (http://www.ibi.vu.nl/ programs/pra-
linewww?/) using default parameters. The results are color coded for amino acid conser-
vation and the scoring scheme works from o, for the least conserved alignment position,
to 10, for the most conserved alignment position.

Cloning
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To generate the Smed-LTA4H RNAI, cDNA from S. mediterranea was amplified via PCR
designed with Primers (http://primer3.sourceforge.net/) and containing attB recombina-
tion sequences, and then the obtained PCR product was cloned as described elsewhere
[14]. The dsRNA in silico accuracy prediction was defined as follows. Targeted tran-
script sequences were extracted between the 3’ end of the 5’ primer and the 5’ end of
the 3’ primer used for cloning. The extracted sequences were then cut into 21 mers
using a sliding window of 1 nucleotide. All possible RNAi sequences were then gen-
erated, and each putative RNAi sequence was aligned to the planarian transcriptome
using BLAST with a word size of 21; only perfect matches were considered. For each
transcript for which an RNAi was designed, a theoretical target accuracy was calcu-
lated based on the number of RNAIi sequences matching the target divided by the total
number of generated RNAi sequences. Smed-LTA4H primers (left primer CTCGTTC-
CGGTTCTTGTCGA, right primer GCAGGCGTGTGATTTGATCG), attB recombina-
tion sequences (CATTACCATCCCG).

Delivery of dsRNAs

dsRNAs were delivered to S. mediterranea as previously described [14]. The quality
of Smed-LTA4H knock down was controlled via real-time RTqPCR as described else-
where [15]. Primers used for real-time RTqQPCR were for Smed-LTA4H (left primer
TATGCCACTACCGCGAACTG, right primer CGGGCTATCTTGGCATGGAA ). Results
were normalized by the expression of the control housekeeping gene Smed-efz [16].
RNA extraction

Total RNA (1 animal per sample, and 3 animals per experimental time point) were ex-
tracted from planarians using the Trizol method, as recommended by the manufacturer
(Invitrogen). Experiments were made in triplicates.

Statistical Analysis

The results are expressed as means + SD and were analyzed using the nonparametric
Mann-Whitney U test. Differences were considered significant at p <o.05.

Nucleotide sequence and protein sequence of predicted Smed-LTA4H

>FGENESH:[mRNA] predicted Smed-LTA4H 1854 bp ATGGCCTTATCGC-
TAAACGATCCTGTGTCATATGCAAATTCAGAAGACTATGTTACTGAA-
CATTTGGATTTTGACTGGATAATAGATTTTGATAGAAAACTAATTGAAG-
GATCAGTAAATCTACAATTGAAAAACTTAACCAAAAAACAAGCTGACT-
TAAAATTAGATACGAAATATCTTGATATTAAAAAAGTGTCAGTGAAAG-
GAACGGAAACTAGATTTGATATTGTAGATTGTAAAATCGAAGCACTTG-
GATCGTGTTTAAAAATTCCAATTGGAATTTCCGATGAAAAATTTTCGGTTTG-
TATTCAATATGCCACTACCGCGAACTGTACAGCTCTTCAGTGGTTAATTCCG-
GAAGCAACTGTTGGAAAAAAACATCCCTATTTATTTAGTCAATGTCAAGC-
CATACACGCTAGAAGTCTTTTTCCATGCCAAGATAGCCCGTGTGTAAAATC-
GACTTATTCTGCAAAGGTAAAAGCTCCTAATCAATTCAATGTTTTAAT-
GAGTGCTATTAAAAATGAAGATCCTACTAAAGAAGGAAATCATTTGATACA-
CAAATTCGAACAGAAAGTTAATATTTCTAGCTATCTTGTTGCTATTGTATGTG-
GTAATTTGGCTGGAAAAAAGCTAAGTAACCGTTCAACTGTCTGGTCAGAAC-
CGGAAATGGTGGAAAAAGCCGCTCATGAGTTTGCAGACACTGAAAACT-
TATTATCTATTGCTGAAAGCATATGCGGCGAGTATGTTTGGGGCATATAT-
GACTTACTAGTATTGCCACCTTCGTTTCCATACGGGGGGATGGAAAATC-
CATGTCTTACATTTGTTACTCCAACGCTTTTGGTTGGGGATAAATCCCTTGT-
GTTTGTAGTTGCGCATGAAATCACTCATTCGTGGACTGGAAACCTAG-
TAACTAATAAAACATGGGAAGATTTTTGGTTAAATGAGGGTCACACTC-
GATATATCGAAAGATTGATAATGGAGAAGTATTATGATTCCGAACTGATAAG-
GCATCTGCTAATTTCTATCGGCATAGCAGAACTTCAAGAATCACTTAAT-
GCATACGGAGAAGGTCATAAATTTAATCAACTCGTTCCGGTTCTTGTC-
GAATGCGATCCAGACGATTCTTTCTCACGAGTGCCCTATGAGAAAG-
GCTCCAATTTATTATTCCATTTAGAAAATATTTGTGGCAAAGATCAAAT-
GTTGCGCTGGTTGAAATGCTATTTTGAGCACTACAAATATAAATCTCTTA-
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CAACTGATGAGTGGAAGGCTTTCTTTTATAAATACATGATTGATAAGGAAAA-
CATTTCAAAAGCTAAACTTGATAATGTAGATTGGAAGAAATGGTTTTATGGAA-
GATGGAAAATTCCAGTTGACCACGTTCTCAAACGGGATCATGGTGATGCCAGT-
GAGAGACTTGCCGATAAATGGATTAATTTGAACCCAGAAATATCAGATTCC-
GATCAAAAGGATTTATTATTGGAATATGAATCGTTCTTACCGCATCAAAAATAT-
TACTTTTTGCAAGTGCTCAATGATTTTAAAGAGGCAAAGTTACATTCCAAAGT-
TATCGAGACAATGGGTAATTTGTACCAATACACCACTAGTTCTAATAGT-
GAAATACTATTCGGTTGGGTAATGCTGTGCATTCGATCAAATCACACGCCTG-
CAATTGATCAAATATTTGACTTTCTCAATTCACAAGGCCGATTGAAATATAC-
CAAGCCAATATATCGAAACCTTGCTAATTGGCCTAATGATCACATCAAACGAT-
TAACTGTTAAAAATTTCCTGAAAAACGAAAATACAATGCACCCAATAACTG-
CAAAAAGCATCAGACTTCTATTATGCCTCTGA

>FGENESH: predicted Smed-LTA4H 617 aa MALSLNDPVSYANSEDYVTEHLDFD-
WIIDFDRKLIEGSVNLQLKNLTKKQADLKLDTKYLDIKKVSVKGTETRFDIVDCKIEAL-
GSCLKIPIGISDEKFSVCIQYATTANCTALQWLIPEATVGKKHPYLFSQCQAIHARSLF-
PCQDSPCVKSTYSAKVKAPNQFNVLMSAIKNEDPTKEGNHLIHKFEQKVNISSYL-
VAIVCGNLAGKKLSNRSTVWSEPEMVEKAAHEFADTENLLSIAESICGEYVWGIY-
DLLVLPPSFPYGGMENPCLTFVTPTLLVGDKSLVFVVAHEITHSWTGNLVTNK-
TWEDFWLNEGHTRYIERLIMEKYYDSELIRHLLISIGIAELQESLNAYGEGHKFN-
QLVPVLVECDPDDSFSRVPYEKGSNLLFHLENICGKDOQMLRWLKCYFEHYKYK-
SLTTDEWKAFFYKYMIDKENISKAKLDNVDWKKWFYGRWKIPVDHVLKRDHG-
DASERLADKWINLNPEISDSDQKDLLLEYESFLPHQKYYFLQVLNDFKEAKLHSKVIET-
MGNLYQYTTSSNSEILFGW VMLCIRSNHTPAIDQIFDFLNSQGRLKYTKPIYRNLANW-
PNDHIKRLTVKNFLKNENTMHPITAKSIRLLLCL Results & Discussion

First, we searched for a homologue to Homo sapiens (Hs)-LTA4H (NM_000895.2)
in S. mediterranea using the transcriptome database PlanMine (http://planmine.mpi-
cbg.de/planmine/begin.do). Our TBLASTN analysis, using the Hs-LTA4H (NP_-
000886.1) as a query and the planarian transcriptomic data (dd_Smed_v6), identi-
fied 10 sequences producing significant alignments with Hs-LTA4H (Icl|dd_Smed_v6_-
733_0_2, e-value 1e-160; lclldd_Smed_v6_733_o_1, e-value 3e-160; lcl|dd_Smed_v6_-
3027_0_1, e-value 8e-142; lcl|dd_Smed_v6_2224_o_1, e-value 2e-21; Icl|dd_Smed_v6_-
15623_0_1, e-value 2e-20; Icl|dd_Smed_v6_6470_o_1, e-value 7e-20; Icl|dd_Smed_v6_-
6958_o_1, e-value 7e-20; Iclldd_Smed_v6_1249_o_1, e-value 2e-17; lcl|dd_Smed_vé6_-
8086_0_1, e-value 2e-13; Icl|dd_Smed_v6_7405_o_1, e-value 6e-06). Using FGENESH+
(http://www.softberry.com/), we predicted Schmidtea mediterranea (Smed)-LTA4H, as a
homologue to Hs-LTA4H. Analysis with BLASTx showed a 44% homology at the pro-
tein level (97% of cover, e-value 2e-166) for predicted Smed-LTA4H with Hs-LTA4H (Fig.
1A). Second, using quantitative real-time PCR, we evaluated the expression level of
the Smed-LTA4H in worms challenged by S. aureus. Our results demonstrated that S.
aureus induced the mRNA expression of the Smed-LTA4H. We observed the level of
mRNA expression of the Smed-LTA4H increase transiently from a relative fold change
of 1 to a maximum relative fold change of 4.5, which was reached after 12 h of chal-
lenge with S. aureus (Fig. 1B). These data suggest that Smed-LTA4H is induced in re-
sponse to S. aureus infection. Next, using RNA interference, we inhibited the expres-
sion of the Smed-LTA4H in planarians, and the Smed-LTA4H (RNAi) animals were fed S.
aureus. We evaluated the clearance of S. aureus at 3, 6, and 9 days post-feeding us-
ing a direct measurement of the colony-forming units (CFUs) (Fig. 1C). 2 days after
infection, we observed that the S. aureus CFU count was less important in the Smed-
LTA4H (RNAi) worms (1.31x10e3 S. aureus CFU/worm) than in the control Smed-eGFP
(RNAi) worms (1.20x10e4 S. aureus CFU/worm). 4 days after infection, the Smed-
LTA4H (RNAi) worms had fully eliminated the S. aureus, whereas in the control, eGFP
(RNAi) worms, S. aureus was still detected (1.12x10e2 *+ 6.44x10e1 CFU/worm). S. au-
reus was detected for 2 additional days in the control eGFP (RNAi) worms. The observed
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difference between the Smed-LTA4H (RNAi) worms and the control eGFP (RNAi) worms
in the rate of S. aureus elimination was not due to differences in the level of infection at
To, as there was no significant difference in the number of S. aureus CFU/worm detected
at To between the Smed-LTA4H (RNAi) worms and the control eGFP (RNAi) worms
(1.56x10e6 * 5.31x10€5 Vs 1.35%10€6 * 6.50x 10e5, respectively) (Fig. 1D). The inhibition
of Smed-LTA4H expression via RNAi increases the rate of elimination of S. aureus in pla-
narians. It is interesting to note that S. aureus induces the expression of Smed-LTA4H,
suggesting that a survival strategies of S. aureus is to induce the expression of Smed-
LTA4H to decrease the rate of its elimination in planarians. However, this strategy
fails, probably because of other antibacterial mechanisms engaged by planarian to fight
microbes. The knock-down efficiency of Smed-LTA4H was confirmed using real time
RT-qPCR. The expression of Smed-LTA4H was reduced by 80% compared to the con-
trol Smed eGFP (RNAi) worms (Fig. 1E). Taken together, these data shows that the si-
lencing of Smed-LTA4H does not affect the capacity of planarians to ingest bacteria and
promotes the capacity of planarians to eliminate S. aureus. The specificity of the RNAi
against LTA4H has been controlled. Indeed, for Smed-LTA4H transcript for which the
RNAI was designed, the theoretical target accuracy has been calculated. We find a num-
ber of theoretical off target equal to o, thus a target accuracy of 100%, excluding that the
observed effect was due to an off-target effect. The data from this study demonstrate
that (1) S. aureus induces the expression of the Smed-LTA4H and survives up to 6 days
in planarians and (2) the knock down of the Smed-LTA4H significantly increased the an-
timicrobial activity of planarians, and S. aureus were eliminated by 4 days after infection.
To date, there is no published data on the role of the LTA4H in the antibacterial processes
of non-vertebrates. Therefore, the only comparisons we can make to the results from
our study on non-vertebrate are based on the findings in vertebrates. In vertebrates, the
overexpression of the LTA4H is responsible for an increase in TNF-induced cell necrosis
leading to bacterial death. In contrast, a reduction in the LTA4H expression leads to an
increase in bacterial growth [5] [9]. In addition, other work in mammals suggest LTA¢4H
deficiency is significantly associated with tuberculosis meningitis, lymph node tubercu-
losis, bone tuberculosis and other extra-pulmonary tuberculosis with the exception of
pleural tuberculosis in humans [6] [4] [8]. Therefore in vertebrates, LTA4H deficiency
likely leads to bacterial proliferation and a failure to resolve the bacterial infection due
to the resultant anti-inflammatory properties, whereas overexpression of the LTA4H is
associated with pro-inflammatory properties and thus leads to bacterial death. Here, we
observed that LTA4H deficiency in planarians has the opposite effect compared to ob-
servations in vertebrates because LTA4H deficiency promotes the clearance of bacteria
in planarians. This observed difference might be linked to the extraordinary capacity
of planarians to regenerate any part of their body. In fact, it has been suggested that
inhibition of the LTA4H expression by maresin-1 (MaR1) induced a faster regeneration
of the planarian head [10]. In planarians, the autophagy process is required for tissue
regeneration [11] and bacterial clearance [2]. The invalidation of the LTA4H gene could
result in an increase in autophagy and a disruption of the tissue homeostasis equilib-
rium (controlled via autophagy), thereby leading to an increase in the elimination of the
bacteria.

Conclusions

We can speculate through a comparison with mammalians that LTA4H expression is
associated with the anti-inflammatory profile in planarians, but this must be proven by
further experiments. However, we can conclude that in this study we have shown that
the silencing of the LTA4H gene in planarians enhances the capability of planarians to
kill S. aureus. These results suggest that in planarians, LTA4H expression is taking part
to the anti-bacterial mechanisms engaged by planarians to fight microbes.

Limitations

These experiments were conducted using a non-vertebrate model that is highly resistant
to infection and has the capacity to continuously regenerate. The particular biological
properties of the planarians could explain the unexpected role of the LTA4H compared
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to other organisms. In addition, we have specifically worked with S. aureus, it could be
interesting to analyze LTA4H deficient planarians challenged with other microorgan-
isms, such as Mycobacterium tuberculosis, which are often used to study the function of
the LTA4H in vertebrates.

As suggested above, it would be interesting to evaluate the contribution of autophagy in
the microbicidal mechanisms mediated by LTA4H in planarians. For that, it will be im-
portant to analyze the level of the autophagy in the LTA4H knock-down planarians, the
expression level of autophagy markers, such as MORN2 [2], and the planarian homo-
logue of Hs-dap--1 [11], and the level of apoptosis by tunnel assay. It will be also inter-
esting to determine the cell population expressing LTA4H, as well as the co-expression
of LTA4H and autophagy makers in planarians. In addition, whether the regeneration
process failed or is affected by the knock down of LTA4H should be examined to explain
the role of LTA4H in bacterial elimination by planarians. However, we cannot exclude
a contribution of the a-toxin produced by S. aureus [12] in our observation. It will be
interesting to see if other strains of S. aureus which do not produce a-toxin, such as
the S. aureus RN4zz0 strain, have the same effect on Smed-LTA4H expression, and the
effect of the silencing of Smed-LTA4H on S. aureus RN4220 behaviors.

Additional Information

Methods

Planarians

Used planarians belong to the species Schmidtea mediterranea (CIW4). Planarians were
maintained as previously described [13] in autoclaved water at 20°C and fed once per
week with calf liver. Animals were starved for at least 2 weeks prior to the experiments.
Bacteria

Staphylococcus aureus (ATCC25923) was grown on blood agar plates (BioMerieux SA)
at 37°C.

Worm feeding with bacteria

S. mediterranea were fed with S. aureus (1x10e9 bacteria) using a protocol adapted from
a dsRNA feeding method [14] as previously described [2]. Briefly, S. aureus were sus-
pended in homogenized liver, mixed with ultra-low-gelling-temperature agar and red
food coloring, and allowed to solidify on ice. Room temperature solidified food was fed
to planarians. After 2 h (defined as day o) of feeding, the planarians were extensively
washed, and then collected or kept at 20°C in function of the experiments. Each exper-
iment has been made in triplicate, for each experiment there were 10 worms per time
point.

CFU Counting

As previously described [2], S. mediterranea were collected and homogenized in PBS.
The lysate was passed 5 times through a sterile syringe with a 29G needle to disrupt
planarian tissue clumps, and CFUs were counted after plating of 10 pl of a serial dilution
of planarian lysates onto blood agar plates (BioMerieux SA) followed by an incubation
of 24 h at 37°C.

Gene prediction

Smed-LTA4H has been identified using PlanMine transcriptomes database (http://plan-
mine.mpi-cbg.de). Protein sequence of the Hs-LTA4H (NP_005082.1) has been blast via
blastp against planmine transcriptomes dd_Smed_v6 using default parameters (e-value
1e-5). We identified the sequences producing a significant alignment with Hs-LTA4H.
The top BLAST hit was used to predict Smed-LTA4H via FGENESH+ (http://www.soft-
berry.com/) using default parameters. The homology at the protein level between pre-
dicted Smed-LTA4H and Hs-LTA4H (NP_o05082.1) was analyzed using blastx. The
conservation scoring was performed by PRALINE (http://www.ibi.vu.nl/ programs/pra-
linewww/) using default parameters. The results are color coded for amino acid conser-
vation and the scoring scheme works from o, for the least conserved alignment position,
to 10, for the most conserved alignment position.

Cloning

To generate the Smed-LTA4H RNAI, cDNA from S. mediterranea was amplified via PCR
designed with Primers3 (http://primer3.sourceforge.net/) and containing attB recombina-
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tion sequences, and then the obtained PCR product was cloned as described elsewhere
[14]. The dsRNA in silico accuracy prediction was defined as follows. Targeted tran-
script sequences were extracted between the 3’ end of the 5” primer and the 5° end of
the 3’ primer used for cloning. The extracted sequences were then cut into 21 mers
using a sliding window of 1 nucleotide. All possible RNAi sequences were then gen-
erated, and each putative RNAi sequence was aligned to the planarian transcriptome
using BLAST with a word size of 21; only perfect matches were considered. For each
transcript for which an RNAi was designed, a theoretical target accuracy was calcu-
lated based on the number of RNAi sequences matching the target divided by the total
number of generated RNAi sequences. Smed-LTA4H primers (left primer CTCGTTC-
CGGTTCTTGTCGA, right primer GCAGGCGTGTGATTTGATCG), attB recombina-
tion sequences (CATTACCATCCCG).

Delivery of dsRNAs

dsRNAs were delivered to S. mediterranea as previously described [14]. The quality
of Smed-LTA4H knock down was controlled via real-time RTqPCR as described else-
where [15]. Primers used for real-time RTqQPCR were for Smed-LTA4H (left primer
TATGCCACTACCGCGAACTG, right primer CGGGCTATCTTGGCATGGAA ). Results
were normalized by the expression of the control housekeeping gene Smed-efz [16].
RNA extraction

Total RNA (1 animal per sample, and 3 animals per experimental time point) were ex-
tracted from planarians using the Trizol method, as recommended by the manufacturer
(Invitrogen). Experiments were made in triplicates.

Statistical Analysis

The results are expressed as means + SD and were analyzed using the nonparametric
Mann-Whitney U test. Differences were considered significant at p <o.05.

Nucleotide sequence and protein sequence of predicted Smed-LTA4H
>FGENESH:[mMRNA] predicted Smed-LTA4H 1854 bp ATGGCCTTATCGC-
TAAACGATCCTGTGTCATATGCAAATTCAGAAGACTATGTTACTGAA-
CATTTGGATTTTGACTGGATAATAGATTTTGATAGAAAACTAATTGAAG-
GATCAGTAAATCTACAATTGAAAAACTTAACCAAAAAACAAGCTGACT-
TAAAATTAGATACGAAATATCTTGATATTAAAAAAGTGTCAGTGAAAG-
GAACGGAAACTAGATTTGATATTGTAGATTGTAAAATCGAAGCACTTG-
GATCGTGTTTAAAAATTCCAATTGGAATTTCCGATGAAAAATTTTCGGTTTG-
TATTCAATATGCCACTACCGCGAACTGTACAGCTCTTCAGTGGTTAATTCCG-
GAAGCAACTGTTGGAAAAAAACATCCCTATTTATTTAGTCAATGTCAAGC-
CATACACGCTAGAAGTCTTTTTCCATGCCAAGATAGCCCGTGTGTAAAATC-
GACTTATTCTGCAAAGGTAAAAGCTCCTAATCAATTCAATGTTTTAAT-
GAGTGCTATTAAAAATGAAGATCCTACTAAAGAAGGAAATCATTTGATACA-
CAAATTCGAACAGAAAGTTAATATTTCTAGCTATCTTGTTGCTATTGTATGTG-
GTAATTTGGCTGGAAAAAAGCTAAGTAACCGTTCAACTGTCTGGTCAGAAC-
CGGAAATGGTGGAAAAAGCCGCTCATGAGTTTGCAGACACTGAAAACT-
TATTATCTATTGCTGAAAGCATATGCGGCGAGTATGTTTGGGGCATATAT-
GACTTACTAGTATTGCCACCTTCGTTTCCATACGGGGGGATGGAAAATC-
CATGTCTTACATTTGTTACTCCAACGCTTTTGGTTGGGGATAAATCCCTTGT-
GTTTGTAGTTGCGCATGAAATCACTCATTCGTGGACTGGAAACCTAG-
TAACTAATAAAACATGGGAAGATTTTTGGTTAAATGAGGGTCACACTC-
GATATATCGAAAGATTGATAATGGAGAAGTATTATGATTCCGAACTGATAAG-
GCATCTGCTAATTTCTATCGGCATAGCAGAACTTCAAGAATCACTTAAT-
GCATACGGAGAAGGTCATAAATTTAATCAACTCGTTCCGGTTCTTGTC-
GAATGCGATCCAGACGATTCTTTCTCACGAGTGCCCTATGAGAAAG-
GCTCCAATTTATTATTCCATTTAGAAAATATTTGTGGCAAAGATCAAAT-
GTTGCGCTGGTTGAAATGCTATTTTGAGCACTACAAATATAAATCTCTTA-
CAACTGATGAGTGGAAGGCTTTCTTTTATAAATACATGATTGATAAGGAAAA-
CATTTCAAAAGCTAAACTTGATAATGTAGATTGGAAGAAATGGTTTTATGGAA-
GATGGAAAATTCCAGTTGACCACGTTCTCAAACGGGATCATGGTGATGCCAGT-
GAGAGACTTGCCGATAAATGGATTAATTTGAACCCAGAAATATCAGATTCC-
GATCAAAAGGATTTATTATTGGAATATGAATCGTTCTTACCGCATCAAAAATAT-
TACTTTTTGCAAGTGCTCAATGATTTTAAAGAGGCAAAGTTACATTCCAAAGT-
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TATCGAGACAATGGGTAATTTGTACCAATACACCACTAGTTCTAATAGT-
GAAATACTATTCGGTTGGGTAATGCTGTGCATTCGATCAAATCACACGCCTG-
CAATTGATCAAATATTTGACTTTCTCAATTCACAAGGCCGATTGAAATATAC-
CAAGCCAATATATCGAAACCTTGCTAATTGGCCTAATGATCACATCAAACGAT-
TAACTGTTAAAAATTTCCTGAAAAACGAAAATACAATGCACCCAATAACTG-
CAAAAAGCATCAGACTTCTATTATGCCTCTGA

>FGENESH: predicted Smed-LTA4H 617 aa MALSLNDPVSYANSEDYVTEHLDFD-
WIIDFDRKLIEGSVNLQLKNLTKKQADLKLDTKYLDIKKVSVKGTETRFDIVDCKIEAL-
GSCLKIPIGISDEKFSVCIQYATTANCTALQWLIPEATVGKKHPYLFSQCQAIHARSLF-
PCQDSPCVKSTYSAKVKAPNQFNVLMSAIKNEDPTKEGNHLIHKFEQKVNISSYL-
VAIVCGNLAGKKLSNRSTVWSEPEMVEKAAHEFADTENLLSIAESICGEYVWGIY-
DLLVLPPSFPYGGMENPCLTFVTPTLLVGDKSLVFVVAHEITHSWTGNLVTNK-
TWEDFWLNEGHTRYIERLIMEKYYDSELIRHLLISIGIAELQESLNAYGEGHKFN-
QLVPVLVECDPDDSFSRVPYEKGSNLLFHLENICGKDQMLRWLKCYFEHYKYK-
SLTTDEWKAFFYKYMIDKENISKAKLDNVDWKKWFYGRWKIPVDHVLKRDHG-
DASERLADKWINLNPEISDSDQKDLLLEYESFLPHQKYYFLQVLNDFKEAKLHSKVIET-
MGNLYQYTTSSNSEILFGW VMLCIRSNHTPAIDQIFDFLNSQGRLKYTKPIYRNLANW-
PNDHIKRLTVKNFLKNENTMHPITAKSIRLLLCL

Supplementary Material
Please see https://sciencematters.io/articles/201604000011.
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Préambule de la revue

En 2000, Gronthos et al. ont isolé les hDPSCs pour la premiere fois a partir de la pulpe
dentaire (Gronthos et al., 2000). Suite a ce travail pionnier, les hDPSCs ont attiré beaucoup
d’attention dans le domaine de la médecine régénérative, principalement en raison de leur
capacité a s’auto-renouveler et a se différencier en plusieurs types cellulaires spécifiques
(d’Aquino et al., 2008; Gronthos et al., 2000; Nuti et al., 2016; Potdar and Jethmalani, 2015).
Au cours de la derniére décennie, leur capacité régénérative a été étudiée en étroite relation
avec l'immunité, montrant le role majeur de leurs processus immunitaires dans la
régénération et ’lhoméostasie tissulaire. En effet, les cellules souches de la pulpe dentaire
possedent également un arsenal immunitaire comportant I'expression de TLRs capables de
reconnaitre un agent pathogéne et de le combattre directement en produisant des peptides
antimicrobiens tel que des beta-defensines ou de maniere indirecte via la production de
cytokines pro- et anti-inflammatoires qui recrutent les cellules immunitaires et promeuvent
la clairance bactérienne (Farges et al., 2015; Fawzy El-Sayed et al., 2016a; Goldberg et al.,

2008).

Avant d’investiguer les propriétés immunitaires des hDPSCs face a un agent infectieux, notre
premier travail a été de rédiger une revue bibliographique dont le titre est «: Immune
properties of Human Dental Pulp Stem cells and interactions with immune system » afin
d’énumérer I'ensemble des capacités immunitaires des hDPSCs et leurs interactions avec les

cellules immunitaires.

Chez les vertébrés, lorsque les cellules de I'immunité innée sont infectées, elles réagissent
en produisant des chimiokines, chemotaxiques et par la sécrétion de cytokines pro-

inflammatoires et anti-inflammatoires, facteurs de croissance, chimiokines pour initier une
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réponse immunitaire protectrice. De maniére intéressante, les hDPSCs adoptent le méme
comportement lorsqu’elles sont stimulées par du LPS et produisent des cytokines pro-
inflammatoires pour recruter les cellules immunitaires mais également des cytokines anti-
inflammatoires. Par conséquent, les hDPSCs devaient étre ajoutées a la liste des cellules
professionnellement non-immunitaires mais qui possédent des propriétés immunitaires
telles que les fibroblastes, les cellules épithéliales et cellules souches mésenchymateuses. En
consultant la base de données PubMed de NCBI, nous avons observé qu’aucune étude
n’avait été publiée sur la capacité phagocytaire des hDPSCs. Récemment il a été montré que
des cellules mésenchymateuses du tissu adipeux avaient la capacité d’internaliser
Mycobacterium tuberculosis et de controler sa réplication par autophagie (Khan et al., 2017).
Sur ces bases bibliographiques, nous avons suggéré I’hypothése que les hDPSCs pourraient

internaliser un agent infectieux et initier une réponse immunitaire.
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Abstract

Dental Pulp Stem Cells (DPSCs) are mesenchymal stem cells well known by the scientific community
thanks to the studies about their regenerative properties. This regenerative capacity is mainly due
to their ability to differentiate into multi-lined cells and their self-renewal. Since their isolation by
Gronthos in 2000, their regenerative capacity has been intensively studied in relation to immunity.
Thus, several studies have reported about the immune properties of DPSCs. Nevertheless, little is
known about the mechanism of action that DPSCs exert in their micro-environment and their
interactions with immune cells. The purpose of this review is to summarize the set of knowledge on
the immune properties of DPSCs and their interactions with immune cells.

Keywords: Dental pulp stem cells (DPSC); Immunity; Immunomodulatory; TLRs; NF-kb

General Presentation

Characterization

Dental Pulp Stem Cells (DPSCs) were first isolated by Gronthos et al. [1] in 2000 from a
permanent tooth pulp of the third molar. Morphologically, they are fusiform, tapered with a central
nucleus and a bulky cytoplasm. In comparison with Bone Marrow Stem Cells (BMSCs), they are
highly proliferative and have a high potential for clonogenicity [2]. They represent a large and
accessible stock of post-natal stem cells. The basic physiological properties of DPSCs are based on
their multipotence. DPSCs are able to self-renew and to differentiate into multi-lineage cells, they
are responsible for the maintenance and repair of periodontal tissues. They also have the ability to
differentiate into different cell types such as odontonblasts, chondrocytes, adipocytes and neuronal
cells according to appropriate induction conditions [1,3-5]. In homeostatic conditions, they are in
a quiescent state, but after stimulation (i.e. mechanical or bacterial aggression, when tooth decay
occurs), the DPSCs can be activated, resulting in a proliferation and migration into the damaged
tissues where they differentiate into periodontal cells and form a repaired dentin. According to the
criteria required by the International Society for Cellular Therapy ISCT, DPSCs are mesenchymal
stromal cells [6]. They adhere to the plastic when they are maintained under standard culture
conditions, proliferate by forming colonies and express mesenchymal antigen markers (CD13,
CD29, CD44, CD73, CD90 and CD105) but lack hematopoietic markers (CD34 and CD45) [7].
Interestingly, this type of cell does not differentiate into immune cells.

Isolation of the dental pulp stem cells

Avulsion is performed for orthodontic reasons. Starting from the tooth, there are basically two
methods for isolating DPSCs: an enzymatic method and an outgrowth method [8]. After extraction,
the tooth surface is cleaned, disinfected and mechanically fractured around the cement-enamel
junction. Then the pulp tissue is gently recovered in a standard medium and minced with a scalpel
in cubes of 2 mm?. This first part is common to both techniques. The enzymatic method consists
in digesting the pulp by using an enzyme cocktail (dispase or collagenase) to obtain a monocellular
suspension that is seeded in a medium with a plastic-adherent container. The outgrowth method is
based on the direct culturing of pulp tissue fragments in a standard culture medium with a plastic-
adherent container, with the stem cells budding around the explants. The proliferation medium is
supplemented with penicillin or streptomycin antibiotics and antifungal amphotericin B. After cell
proliferation, a washing and purification step by flow cytometry will follow which will eliminate
contaminant cells such as monocytes, fibroblasts and hematopoietic stem cells.
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Figure 1: Immune characteristics of Dental Pulp Stem Cells (DPSC). DPSC
are equipped with TLR 1-10, HLA-1 and produce NF-kB.

Immune Properties of Human Dental Pulp
Stem Cells

TLR expression

The dental pulp is a richly vascularized and innervated tissue,
containing different cell populations, such as fibroblasts, odontoblasts,
immune cells (dendritic cells, macrophages and lymphocytes) and
DPSCs [9-11]. This set constitutes a dynamic complex forming a
functional unit conferring to the dental pulp its nutrition and repair
functions as well as a primordial role in the response to aggressions.
This activation is the consequence of the commitment of TLRs
expressed on the cell surface by pathogens. Toll-like receptors are
type I transmembrane glycoproteins with an extracellular domain
Rich in Leucine Repeats (LRR) that is responsible for the recognition
of PAMPs (Pathogens Associated Molecular Patterns) and a
transmembrane and intracellular domain named Toll-Interleukin 1
cytoplasmic domain (TIR), that is required for downstream signaling
[12]. TLRs are known to be expressed primarily in innate and adaptive
immune cells, however, some studies have shown their expression
on other cell types such as mesenchymal stromal cells [13]. Indeed,
in 2012 Fawy El Sayed et al. [14] have shown for the first time that
DPSCs express TLR 1-10 (Figure 1). In addition, the data showed that
according to the inflammatory environment of the DPSCs, TLRs are
expressed in different ways. Thus, in an inflammatory environment,
TLR 2,3,4,5 and 8 are over-expressed while TLR 1,7, 9 and 10 are
under-expressed, with an abolished TLR 6 expression [14].

Immunogenic profile

DPSCs are immuno-privileged cells also hypo immunogenic.
As shown in Figure 1, they express on their surface the MHC I
constitutively as all the nucleated cells and do not express MHC II
[15]. Although DPSCs are not direct immune effectors and do not
express MHC II, they may act indirectly in initiating the immune
response by activating immune cells by a signalling cascade [16]. It
has been shown that human Mesenchymal Stromal Cells (MSCs)
have the ability to express MHC II in inflammatory conditions and
present antigens, an important characteristic of immune cells [17-
19]. It is therefore suggested that DPSCs under inflammatory or stress
conditions could also express MHC II and become immunogenic.

NF-KB roles

Discovered in 1986 by Sen and Baltimore, NF-KB is a key
transcription factor for the transcription of light chain kappa
immunoglobulin genes. NF-KB’s activity was first demonstrated in
a murine model [20]. Soon after, it was found that its expression
is ubiquitous, and present in almost all cells, including dental pulp
stem cells (Figure 1). Numerous works have shown that NF-KB
plays a central role in immunity through the production and the
regulation of pro-inflammatory cytokines such as TNF-a, IL-8,
chemokines (MCP-1), adhesion molecules (ICAM-1, VCAM-1,
E-selectin), growth factors and antimicrobial peptides [21]. In 2005,
Chang et al. [22] showed for the first time the expression of NF-

KB in stem cells derived from the dental pulp and its implication
in their immunomodulatory properties. DPSCs stimulated with
both TNF and LPS induce the activation of NF-KB, leading to the
production of pro-inflammatory cytokines such as IL-8. In addition,
another study consolidates the idea that DPSCs possess an NF-KB
dependent immune activity by reporting that lipopolysaccharide
(LPS) induces IL-8 production via the TLR-4, MyD88 and NF-KB
pathways [23]. NF-KB is also involved in the migration of DPSCs;
indeed, the migration of DPSCs is important in the process of
dentin repair during an attack of the tooth by an infectious agent
during cariogenesis [24]. The pro-inflammatory cytokine IFN-y has
been shown to promote the proliferation as well as the migration of
DPSCs depending on the activation of NF-KB [16]. Migration and
immunity are indivisible processes, thus, the ability of cells to migrate
is essential for tissue repair and immune response. In this same study,
the authors also showed that NF-KB plays a role in the adhesion
of DPSCs. The DPSCs stimulated by LPS activate the expression of
NF-KB inducing an increase of the expression of IFN-y, ICAM-1,
integrin-p1 and VEGF and enhancing the adhesion of DPSCs [16]. In
addition, NF-KB plays also a role in the process of cell differentiation.
It has been shown that NF-KB is involved in the differentiation of
mesenchymal stem cells. TNF-a promotes osteogenic differentiation
of human mesenchymal stem cells via the NF-KB signaling pathway
[25]. In agreement with mesenchymal stem cells, DPSCs stimulated
by TNF-a also differentiate into osteogenic cells via NF-KB factor as
shown in Figure 1 [26].

Immunomodaulatory activity

In addition to multipotency and clonogenicity, DPSCs have been
reported to regulate the immune response in many diseases and
thus play an important role in immunity. Inmunomodulation is the
capacity of a substance to modify the immune responses by increasing
(immuno-stimulator) or decreasing it (immuno-suppressor) to
maintain homeostasis. Pierdomenico et al. [26] in 2005 have shown
that DPSCs have immunoregulatory characteristics. Compared with
BM-SCs, DPSCs are more immunosuppressive and the inhibition
of Phyto-Hem -Agglutinin (PHA) stimulated T cell proliferation
is more marked in the co-culture of DPSCs-T lymphocytes than
of MSC-T lymphocytes [27]. The underlying mechanisms of these
immunosuppressive properties of DPSCs have been discovered in
2011. This study shows that DPSCs suppressed the proliferation of
Peripheral Blood Mononuclear Cells (PBMCs) by the production of
Transforming Growth Factor (TGF), and this expression is correlated
with the increased expression of TLR-4 and TLR-3 [28]. A recent
study has shown that co-culture between naive T lymphocytes CD4+
and DPSCs induces an increase in Treg cells CD4+ and FOXP3+.
This activation is the consequence of a strong TGF-p and IL-10
anti-inflammatory cytokines production [29]. Thus, this process
confers immunotolerance to DPSCs. The molecular and cellular
mechanisms underlying immunomodulatory properties rely heavily
on the production of TGF-p, being the main soluble factor inhibiting
hyper immune reactions. TGF-f is a pleiotropic cytokine known
for its role in immune suppression. Several studies have shown its
direct or indirect involvement in this process trough its link with the
Treg, allowing the induction of the FOXP3 transcription factor, the
master regulator of Treg naive cells. The master transcriptional factor
of Treg cells is responsible for the suppression of pro-inflammatory
T cells, inhibits the secretion of pro-inflammatory cytokines such as
IL-2, IFN-y, IL-4, IL-17 and enhances anti-inflammatory cytokine
like IL -10 [30,31]. Others studies have also demonstrated the
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Figure 2: Immunosuppressive activity of Dental Pulp Stem Cells (DPSC). DPSC suppress Peripheral Blood Mononuclear Cell (PBMC) by producing
immunosuppressive molecules such as Transforming Growth Factor beta (TGF- B) and interleukin 10. DPSC inhibit the function of macrophages and the production
of B cells by producing respectively Indoleamine 2,3-Dioxygenase (IDO) and IL-10.
that activate STAT3, FOXP3, FAS-FASL, CD25+ produce also solubles factor IL-10 and Hepatocyte Growth Factor (HGF). Additionally DPSC inhibit the production
of proinflammatory cytokine such as IL-2, IL-17 and IFN- to suppress Th1 and Th2 cells.
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DPSC induce a differentiation of CD4+ naive cells to Treg cells and TH17 cells

immunomodulatory properties of DPSCs in contact with immune
cells, such as lymphocytes. Cell-cell contact of DPSCs and T
lymphocytes induces the expression of FAS to induce their apoptosis
[32]. FAS are a transmembrane cellular receptor inducing the death
of cells expressing the Tumor Necrosis Factor (TNF6) receptor super
family. The FAS / FASL interaction induces apoptotic cell death [33].

Interaction between Dpscs and Immune
Cells

In teeth, dental pulp stem cells are found at the anatomical
location of apical dental pulp. The microenvironment of this niche is
composed of type I and III collagenic proteins, fibronectin, tenascin
and other non-collagenous Extra Cellular Matrix (ECM) proteins.
Cells such as fibroblasts, endothelial cells, pericytes and lymphatic
vessels are also found, all of these elements constitute a functional
unit. The main role of this complex is to regulate the homeostatic
state of the dental pulp stem cells involved in the maintenance and
repair of the pulp. In addition to their putative function, the DPSCs
possess a role in immune defense based on a close relationship with
defensive cells. Defensive cells such as inflammatory and immuno
competent cells, namely dendritic cells, macrophages, lymphocytes
and endothelial cells are also found, these cells are present in the
dental pulp [34]. DPSCs interact with the cells of innate and adaptive
immunity via direct cell-cell interactions or through the set of
immunomodulatory molecules secreted (Figure 2).

Interaction between DPSCS and macrophages

Several researchers have already evidenced the presence of
macrophages in healthy dental pulp, found in different morphological
forms: round, oval, short-spindle, and dendritic [35]. Macrophages
are the most predominant immune cells present in the dental pulp,
with a sentinel role [10]. Macrophages play an important role in
immunity and defense (acting mainly as trapping cells) thanks to their
main function, the phagocytosis of foreign components, including
infectious microorganisms. They also have the ability to communicate
with other immune cells through the production of substances such

as cytokines such as IL-1, IL-6, Tumor Necrosis Factor (TNF),
antimicrobial peptides and Reactive Oxygen Species (ROS) as well as
Growth Factors of Fibroblasts (FGF) and Endothelial Cells (EGF) that
promote wound repair [36]. Recent studies have shown the interaction
between dental pulp stem cells and macrophages. DPSCs are also
able to modulate the immune system through their interaction with
macrophages. A report has shown that DPSCs suppress macrophage
activity via the TNF/IDO axis [37]. Moreover, DPSCs suppress the
secretion of TNF produced by macrophages stimulated by LPS [37].
IDO is a cytosolic enzyme involved in the catabolism of tryptophan
via the kynurenine degradation pathway. The products of tryptophan
degradation are known to have immunoregulatory functions on
immune cells, such as macrophages, they are also known for their
strong immunosuppressive activity [38]. It was also reported that
there are monocytes circulating in the dental pulp. Monocytes have
a protective effect on DPSCs against cytotoxicity and cell-mediated
NK cell lysis [39].

Interaction between DPSCs and T lymphocytes

In 1987, Jontel etal. [40] were the first to show the presence of CD8+
and CD4+ T lymphocytes in a healthy human dental pulp. This result
was confirmed later by Hahn et al. [41]. Moreover, they demonstrate
that the proportion of CD8+ is higher than that of CD4+ in normal
teeth, establishing a CD4+/CD8+ ratio equal to 0.26 for normal
pulp and 1.14 for pathological pulp. Gang Ding et al. [42] showed
that DPSCs adopt an anti-inflammatory and immunosuppressive
behavior when they are co-cultured with PBMC. DPSCs failed to
stimulate the proliferation of allogene T cell and suppressed T cell
proliferation and B cells by TGF-p secreting. In the same work, they
also reported that DPSCs up-regulate IL-10, an anti-inflammatory
cytokine and down-regulate the production of IL-2, IL-17 and IFN-
gamma, pro-inflammatory cytokines, associated with an increase
of Treg and Th 17 [43]. Moreover, according to the discovering of
a perinatal murine model, DPSCs are capable of suppressing cell
proliferation, inducing activated cell activation and ameliorating the
inflammatory response. This process is associated with the expression
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of FAS-FASL [32]. In addition, similar expressions of DPSC with
other kinds of T cells have been reported. Recently Hong et al. [29]
showed that co-cultured CD4+ T cells with DPSCs increase the
number of CD4+, CD25+ and FOXP3+ regulatory T cell, trough the
expression of TGF-f and IL-10. Thus, DPSCs can modulate immune
tolerance by producing Treg. It has also been reported that DPSCs
have an immunosuppressive activity on helper T cells, Th1l and Th2
subsets of CD4+ lymphocytes, and in parallel they stimulate Th17,
a subset of Treg. A strong expression of Hepatocyte Growth Factor
(HGF) is required to stimulate the production of Stat3 in Th17 cells,
thus allowing for an inflammatory switch of pro-inflammatory Th17
in immunosuppressant Th17 [44].

Interaction between DPSC and B lymphocyte

The studies by Pulver et al. in 1977, Pekovic and Frillery in 1984
with immuno histochemistry or Jontel et al. in 1987 with monoclonal
antibodies against B lymphocytes showed no evidence of the presence
of B cells in a healthy human dental pulp. In 1989, thanks to the work
done by Hahn et al, the presence of B lymphocytes in a healthy
human dental pulp was evidenced. However, other teams have shown
that there are a lot of antibodies in an inflamed pulp compared to a
healthy pulp [10]. This presence of antibodies therefore suggests that
there are B lymphocyte in the inflamed pulp [45,46]. This observation
was confirmed by the work of Chin-Lo Hahn et al. [46] who they
reported the presence of B lymphocytes in an infected pulp.

Conclusion

DPSCs possess immunological properties based on their hypo-
immunogenicity and their secretome. These secretory activities
enable them to interact with immune cells through the production
of the identified soluble factors. Although there has been a major
interest in their immune properties over the past decades, research
has focused only on paracrine activity by analogy with mesenchymal
cells in general. Other types of immune properties, like those found in
professional immune cells, such as phagocytosis and the production
of antimicrobial compounds could be studied in years to come.
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Préambule de I'article

Au cours des dix dernieres années, I'ensemble des articles sur les hDPSC portaient
essentiellement sur la fonction chemotaxique, la sécrétion de cytokines pro-inflammatoires
et anti-inflammatoires, de facteurs de croissance et de chimiokines (He et al., 2017; Ozdemir
et al., 2016; Zhao et al., 2012). Cependant, aucune étude sur la phagocytose par les cellules
souches de la pulpe dentaire n’a été publiée. Pour mieux comprendre la biologie des hDPSCs
lors d’une infection, il est important de savoir si les hDPSCs sont capables d’internaliser un
agent pathogene par exemple par phagocytose. La phagocytose est I'un des mécanismes les
plus importants de I'immunité innée chez ’homme, c’est un événement précoce et crucial

dans le déclenchement des défenses de I’h6te contre les agents pathogenes(Gordon, 2016).

Classiquement la phagocytose est définie comme l'internalisation de particules de >0,5a 1
um médiée par des types de cellules phagocytaires professionnelles et non professionnelles
(Gordon, 2016; Lacy-Hulbert, 2009; Visan, 2013). Les phagocytes professionnels sont
principalement des macrophages et des cellules dendritiques immatures (CD) résidant dans
de multiples tissus et monocytes, neutrophiles et éosinophiles (Nagl et al., 2002; Shamri et
al., 2011; Silva and Correia-Neves, 2012). Les phagocytes non-professionnels tels que les
cellules épithéliales peuvent également capturer et internaliser des particules biologiques, y
compris des cellules mourantes et bactéries (Monks et al., 2005; Rabinovitch, 1995; Tso et
al., 2010; Visan, 2013). Récemment, une étude a montré que les cellules souches
mésenchymateuses dérivées du tissu adipeux avaient la capacité d’internaliser
Mycobacterium tuberculosis et de controler I'infection (Khan et al., 2017). Ce travail permet
d’ajouter les cellules souches mésenchymateuses dans la liste des phagocytes non-

professionnels. Néanmoins avant d’affirmer cela pour I'ensemble des cellules souches
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mésenchymateuses, un travail d’investigation expérimentale doit étre effectué sur toutes les

Mesenchymal stem cells dérivées des différents tissus.

Sur la base de ces hypothéses et la conclusion du chapitre 1, suggérant une capacité
phagocytique des hDPSCs, nous avons investigué si les hDPSCs avaient la capacité de
reconnaitre et d’internaliser un agent infectieux. Nous avons choisi la bactérie Bartonella
quintana comme agent infectieux modele. En effet, Bartonella quintana est une bactérie
intracellulaire Gram négative, responsable de la fiévre des tranchées (Foucault et al., 2006).
Aprés une infection primaire, une bactériémie asymptomatique chronique se développe
chez certains patients, suggérant I'existence d’un réservoir naturel de Bartonella quintana
(Capo et al., 2003). Seule la lignée érythroblastique a été mise en évidence comme réservoir
potentiel de Bartonella quintana (Rolain et al.,, 2002) alors que Bartonella quintana peut
également infecter les cellules endothéliales (Brouqui and Raoult, 1996; Liberto et al., 2004).
Ces deux types de cellules ont une durée de vie de respectivement 120 jours et 100 jour,
plus courte que la persistance de Bartonella quintana dans I'organisme humain infecté (le
record de persistance est de 7 ans). Des travaux au sein de I'équipe avaient mis en évidence
la présence de Bartonella quintana dans la pulpe dentaire collectée a partir de squelettes
d’individus inhumés depuis plusieurs siecles (Drancourt et al., 2005) mais aussi chez un
individu vivant (Aboudharam et al., 2004) suggérant que la pulpe dentaire pourrait étre un

réservoir pour les infections chroniques a Bartonella quintana.

Notre travail expérimental a permis de montrer pour la premiére fois que les hDPSCs
pouvaient internaliser un agent infectieux tel que Bartonella quintana. Cette internalisation
est associée a un profil inflammatoire particulier: nous avons en effet observé une

production significativement plus élevée de cytokines pro-inflammatoires MCP-1, TNF-q, IL-
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6, IL-8 et de peptides antimicrobiens BD2 par les cellules infectées que par les cellules
contrbles négatifs. Ce phénotype inflammatoire est connu pour activer le recrutement de
cellules immunitaires sur le site infectieux afin d’ initier une réponse immunitaire protectrice
(Arango Duque and Descoteaux, 2014; Turner et al., 2014). Nous avons aussi observé la
production d’IL-10 qui pourrait participer a la persistance de Bartonella quintana, IL-10 est
une cytokine connue pour réduire I'inflammation. Cette production d’IL10 avait été mise en
évidence pour jouer un réle sur I'atténuation du syndrome inflammatoire chez des patients

présentant une bactériémie chronique a Bartonella quintana (Capo et al., 2003).

Observation intéressante, les hDPSCs infectées par Bartonella quintana conservent leurs
propriétés de cellules souches mésenchymateuses car nous n’avons pas observé de
changement dans I'expression de marqueurs positifs et négatifs de MSC. Nous avons aussi
observé une augmentation de I'expression du géne NANOG, ce qui renforce I’hypothése que

ces cellules conservent toujours leurs caractéristiques de cellules souches.

L'imagerie confocale nous a permis de constater que l'internalisation était accompagnée
d’une co-localisation de Bartonella quintana au noyau cellulaire, suivie d’'un réarrangement
du réseau d’actine de la cellule infectée. Ces changements semblent induire la formation

d'une vacuole dans laquelle est située Bartonella quintana.

L'internalisation de Bartonella quintana dans une vacuole suivie d’'une production de I'lL-10
suggere que les cellules souches de la pulpe dentaire sont des sanctuaires possibles pour
Bartonella quintana au cours des infections chroniques. Par ailleurs, ce modele suppose que
Bartonella quintana dispose de facteurs de virulence pour envahir les cellules hDPSCs et y
persister pour une durée indéterminée. L'inhibition de I'apoptose des cellules infectées, est

un mécanisme connu pour certaines especes du genre Bartonella afin de persister chez leur
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hote (Kempf et al., 2005; Liberto et al., 2004). Cela nous a conduit a émettre I’"hypothese que

Bartonella quintana induisait une inhibition de I'apoptose afin de persister dans les hDPSCs.
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Abstract

Bartonella quintana is a facultative intracellular bacterium responsible for relapsing fever, an
example of non-sterilizing immunity. The cellular sanctuary of B. quintana in-between febrile
relapses remains unknown but repeated detection of B. quintana in dental pulp specimens
suggests long-term half-life dental pulp stem cells (DPSCs) as candidates. As the capacity of
DPSCs to internalize microscopic particles is unknown, we first observed that DPSCs
internalized B. quintana bacteria. Confocal fluorescent microscopy localized B. quintana
bacteria inside DPSC into a vacuolar compartment after 30 minutes of infection. The
internalization of B. quintana correlated with modulated expression of genes involved in pro-
and anti-inflammatory immune responses including interleukin (IL)-6, IL-8, monocytes
chemoattractant protein-1, tumor necrosis factor-o and IL-10. Interestingly, we observed that
DPSCs did not internalize heat-killed B. quintana bacteria, suggesting the role of heat-labile
bacterial components interacting with DPSCs. Taken together, these data indicate for the first
time that DPSCs have the capability to internalize bacteria, and that B. quintana induces a
specific transcriptional modulation of genes involved in the immune response of DPSCs.
Based on these observations, the possibility that DPSCs are sheltering B. quintana bacteria for
their long-term persistence in the host warrants further experimental and clinical

investigations.

Keywords: Human dental pulp stem cells, immunity, immunomodulatory, uptake, Bartonella

quintana.



Introduction

Bartonella quintana is a facultative intracellular gram-negative bacterium which has been
described in 1915 in World War I soldiers presenting with fever, headache, sore muscles,
bones and joints and skin lesions on the chest and back [1,2]. This so-called trench fever is
nowadays understood as one of the clinical forms of B. quintana bacteremia, also responsible
for life-threatening endocarditis [3—6] and bacillary angiomatosis in immunocompromised
populations [7]. B. quintana is also responsible of lymphadenopathy in the lymphatic territory
of inoculation as B. quintana is an ectoparasite-borne pathogen transmitted from person to

person by body lice [1,8], and probably from cat to persons by cat fleas [9].

Trench fever is a relapsing fever, and B. quintana has been consistently observed in
circulating erythrocytes during febrile episodes[10]. However, the site where B. quintana
resides in-between febrile episodes remains unknown even though the demonstration that
bacillary angiomatosis results from the reactivation of quiescent B. quintana suggested that
endothelial cells could be sanctuary cells[11,12]. Indeed, neither erythrocytes nor endothelial
cells have been demonstrated to host B. quintana for a long time, in agreement with the fact
that both cell types have a limited life span time of 120 and 100 days for erythrocytes and

endothelial cells, respectively[13,14].

Interestingly, B. quintana has been consistently detected in the dental pulp, a highly
vascularized organ with high erythrocyte trafficking[15]. Even in ancient past populations, B.
quintana is detected with a prevalence of 2.5% to 21.4% in the dental pulp collected in buried
populations[16,17]. In one particular burial site of Remiremont, the prevalence of B. quintana
in 45 dental pulp specimens collected from these 5-10" century populations was as high as

53.3%[18]. Also, B. quintana has been detected in the dental pulp collected from one patient



who had been diagnosed with B. quintana bacteremia six months before tooth extraction and

was free of bacteremia at the time of tooth extraction[19].

The dental pulp is composed of several cell types including dental pulp stem cells (DPSCs)
which were investigated in the present study. DPSCs are mesenchymal stem cells isolated by
Gronthos in 2000 and characterized by the expression of markers such as CD73, CD90 and
CD105 but which are negative for CD34 (hematopoietic progenitor cell antigen) and CD45
(leukocyte common antigen)[20,21]. DPSCs are pluripotent cells which can differentiate into
chondrocytes, adipocytes, neuronal cells and odontoblasts[21]. It has been previously shown
that the lipopolysaccharide (LPS) induces the differentiation of DPSCs by modulating
osteo/dentinogenic genes including alkaline phosphatase (ALP), osteocalcin (OCN) and
dentin matrix protein 1 (DMP1)[22,23]. Self-renewal of DPSCs is characterized by the
expression of NANOG, a gene involved in the maintenance and self-renewal in

undifferentiated embryonic stem cells[24,25].

The DPSCs stemness capacity correlates with a long lifespan[25,26]. This is making
DPSC:s attractive cells to investigate the presence of B. quintana for extended periods of time
In addition, DPSCs are located in the inner area of the dental pulp chamber in close contacts
with nerve ending and could be sentinel cells for injury and blood-borne pathogen invasions.
It has been found that DPSCs present immuno-privileged against immune responses[27].
Indeed, DPSCs possess an immunomodulatory activity following LPS stimulation. They
produce pro-inflammatory cytokines such as interleukin (IL)-6, IL-8, tumor necrosis factor
(TNF)-a and monocytes chemoattractant protein (MCP)-1 to recruit immune cells in the site
of inflammation, and anti-inflammatory cytokines including IL-10 to reduce the inflammation

and maintain homeostasis[28—-30].



Based on these findings, the aim of this present study was to investigate the role of DPSCs in

host-pathogen interactions, using B. quintana as a paradigmal organism.

Materials and methods

Bacterial strain

B. quintana ATCC49793 was cultured on Columbia 5% sheep blood agar plates (bioMérieux,
Craponne, France) at 37°C under 5% CO, atmosphere.The bacteria were alternatively heat-
exposed at 96°C for two hours. To confirm that heat-exposed bacteria were killed, 10 pL of
the suspension was incubated on Columbia 5% sheep blood agar plates at 37°C in atmosphere

enriched with 5% CO; to assess the viability of B. quintana.

DPSC culture

DPSCs obtained from cell lines service (CLS, Eppelheim, Germany) were cultured in
Dulbecco’s Modified Eagle Medium F-12 (DMEM/F12, Invitrogen, Villebon-sur-Yvette,
France) supplemented with 5% heat-inactivated fetal calf serum (FBS, qualified, EU-

approved, South America origin, Gibco) at 37°C under a 5% CO; atmosphere.

FITC-labeled B. quintana

The above-mentioned B. quintana strain (both living and heat-killed bacteria) was labeled
with fluorescein-5-isothiocyanate (FITC) according to the manufacturer’s instructions
(Sigma-Aldrich). Briefly, a bacterial suspension (1x10%) was washed twice in phosphate
buffered saline (PBS, Invitrogen). Bacteria were resuspended in 1M bicarbonate buffer (pH
9.5) containing 0.04 % FITC, agitated for two hours at room temperature and protected from
light. The suspension was then centrifuged at 500 x g for 10 minutes at 4°C and the pellet was
washed three times in PBS. Finally, the pellet was suspended in PBS and stored at —20°C in

the dark.



Uptake assay and quantification

DPSCs were seeded onto glass coverslips at 5x10* cells/mL in 24-well plates (Greiner Bio-
One, United Kingdom) until 80% confluency. Cells were then co-incubated with FITC-
labelled bacteria (either living or heat-killed bacteria) at different times at 37°C at a
bacterium-to-cell ratio of 200:1. For each kinetic point, cells were washed with PBS to
remove free bacteria and fixed with 4% paraformaldehyde for 15 minutes. Actin filaments
were stained in red with phalloidin-fluor 555 (Invitrogen) and the nucleus was stained in blue
using 4',6-diamidino-2-phenylindole (DAPI, Invitrogen). Finally, glass coverslips were
mounted on object slide with Mowiol (Calbiochem, San Diego, United States of America).
Imaging and evaluation of the number of internalized bacteria per cell was performed on a
63X oil objective using a Zeiss LSM 800 confocal inverted microscopy system. The uptake
index was calculated as previously described[31]. Internalized bacteria were counted on a
total of 100 DPSCs. The internalization index was calculated as follows: (% phagocytic cells

containing > 1 bacterium) x (mean number of bacteria/ DPSCs containing bacteria).
Transmission electron microscopy

DPSCs were infected with Bartonella quintana at a 200 :1 MOI during 24 hours, as described
above. Cells were briefly incubated with trypsin/EDTA to unstick adherent cells. Cells were
harvested, centrifuged at a speed of 200 g for 5 min and washed. The pellets were fixed with
4% glutaraldehyde in a 0.05 M phosphate-buffered solution containing 0.15 M NaCl at pH 7.3
at room temperature. We used the same protocols as described in this study [32].

Gene expression analysis

Total RNA was extracted from infected cells and non-infected cells (as negative control cells)
using Trizol reagent according to the instructions of the manufacturer (Invitrogen) and
quantified using a spectrophotometer at 260 nm (Nanodrop 1000 spectrophotometer, Thermo

Scientific, Cambridge Scientific, Watertown, MA). All the samples were then normalized at



100 ng RNA before reverse-transcription to the first strand of cDNA by using oligo (dT) and
Moloney murine leukemia virus—reverse transcriptase M-MLV Reverse Transcriptase,
according to the manufacturer’s instructions (Invitrogen). Gene expressions were evaluating
using an ABI7900 Fast Real-Time PCR System, the SYBR Green Fast Master Mix (Roche
Applied Science, Meylan, France), and primers listed in Supplementary Table 1. The data

were obtained by calculating the fold change = 274"

, corresponding to AACt = (Ctrarget —
CtaGaPDH) assay — (Ctrarget — CtGapDH) control. Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) was used to normalize the relative expression of each gene under investigation.

Flow cytometry analysis

Mesenchymal stem cell markers of B. quintana-infected DPSCs were investigated using flow
cytometry. Briefly, DPSCs were cultured to 80% confluence and infected with B. quintana for
24 hours (bacterium-to-cell ratio of 200:1). Thereafter, cells were washed two times in ice-
cold PBS supplemented with 2% FBS and 2 mM EDTA. A total of 10° cells were incubated
with antibodies against positive and negative mesenchymal stem cell markers listed in
Supplementary Table 2 in accordance with the manufacturer’s protocol. Flow cytometry
analyses were performed on a BD LSR Fortessa and data were analyzed using Flow Jo

software.

Statistical analysis
Data were analyzed using GraphPad Prism 5.0 ¢ software and using the unpaired #-test. P <

0.05 was considered statistically significant.



Results

Capacity of DPSCs to internalize B. quintana bacteria

We first investigated whether DPSCs could absorb and internalize B. quintana bacteria.
Confocal cross-section analyses showed that B. quintana bacteria were absorbed and
internalized into DPSCs after 30 minutes of co-incubation, 3-dimensional projection showing
that B. quintana bacteria were localized in the same focal plane as the DPSC nucleus
(Supplemental Figure 1A). Internalization was accompanied by an attachment of B.
quintana to the cell nucleus and was followed by actin rearrangements. Of note, these changes
seemed to induce the formation of a vacuole to internalize B. quintana. Indeed, as depicted in
Figure 1A, the bacterium was found in great quantities in a vacuole delimited by arrows in
the pictures. Uptake quantification indicated a time-dependent increase in the number of
bacteria per cell (Figure 1B). Indeed, 11 + 1% of DPSCs had internalized one bacterium,
resulting in an internalization index of 15 after 30 minutes of co-incubation. The value of the
internalization index exhibited a time-dependent increase of 217 + 24 after a 24-hour co-
incubation with 23% of DPSCs having internalized 10 bacteria per cell (Figure 1B).
Interestingly, B. quintana internalization rate reached a plateau after 6 to 12 hours of
incubation followed by a strong increase 12 hours later, suggesting a multiplication of the
bacteria. Then, we confirmed that heat-exposed B. quintana bacteria were killed and
observed that exposing DPSCs to heat-exposed B. quintana bacteria resulted in a significant
decrease of DPSC infection compared to non-heat-treated B. quintana bacteria (*p=0.0096)
(Figure 1C and 1D). Indeed, we found an uptake index of 217 + 24 in live B. quintana
phagocytized by DPSC, whereas only 18 + 3 were observed for heat-exposed B. quintana
(Figure 1D). Taken together, these results show for the first time that DPSCs do have the
capability to absorb and internalize particles including bacteria. They also suggest that this

activity depends on live bacteria, as evidenced for B. quintana.



Transmission electron microscopy observations of Bartonella quintana- infected DPSCs.
Transmission electron microscopy observations confirmed the internalization of Bartonella
quintana in the presence of non-infected, negative control cells (Figure 2). Careful
observations indicated different stages of internalization: first, attachement of bacteria as
indicated by arrows in Figure 2 (i), then membrane ruffling forming cellular pseudopod-like
structures hosting bacteria (ii), finally bacteria into a cytosolic compartment (iii) or into a
vacuolic compartment (iv). Taken together, observations using transmission electron
microscopy confirmed that DPSCs are able to internalize Bartonella quintana into a vacuolic

compartment, 24 hours post-infection.

Immune response of DPSC to B. quintana infection.

We further investigated whether B. quintana internalization induced an immune pattern by
DPSCs. B. quintana infection correlated with increased transcription of the pro-inflammatory
gene TNF-a 0.5 to 18 hours post-infection, and peaked with a ~12.5-fold increase 2 hours
post-infection (Figure 3A). Similar profiles were identified for MCP-1 and IL-6 during the
first 6 hours, however a decrease of expression was observed at 8 and 18 hours, corresponding
to the multiplication phase of B. quintana (Figure 3A). Concerning IL-8, we observed two
peaks of up-modulation at 2 and 6 hours with respectively a 5.5 and a 2.4-fold increase
(Figure 3A). Of note, a down-modulation was also observed during the multiplication phase
of B. quintana at 8 and 18 hours post-infection. As depicted in Figure 3B, the anti-
inflammatory gene IL-10 was globally not modulated, with only a peak at 2 hours post-
infection and a fold change at 1.9 (Figure 3B). As we observed a pro-inflammatory response,
we investigated the antimicrobial activity of B. quintana-infected DPSCs. The anti-bacterial
gene BD2 was found up-modulated with a 2.2-fold change 30 minutes post-infection and a

peak of 2.5-fold change at 2 hours post-infection (Figure 3C).



Stem and mesenchymal cell properties of B. quintana-infected-DPSCs.

Finally, we investigated whether B. quintana internalization could affect the mesenchymal
stem phenotype of DPSCs. In a first step, we observed that B. quintana-internalization did not
significantly impair the expression of CD90, CD105 and CD73 positive markers by DPSCs as
measured using flow cytometry (Figure 4A). Furthermore, B. quintana internalization into
DPSCs did not significantly increase the expression of the negative mesenchymal stem cell
markers including CD34 and CD45 (Figure 4A). In a second step, we observed that the level
of mRNA expression of ALP, OCN and DMP-1 genes was < 1.5-fold change in DPSCs which
had internalized B. quintana bacteria compared to control cells, using q-RT-PCR (Figure 4B).
Finally, we observed an up-regulation of NANOG gene in DPSCs which had internalized B.
quintana bacteria compared to control cells (Figure 4C). Altogether, these data showed that
the internalization of B. quintana bacteria did not significantly change the stem cell phenotype

of DPSCs.

Discussion

We observed that B. quintana was internalized by DPSCs. These findings support the
emerging concept that mesenchymal stem cells are phagocytic cells able to absorb bacteria
and cellular debris[31,33-35]. Although internalization was not firmly demonstrated to be
phagocytosis in our study, the fact that the engulfment of B. quintana bacteria was
accompanied by an increasing bacterial uptake over time and by actin rearrangements leading
to intravacuolar B. quintana are suggestive of phagocytosis. Recently, human mesenchymal
stem cells have been shown to phagocyte Mycobacterium tuberculosis[34]. Therefore, DPSCs
could be added to the list of non-immune cells named « non-professional phagocytic cells »
along with fibroblasts, astrocytes, Muller’s glia and hepatocytes which were described to

phagocyte particles, bacteria and cellular debris to maintain homeostasis[35-38].
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Our observations made using both confocal and electron microscopy support the
hypothesis that DPSCs could act as reservoir cells for B. quintana. This hypothesis is in
accordance with a study reporting that intracellular B. quintana bacteria could be internalized
into a vacuolic compartment (B. quintana-containing vacuoles) and multiply[39—41]. These
observations correlate with the persistence of B. quintana in humans[42]. This is opening an
exciting new role for DPSCs and further exploring their function could be done by additional
observations including the co-localization of B. quintana and DPSCs in dental pulp
specimens. If confirmed, the role of DPSCs as sanctuary cells for other pathogens will have to
be investigated.

DPSCs have the ability to differentiate in osteo/dentinogen cell lineages to contribute
to the regeneration of dentin when dental pulp undergoes an agression[43]. Moreover, it has
been shown that Escherichia coli LPS induced odontogenic differentiation of DPSCs by
increasing the expression of ALP, OCN and DMP1[44]. In the present study, uptake and
internalization of B. quintana did not induce such an odontogenic differentiation of DPSCs
with the absence of modulation of the ALP, OCN and DMP1 genes. In addition, we observed
that B. quintana infection did not alter the pattern of mesenchymal stem cell markers of
DPSCs.

Internalization of B. quintana bacteria was associated with an expression of pro-
inflammatory genes IL-6, IL-8, MCP-1 and TNF-q, as previously reported for DPSCs
stimulated with LPS[30]. Acting together, these genes may induce a recruitment of
inflammatory cells in the site of infection to fight B. quintana as well as a fever which could
explain the typical trench fever[45]. Moreover, pro-inflammatory cytokines may recruit
permissive cells that can support the growth and multiplication of B. quintana and protect
infected cell by inhibition of apoptosis[46]. Here, we observed a moderate expression of the

anti-inflammatory gene IL-10. IL-10 is known to resolve inflammation in order to avoid a

11



sepsis[47]. Moreover, it was reported in patient with bacteremia of B. quintana that 11-10
plays important role in the attenuation of inflammation and may participate to the persistency
of B. quintana in blood[47].

In conclusion, this present study demonstrates for the first time that DPSCs, like
phagocyte cells, can absorb and internalize B. quintana bacteria and that this engulfment is
associated with an expression of pro-inflammatory and anti-inflammatory genes. This activity
does not affect the stem and mesenchymal cell properties of DPSCs. Taken together, these
findings support the hypothesis that the dental pulp and particularly the DPSCs could
represent a sanctuary for chronic B. quintana infection, a hypothesis that will have to be

confirmed in further experimental and clinical studies.
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Figure legends

Figure 1. Phagocytic activity of DPSC. DPSC to 80% of confluence were stimulated with B.
quintana at different times (ratio 200:1). (A) Confocal pictures and (B) phagocytosis index of
DPSC infected by B. quintana were realized with bacteria in green, actin in red and nucleus in
blue. White arrows show the delimitation of a vacuole in DPSC. (C) Confocal pictures and
(D) uptake index were realized on DPSC infected by (left panel) activated versus (right panel)
heat-exposed bacteria for 24 hours with bacteria in green, actin in red and nucleus in blue.

The data were obtained in three independent experiments with mean + SD.

Figure 2.Internalization of Bartonella quintana in DPSC by TEM

Bartonella quintana internalization were evaluated with TEM .(A) morphological
characterization of Bartonella quintana (1) and DPSC (i1).(B) adhesion (i), Invasion with
formation of cell pseudopods-like structure to keep bacteria (ii), Bartonella quintana in

cytosolic compartment (iii) or in vacuolic compartment (iv).

Figure 3. Immune and anti-microbial response of DPSC infected by B. quintana. The
level of mRNA expression in relative fold change was evaluated for (A) pro- (B), anti-
inflammatory and (C) anti-microbial genes by q-RTPCR. All of these genes were normalized
by using the endogenous control gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
between 0.5 and 18 hours. Data were obtained from three independently performed

experiments with mean + SEM.

Figure 4. Evaluation of stem and mesenchymal cell markers in DPSC infected by B.

quintana. (A) The evaluation of mesenchymal cell markers was realized by flow cytometer
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on (up-panel) unstimulated cells (as control) and (down-panel) B. quintana infected cells with
positive (CD90, CD105 and CD73) and negative (CD34 and CD45) markers in red and
appropriate isotype controls in blue. The level of mRNA expression in relative fold change
was evaluated for (B) ALP, DMP1, OCN and (C) NANOG markers by q-RTPCR. All of
these genes were normalized by using the endogenous control gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) between 0.5 and 18 hours. Data were obtained from

three independently performed experiments with mean = SEM.

Supplemental Figure 1A. Confocal sections of DPSC stimulated B. quintana. Confocal
pictures were realized on DPSC stimulated by bacteria (A) during 24 hours with bacteria in
green, actin in red and nucleus in blue. Bacteria found phagocytized are identified with white

arrows.

Supplemental movie 1. Three dimensions movie of B. quintana phagocytosis by DPSC.
Sequential spatial planes X, Y and Z-sections were acquired in order to show the
internalization of bacteria in a 3D movie with B. quintana in green, actin in red and nucleus in

blue.

Supplementary Table 1. Primers used for q-RTPCR analysis. The gene symbol and

sequences are listed for the selected genes.

Supplementary Table 2. List of fluorescent reagents used for flow cytometry analysis.

(AF, Alexa fluor; ECD, Phycoerythrin-Texas red; FITC, Fluorescein isothiocyanate and PE,

Phycoerythrin).
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Supplementary Table 1: Sequence of primers used for q-RTPCR analyses.

The gene symbol and sequences are listed for the selected genes.

Gene
Forward Reverse References

symbol

GAPDH | CATCATCCCTGCCTCTACTG GCCTGCTTCACCACCTTC [48]
IL-6 CTAGAGTACCTCCAGAACAG TGACCAGAAGAAGGAATGC [49]
IL-8 CTGGCCGTGGCTCTCTTG CCTTGGCAAAACTGCACCTT [48]
IL-10 CTGTGAAAACAAGAGCAAGGC GAAGCTTCTGTTGGCTCCC [50]
MCP-1 | AAGCAGAAGTGGGTTCAGGA GCAATTTCCCCAAGTCTCTG [51]
TNF-a ATGAGCACTGAAAGCATGATC AGAGAGGAGGTTGACCTTGGTCTGGTA [52]
BD2 GAGGAGGCCAAGAAGCTGC CGCACGTCTCTGATGAGGG [53]
ALP CCACGTCCTTCATTTGGTG ATGGCAGTGAAGGGCTTCTT [24]
OCN GGCAGCGAGGTAGTGAAGAG GCCGATAGGCCTCCTGAAAG [24]
DMP 1 TGGGGATTATCCTGTGCTCT TACTTCTGGGGTCACTGTCG [54]
NANOG | ATTCAGGACAGCCCTGATTCTTC TTTTGCGACACTCTTCTCTGC [24]




Supplementary Table 2: Antibodies used for flow cytometry analysis.

Antibodies

Conjugate

Clone

Manufacturer

Positive mes

enchymal stem cell markers

CD73 FITC AD2 | Biolegend
CD90 AF-647 5E10 | Biolegend
CD105 PE 43A3 | Biolegend

Negative mesenchymal stem cell markers

CD34

FITC

581

Beckman Coulter

CD45

ECD

J33

Beckman Coulter
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Préambule de la revue

“Trained immunity” ou “innate immune memory” est un terme proposé par Netea en 2011
pour décrire le processus indépendant de I'immunité adaptative par lequel un organisme est
capable de déveloper une réaction immunitaire exacerbée permettant de le protéger contre
I'agent infectieux ou autre lors d’ une seconde infection (Netea et al.,, 2011). Elle repose
essentiellement sur la machinerie cellulaire et moléculaire de la réponse innée. En 1980, une
équipe de chercheurs italiens de l'université de Perugia dirigée par le Pr Bistoni a observé
gue des souris infectées par une souche avirulente de Candida albicans étaient protégées au
cours d’une infection par une souche virulente de Candida albicans mais étaient également
protégées contre I'infection par des bactéries pathogénes telle que Staphylococcus aureus
lors d’un second contact (Bistoni et al., 1986). Cette protection était particulierement
induite par les macrophages activés et la production de cytokines pro-inflammatoires et non

pas par des lymphocytes T.

Les évolutions des techniques de manipulations génétiques ont permis de mettre en
évidence sur des souris athymiques que la mémoire immunitaire dépendait essentiellement
des monocytes, macrophages et des cellules natural killers (Quintin et al., 2012). Depuis ces
travaux princeps, I'ensemble des études ont porté essentiellement sur les monocytes,
macrophages et cellules natural killers, qui sont des cellules différenciées dont la durée de
vie est courte compare a la durée de la “trained immunity”. Pour résoudre ce paradoxe, il
faut se tourner vers d’autres cellules possédant des propriétés immunitaires et une durée de
vie trés longue. John Pereira a suggéré d’investiguer la mémoire immunitaire des cellules

souches de durée de vie illimitée du fait de leur auto-renouvellement (Pereira et al., 2016).
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Au sein de notre équipe, Cédric Tore a montré que la planaire Shmidtea mediterranea
possédait une mémoire immune innée portée par des néoblastes qui sont I'équivalent des
cellules souches adultes chez les vertébrés (Torre et al., 2017b). Sur la base de ces
observations, j'ai décidé d’écrire une revue dont le titre est “Trained immunity carried by
non-professional immune cells”, soumise dans le journal Frontiers in Microbiology. Cette
revue décrit I'ensemble des cellules de I'immunité innée possédant une mémoire
immunologique et celles qui pourraient potentiellement la porter puis dresse une liste de
cellules non-immunitaires possédant des propriétés immunitaires qui pourraient également

porter une mémoire immunologique.
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ABSTRACT

“Trained immunity” is a term proposed by Netea to explain the ability of an organism
to develop an exacerbated immunological response to protect against a second
infection independant of the adaptative immunity. This immunological memory can
last from one week to several months and is only described in innate immune cells
such as monocytes, macrophages and natural killer cells. Paradoxically, the lifespan
of these cells in the blood is shorter than the duration of trained immunity. This
observation suggested that trained immunity could be carried by long lifespan cells
such as stem cells and non-immune cells like fibroblasts. It is now evident that in
addition to performing their putative function in the development and maintenance
of tissue homeostasis, non-immune cells also play an important role in the response
to pathogens by producing anti-microbial factors, with long-term inflammation
suggesting that non-immune cells can be trained to confer long-lasting
immunological memory. This review provides a summary of the current relevant
knowledge about the cells which possess immunological memory and discusses the
possibility that non-immune cells may carry immunological memory and

mechanisms that might be involved.

Keywords: Trained immunity, Immunomodulatory, non-immune cells, stem cells,

lifespan.



INTRODUCTION

Works regarding T cell and B cell-independent immune memory date back over half a
century. A first report by Mackaness in 1969 showed that mice vaccinated against
tuberculosis with the vaccine bacillus Calmette-Guérin (BCG) were effectively
protected against a second infection by mycobacteria and other infectious agents such
as Salmonella typhimurium, Listeria monocytogenes, Staphylococcus aureus,
Candida albicans and Schistosoma mansoni(Blanden et al., 1969). These results
were confirmed by Tribouley et al. showing the protective effect of BCG on athymic
mice against Schistosoma mansoni(Tribouley et al., 1978).

In the 80-90s, Bistoni and his colleagues showed that mice infected with
attenuated Candida albicans exhibited protection against a lethal dose of Candida
albicans and other pathogens such as Staphylococcus aureus(Bistoni et al., 1986).
This protection was independent of acquired adaptative immune cells but depended
on the innate immune cells as macrophages and a higher production of pro-
inflamatory cytokines including interleukin (IL)-1, granulocyte macrophage colony
stimulating factor (GM-CSF), tumor necrosis factor (TNF)-a and interferon (IFN)-
y(Bistoni et al., 1986; Vecchiarelli et al., 1988). Then, O’leary et al. reported that
natural killer (NK)-cells, another line of innate immune cells, possessed an
immunological memory capacity. NK-cells primed with haptens developped an
exacerbed immune response which protected against a second specific
infection(O’Leary et al., 2006).

In 2012 Netea et al. highlighted the mechanism involved in the immune
protection previously observed by Bistoni and others. Indeed, these authors showed
that reprogramming cells and inflammatory response confered to

monocytes/macrophages were associated with epigenetic modification mechanisms.



Following this work, the concept of “trained immunity or innate immune memory”
has been proposed.

Recently, Cheng et al. showed a new mechanism to support “trained
immunity” focusing especially on the metabolism of cells such as glycolysis. For
example they showed that the cholesterol synthesis pathway was highly induced in 3-
glucan-trained macrophages(Cheng et al., 2014).

Trained immunity draws more and more attention and interest. A simple
investigation of the number of publications based on the key words “innate immune
memory” between 1969 and 2018 shows a sharp increase in the number of papers,
reaching 142 papers in July 2018 (Figure 1).

Despite new knowledge, fundamental questions need to be addressed about
the paradoxe between the duration of trained immunity and the short lifespan of
innate immune cells (Table 1). Until now all of the studies were performed in
monocytes/macrophages and NK cells whereas trained immunity can last for one
year and more.

Consequently, trained immunity is more and more investigated in non-
immune cells such as stem cells which possess immune caracteristics (expression of
TLRs, inflammatory response, production of antimicrobial peptides) with long life

span (Figure 2).



BOX 1: Innate immunity

Innate immune system is the second line of defense against microbial infection in
vertebrates and non-vertabrates. It helps containing most infectious agents behind
the first line anatomical and physiological defenses(Turvey and Broide, 2010). The
innate immune system comprises hematopoietic cells including mast cells,
macrophages, dendritic cells, neutrophils and eosinophils derived from myeloid
lineage and natural killer (NK) cells. When a microorganism succeeds in crossing the
anatomical and physiological barriers, the innate immune system takes over to
efficiently remove it. Innate immunity develops in several steps including recognition
of the microorganism via surface pattern recognition receptors shared by all the
innate immune cells, binding to common pathogen-associated molecular patterns
(PAMPs), uptake of the microorganism and induction of a production of
inflammatory cytokines, chemokines and chemotractant molecules to recrute
additional immune cells. The processus of microbial clearance continues and
immature dendritic cells which uptook the microorganism migrate to lymph nodes to

initiate adaptative immunity(Turvey and Broide, 2010; Zak and Aderem, 2009).

BOX 2: Adaptative immunity

Adaptative immunity is the third line of defense composed by hematopeitic T cells
and B cells derived from the lymphoid lineage. Dendritic cells recognize pathogen,
uptake it, process microbial antigens and migrate in the secondary lymphoid organs
to encounter naive T cells. Dendritic cells present the antigens by the human major
histocompatibility (HMC)-II molecules to naive T cells (Tho). T-lymphocytes specific
to the antigen are activated, leading to their clonal expansion and differentiation into
effector T cells such as Th1, Th2 and Th17 cells. Functionnaly, effector T cells prime

different types of immunity such as cellular immunity, humoral immunity and



tolerance immunity and secrete pro-inflammatory cytokines such as IFN-y, IL-2, IL-
4, IL-6, IL-17 and TNF-a to activate other immune cells, contributing to pathogen
clearance. Some long half-life T cells become memory T cell and have the capability to
quickly respond to subsequent exposure to the same pathogen (specific-

protection)(Clark and Kupper, 2005; Pennock et al., 2013) .

BOX 3: Trained immunity

Trained immunity is a new concept designing the adaptative properties carried by
innate immune cells such as macrophages and NK-cells. Innate immune cells
including monocytes/macrophages and NK-cells are primed by recognition of PAMP
such as lipopolysaccharides, bacterial DNA, mannans that bind to toll-like receptors
(TLRs)(Janeway and Medzhitov, 2002). Priming induces a high protective
inflammatory response via the release of cytokines such as IFN-y confering a
protection to a secondary presentation of PAMPs carried by the same or a different
pathogen than the one which primed trained immunity (cross-protection). Epigenetic
modifications and immunometabolism are underlying mechanisms for training

immune cells to act efficiently during a second infection(Netea et al., 2015) .

BOX 4: Molecular and metabolic mechanims involved in trained
immunity.

Epigenetic events are part of the mechanisms controlling the way innate immune
cells maintain the immune response.

Epigenetic mechanism: Term composed by “epi” meaning “above” in Greek and
“genetic” relating to genes. Basically, it is the set of chemical modifications occuring
in the DNA and consequently modulating the expression of genes. The mechanism

does not affect the sequence of the DNA but is transmissible to the offspring.



Epigenetic modifications include DNA methylation, histone methylation and
acetylation(Hoeksema and de Winther, 2016; Saeed et al., 2014). In general, DNA
methylation is an epigenetic mechanism which involves the addition of a methyl-CH3
group on carbon predominantly to the CpG dinucleotides of the cytosine residues of
DNA 5-methylcytosine (5mC). This process involving three DNA methyltransferases
(DNMT1, DNMT3A and DNMT3B) is active in the regulation and maintenance of
gene expression(Jaenisch and Bird, 2003). NK-cell memory trained by BCG is
associated with DNA methylation(Schlums et al., 2015; Sun et al., 2012).
Immunometabolic mechanism: Contraction of “immune” and “metabolic”,
originally proposed to explain both the cellular metabolism of innate immune cells
and the role of immune cells playing in metabolic diseases and/or organ metabolism
in global. The first study on immunometabolic mechanism concerned the relation
between immunity and metabolic diseases, diabetes and obesity(Ferrante, 2013).
Recent studies showed that metabolic mechanisms are also highlighted in trained
immunity(Arts et al., 2016; Hotamisligil, 2017). In monocytes trained by -glucan,
transcriptional and epigenetic analysis revealed an increase in the promoters of genes
encoding enzymes involved in glycolysis (hexokinase and pyruvate kinase) and its

master regulator mTOR (mammalian target of rapamycin)(Cheng et al., 2014).



TRAINED IMMUNITY IN INNATE IMMUNE CELLS
Monocytes/Macrophages:

Macrophages emerged as the gold standard cellular model to investigate the
adaptative characteristics of innate immune cells. Several studies reported that
monocytes trained with different stimuli such as microorganism ligands, endotoxin,
LPS, B-glucan or attenuated Candida albicans and BCG, exhibited a high and long-
term immune response confering them resistance against secondary
infections(Bistoni et al., 1988; Kleinnijenhuis et al., 2012; Quintin et al., 2012)-. This
protection is materialized by a strong production of pro-inflammotory molecules IL-
1, GM-CSF, TNF-a and IFN-y(Vecchiarelli et al., 1988), leading to the recruitment of
innate immune cells, the activation of phagocytic cells and the activation of
adaptative immunity(Muralidharan and Mandrekar, 2013; Newton and Dixit, 2012).
Epigenetic reprogramming is one of the important mechanisms which sustain trained
immunity in monocytes/macrophages.

Briefly, naive cells have a compacted DNA rendering it inaccessible to
promoters/enhancers. After infection, the DNA decondensates making it accessible to
the promoters/enhancers that could be mono-methylated and mono-acetylated in a
way such that the DNA will be transcribed, allowing for the production of molecules
involved in pathogen elimination(Mehta and Jeffrey, 2015). Once the infection is
resolved, the acetylation is lost but methylation of lysine 4 of histone 3 (H3K4me)
persists and keeps the promoters active so that during the second stimulation the
DNA is rapidly transcribed allowing great production of genes involved in
immunity(Ostuni et al., 2013; Quintin et al., 2014; Saeed et al., 2014). Metabolic
induction is additional mechanisms underlying trained immunity(Bekkering et al.,

2018).



The interplay between metabolite production and trained immunity has been
recently shown (Arts et al., 2016). Cholestrol synthesis pathway requires an
intermediate metabolite called mevalonate; which induces a trained immunity profile
by promoting the expression of a set of genes required in -glucan-trained immunity
phenotype like fumarate(Arts et al., 2016; Bekkering et al., 2018) .

Trained immunity induces an aerobic glycolysis associated with an
augmentation of glucose consumption, lactate production and elevated intracellular
ratio of nicotinamide adenine dinucleotide (NAD+/NADH)(Cheng et al., 2014).
Natural killer cells
Natural killer cells (NK cells) are lymphocyte-like cells sharing common progenitor
with T lymphocytes and B lymphocytes(Wickramasinghe et al., 2011). NK cells are
distinguished from later cells by the absence of antigen-specific cell surface receptors
and are therefore considered as components of innate immune defense(Bozzano et
al., 2017; Paust et al., 2010). NK cells are well known for their cytotoxic activity
against tumor cells and virus-infected cells(Shibuya, 2003; Vivier et al., 2008;
Yokoyama, 2003). Several studies have shown that in the same way as monocytes,
NK-cells exhibit immunological memory. O'Leary et al. showed that a hapten (small
molecule triggering an immune response)(Erkes and Selvan, 2014) induced contact
hypersensitivity in T and B cell-deficient mice during the second contact with same
hapten(O’Leary et al., 2006). This activity was shown to be carried by a liver
subpopulation of NK cells (Ly49C-I+)(O’Leary et al., 2006). An additional study
showed that IL-12 and STAT4 are required to build immunological memory in a
mouse infected with mouse cytomegalovirus (MCMYV). They lead an expansion of
MCMV-specific NK cell and generation of memory NK cells(Sun et al., 2012). The
first infection leads to the robust expansion of a Ly49-1+ subpopulation of NK-cells

surviving in both lymphoid and nonlymphoid organs for longtime. Moreover, NK



cells are cornerstones in the immune system, interacting with the adaptative and
innate systems(Goldszmid et al., 2012; Hamerman et al., 2005). Effectively, Belkaid
et al. showed that activated NK cells primed monocytes during an infection, leading
to long-term immune response(Askenase et al., 2015; Marcus and Raulet, 2013).
Consequently, in response to a second infection or another, the trained long-living
NK-cells lead to highly efficient recognition and clearance of pathogens(Dokun et al.,
2001; Sun et al., 2011). It is only recently that we have been interested in studying the
memory capacity of NK cells, whose underlying mechanisms had not been explored.
Epigenetic reprogramming, immunometabolic induction and cell reprogramming are
among the mechanisms which could be explored by an analogy to what has already
been discoverd in monocytes. Indeed, it has already been showed that NK cells
exploit epigenetic regulatory mechanism through developpement, differentiation and
effector functions. Perforin and granzyme were the factors related to the defence
mechanisms of NK-cells(Salcedo et al., 1993). The production of these effectors are
controled by promotor of gene, regulator sequence (enhancer—silencer) and
transcription factors such as lymphotoxin a (LTA), tumor necrosis factor a (TNFA),
lymphotoxin  (LTB) and interferon-y (IFNG) genes wich may undergo epigenetic
modifications(Cichocki et al., 2013; Wiencke et al., 2016). It needs to be investigated
how the mechanisms of production of perforin and granzyme may be supported by an

epigenetic modification.

Mast cells

Mast cells are innate immune cells derived from the hematopietic progenitor in the
bone marrow. Once activated, mast cells leave the bone marrow and migrate to the
mucosal and epithelial tissues(Krystel-Whittemore et al., 2016)-(Hallgren and Gurish,
2011). They are commonly known to play a key role in allergy but also against
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bacteria and parasites through inflammatory and phagocytic activity(Spicer et al.,
1975; Urb and Sheppard, 2012). There is no study related to immunological memory
of mast cells in the literrature. Nevertheless, Monticelli hypothesized that mast cells,
like the other innate immune cells, could adopt a memory phenotype(Monticelli and
Leoni, 2017). Effectivelly, as previously described, mast cells play an important role in
the first line defence and possess a longer life than the other innate immune memory
(monocyte/macrophage and NK-cells) cells which were well known to carry immune
memory. It is now obvious that epigenetic modification mechanisms play a critical
role in trained immunity(van der Heijden et al., 2017). Interestingly, mast cell biology
can be regulated by epigenetic modifications as described in monocytes/macrophages
and NK-cells. They play a critical role in the establishement and maintenance of mast
cell identity, expansion, differentiation and regulation of mast cell response to a
danger signal(Montagner et al., 2016; Monticelli and Leoni, 2017). A recent study
reports that the DNMT3A DNA methyltransferase is important to modulate mast cell
responses to chronic stimuli(Leoni et al., 2017). Therefore, mast cells could support

an immunological memory which has yet to be investigated.

Dendritic cells

DCs are innate immune cells derived from hematopietic progenitors expressing the
CD34 surface marker, offering these cells the possiblity to be committed to either
lymphoid or myeloid lineages. There are mainly three types of DCs: Myeloid DCs
(mDCs), Plasmacytoid DCs (pDCs) and interstitial DCs and Langerhans cells
(LCs)(Collin et al., 2013)-(Liu and Nussenzweig, 2010). Differentiation of various
types of DC depends on the microenvironment and the stimuli present in primary
lymphoid organs and peripheral tissues(Price and Tarbell, 2015)-(Banchereau et al.,
2000). DCs are able to sense and immediately respond against pathogen attack by
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producing innate pro-inflammatory cytokines and priming naive T cells. Their main
function is to phagocyte microorganisms, to conserve intact antigens from the
ingested microorganism and to present antigens to adaptive immune system
cells(Savina and Amigorena, 2007). Exposure of monocytes to bacterial component
promotes the differentiation of monocytes into DCs(Bullwinkel et al., 2011; Naik,
2008). This differentiation is supported by epigenetic modifications in the expression
of CD14 and CD209 proper functionning of monocytes and DC, respectively.
Basically, the downregulation of CD14 is associated with the acquisition of the
repressive markers (H3Kgme3, H4K20me3) at the promoter and the expression of
CD20g9 is regulated by the acquision of histone marker (H3K9Ac) and the loss of
repressive markers (H3Kome3, H4K20me3)(Bullwinkel et al., 2011). Another study
showed that LPS-stimulated DCs are inducing a robust immune response lasting for
several hours and involving epigenetic modifications of 25 transcription
factors(Adams et al., 2012; Garber et al., 2012; Mildner et al., 2017). DCs possess the
immunological arsenal against bacteria; have a longer lifespan than monocytes and

epigenetic mechanisms to support trained immunity.
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TRAINED IMMUNITY OF NON-IMMUNE CELLS

Stem cells

Mesenchymal stromal/stem cells

Mesenchmal stem cells possess immune properties such as immunosuppressive
phenotype, inflamatory phenotype, anti-bacterial characteristics and are equipped
with Pattern Recognition Receptors (PRRs), including Toll-Like Receptors
(TLRs)(Coffelt et al., 2009; Krasnodembskaya et al., 2010; Liotta et al., 2008;
Machado et al., 2013; Pevsner-Fischer et al., 2007). In 2006,Guang-yang Liu and his
colleagues showed that adipose mesenchymal stem cells exhibit short-term memory
when exposed a second time to bacterial ligand LPS or danger signal TNF-a.
Preciselly, mesenchymal stem cells primed with LPS or TNF have the ability to
produce more intensely pro-inflammatory cytokines IL-8, MCP-1 and IL-6 to the
same stimulus upon a second encounter. Additionnaly, they showed that primed
mesenchymal stem cells exhibited a better therapeutic effect on diabetic rat model
than unprimed MSCs(Liu et al., 2016). Moreover, like in monocytes, this trained
immunity is gouverned by epigenetic mechanisms. The authors showed the
involvement of a set of microRNAs (miR146a, miR150 and miR155) and a
modification of DNA by 5-hydroxymethylcytosine (shmC)(Liu et al., 2016). This
study was the first one to demonstrate that trained immunity could be carried by
non-profesionnal immune cells, Nevertheless, it concerns a short-term memory only
corresponding just to 7 days whereas the trained immunity can last from one week to
months and several years(Nguipdop-Djomo et al., 2016).

Recently, it has been shown that the planarian Schmidtea mediterranea is
exhibiting trained immunity function(Torre et al., 2017). Planarian previously
infected with Staphylococcus aureus developped an improved immune response with
increased bacterial clearance during a second infection. This immunological memory

13



is due to stem cells that support cell replacement during homeostasis and
regeneration of any missing tissue(Eisenhoffer et al., 2008). RNAi-based experiments
revealed the signaling Smed-PGRP-2/Smed-setd8-1 methyltransferases as key factors
in instructed neoblastes (planarian stem cells)(Torre et al., 2017). This study
provided additional information to explain the capacity of BCG to induce a long
immune memory (30 days minimum) and to persist for months to years whereas the
lifespan of many innate immune cells in circulation is limited on the order of hours or
days(Kleinnijenhuis et al., 2012; Nayar et al., 2015; Sun et al., 2011). Therefore, it is
important to study the immunological memory capacity of stem cells beyond one

month and their ability to transmit information to innate immune cells.

Hematopoietic Stem Cells
Kauffman and her colleagues published an important study which brings additional
information to explain how cells transmit their immunological memory to
progenitors, providing long-lasting protection(Kaufmann et al., 2018). These authors
showed that in mice, the inoculation of bone marrow with BCG induced protection
against Mycobacterium tuberculosis during a second infection which was not the
case after subcutaneous inoculation. Specifically, it was shown that bone marrow
BCG inoculation initially increased the amount hematopoietic stem cells (HSCs) and
myelopoiesis and trained HSCs which offspring had the ability to develop a memory
response against virulent Mycobacterium tuberculosis. Moreover, BCG induces
epigenetic modifications of 2,483 genes in the macrophages, inducing changes of
histone H3K27ac in (BMDM) Bone-marrow-derived macrophage produced from
BCG-vaccinated mice compared with PBS-control mice(Kaufmann et al., 2018).
Another recent study showed that trained immunity performed at the level of
bone marrow precisely increased myelopoeisis(Mitroulis et al., 2018). A total of 1,383
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differentially expressed genes in B-glucan-injected mice compared to PBS-treated
control mice, were involved in some innate immune functions such as production of
pro-inflammatory cytokine IL-1f, production of GM-CSF (granulocyte-macrophage
colony-stimulating factor) and immunometabolism including the biosynthesis of

cholesterol and glycolysis(Mitroulis et al., 2018).

Epithelial stem cells

Epithelial stem cells are progenitors of differentiated epithelial cells. Epithelial cells
and fibroblasts are forming a physical and functionnal barrier against external
agents(Sacco et al., 2004). They constitue the first line of defense in innate
immunity(Ochiel et al., 2008). Like innate immune cell, epithelial cells can act as
sentinel cells by expressing TLRs, producing immunomodulator factors and
antimicrobial peptides when exposed to danger signals like bacteria, virus and
noxious signals(Bautista-Hernandez et al., 2017; Schaefer et al., 2004). In addition to
these immune caracteristics, it was reported that skin epithelial stem cells exhibit
trained immunity. By using an imiquimod (IMQ)-induced model of skin
inflammation, the authors showed that the skin previously exposed to one
inflammatory challenge responded faster to an unrelated secondary challenge, with
faster wound healing in primed mice than in naive mice(Naik et al., 2017). A recent
review by Novakovic entitled I Remember You: Epigenetic Priming in Epithelial
Stem Cells” speculated that this memory of inflammation could be due to epigenetic
mechanisms(Novakovic and Stunnenberg, 2017). Additionnaly, epithelial cell possess

a long lifespan averaging two years(Tunn et al., 1989).
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Intestinal stromal cells

Intestinal stromal cells (iSCs) are part of non-professional immune cells including
mesenchymal stem cells, fibroblasts, epithelial cells and endhotelial cells that exhibit
immune properties and contribute to immunity processing. ISC express TLRs 1-9, act
as sentinel cells and produce pro-inflammtory cytokines in response to a
pathogen(Augenlicht et al., 2016)-(Owens et al., 2013). Recently, Owens assessed that
iSCs possess the immune machinery to respond against bacterial pathogens and
suggested that iSCs could exhibit an immunological memory (Owens, 2015). Indeed
iSCs could develop a protective response to rapidly eliminate the pathogen or another
microorganism during a second contact(Owens, 2015). ISCs produce prolonged pro-
inflammatory cytokines (inflammatory memory) to recruit immune cells to the site of
infection during a second contact(Owens, 2015; Owens et al., 2013; Owens and
Simmons, 2013). Epigenetic modifications and immunometabolic mechanisms would
be implicated in the persistence of immunological memory. Moreover, the lifespan of
iSCs is longer than professional innate immune cells(Arts et al., 2016; Hotamisligil,

2017; Smith et al., 2017).

Fibroblasts

The main function of fibroblasts is to maintain the structural integrity of the
connective tissue(Wong et al., 2007). Nevertheless, it has now been

well established that fibroblasts play an important role in the immunity. Fibroblasts
are equipped with 1 to 10 TLRs, produce proinflammatory and antimicrobial
peptides, cytokines, chemokines and growth factors in response to pathogen
invasion(Jordana et al., 1994; Van Linthout et al., 2014). Further studies reported
that fibroblasts are sentinel cells responding to pathogens and interacting with other
cells via the production of molecular signals (Kaufman et al., 2001). Recent studies
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revealed that fibroblasts were involved in the persistence of inflammation. When
activated with bacterial infection or danger signal (cytokines), tissue repair triggers a
protective immune response by producing cytokines and interacting with immune
cells(Flavell et al., 2008; Frank-Bertoncel;j et al., 2017). The persistence of
inflammation is controlled by epigenetic mechanisms. In response to injury or
infection, fibroblasts first recruite immune cells in the site of infection to clear
bacteria, then organize tissue repair and renewal(Flavell et al., 2008). Indeed, tissue
repair and renewal are not random as fibroblasts possess a positional memory
capacity enabling regenerating cells to recall spatial information from the uninjured
tissue(Bustos-Arriaga et al., 2011; Van Linthout et al., 2014) .This process is
gouverned by epigenetic regulation of the homeobox “HOX” genes also involved in
regulating body formation during development(Coleman and Struhl, 2017; Francis
and Kingston, 2001). Much remains to be investigated in the immune functions of the
fibroblasts such as the immunological memory. Functionally fibroblasts possess the
immunological arsenal as mentioned above: the ability to produce inflammatory
cytokines, antimicrobial peptides, and possess a longer lifespan than the cells of

innate immunity such as macrophgae once differentiated(Weissman-Shomer and

Fry, 1975).

Microglial cells

Microglial cells are resident immune cells of the central nervous system (CNS) also
know as resident macrophages of CNS(Wake and Fields, 2011). The main function of
microglial cells is to ensure the homeostasis of synapses and the communication with
the microenvironnement in the CNS. Once activated by virus or bacteria, microglial
cells somal size increases while retraction and thickening of processes are faciliting
their migration capacity ; they express TLRs, produce inflammatory cytokines and
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acquire phagocytic ability like macrophages(Mariani and Kielian, 2009). After this
priming, microglial cells become susceptible to a secondary danger signal leading an
improve immune response(Haley et al., 2017; Perry and Holmes, 2014). Several
reviews suggested a process of trained immunity in microglial cells(Haley et al., 2017;
Lelios and Greter, 2018). Haley recently speculated the fact that microglial cells
possess an innate immune memory caracterized by inflammatory pathways
orchestrated with epigenetic mechanisms(Haley et al., 2017). A study comparing
naive mice and mice primed with attenuated Salmonella typhimurium containing its
LPS indicated that the second group exhibited increased microglial immunoreactivity
in response to a second stimulation of LPS four weeks later. Intrestingly, there was no
increased immunoreactivy in microglial for the naive mice(Piintener et al., 2012).
However, the authors did not investigate a potential epigenetic mechanism to explain

the long-term activation of microglia in this infectious model.
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Conclusion

The established dogma that innate immunity system lacks memory and that only the
adaptive immune sytem is able to recognize an infectious agent and to destroy it
faster in a second encounter has been challenged. Current published data indicate
that innate immune cells are able to build an immunological memory. Indeed, the
new concept called « trained immunity » represents a paradigm change in the biology
of immunity, emerging as a third way between the conventional dichotomy “innate
immunity” and “adapatative immunity”.

We have reviewed that trained immunity is not restricted to innate immune
cells such as monocytes/macrophages and NK-cells, as non-immune cells like stem
cells and that stromal cells also recognize a danger and respond faster in a second
contact. In order to avoid any confusion and to harmonize the concept of
immunological memory, we propose to keep the term “trained immunity” because an
increasing number of studies are showing that non-immune cells possess

immunological memory which is therefore not restricted to innate immune cells.
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Préambule de I'article

Outre leurs capacités régénératives, les données de la littérature indiquent que les hDPSCs
possedent certaines caractéristiques des cellules immunitaires, notamment la capacité de
percevoir un signal de danger grace a I'expression de protéines réceptrices de type Toll, TLR
1-10 sur leurs surface cellulaire mais également d’émettre des signaux de danger en
présence d’une infection (Fawzy El-Sayed et al., 2016b). Ainsi une fois activés, les DPSC
peuvent migrer jusqu’au site d’infection ou ils peuvent se différencier en odontoblastes afin
de reconstruire les tissus lésés (Gunzer, 2007; Li et al., 2014) .1l est démontré aussi que les
DPSC sont également capables de produire des médiateurs inflammatoires (un phénotype
pro-inflammatoire, un phénotype immunosuppresseur) pour interagir avec les cellules
immunitaires afin de les attirer sur les site infectieux lors de la phase précoce d’infection ou
de résoudre l'inflammation afin de rétablir les conditions physiologiques de base lors de la
phase tardive d’une infection (Bindal et al., 2018; Chang et al., 2005; He et al., 2013). Les
résultats exposés au chapitre 4 de notre These, ajoutent une autre caractéristique
immunitaire qui est d’internaliser un agent infectieux puis d’initier une réponse

immunitaire.

Cependant, beaucoup de choses restent a découvrir. Une analogie peut étre faite dans la
découverte des propriétés immunitaires des macrophages et celles des cellules souches. En
1883, Elie Metchnikoff décrit les macrophages, cellules immunitaires capables d’internaliser
des bactéries et les tuer par phagocytose (Metchnikoff, 1883). En 2012, Quintin et al.
découvrent la propriété de mémoire immunologique des macrophages (Quintin et al., 2012).
En parallele, nous avons montré que les hDPSCs avaient la capacité d’internaliser une

bactérie et d’initier une réponse protectrice (Hamada A. et al., soumis pour publication) et
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nous suggérons que les hDPSCs possédent une mémoire immunologique. Dans cette étude,
nous nous sommes basés sur les propriétés inflammatoires des hDPSCs en réponse a des
ligands bactériens LPS et PGN. Il a été préalablement montré que les hDPSCs sont un modeéle
d’inflammation: lorsque ces cellules sont stimulées par du LPS, elles développent une
reaction pro-inflammatoire avec production de cytokines IL-6, IL-8, MCP-1 (Bindal et al.,
2018). Notre intention était de savoir si les hDPSCs stimulées par du LPS ou par du PGN
avaient la capacité de répondre 30 jours aprés un premier contact, de facon
significativement augmentée lors d’un second stimulus. Nous avons montré dans cette
étude que, comme les cellules immunitaires, les hDPSCs ont la capacité de mémoriser des
signaux de ligands bactériens pendant 30 jours pour indure une réaction immunitaire rapide
et exacerbée lors d’un second contact. Cette mémoire se caractérise par une augmentation
de I'expression et production de cytokines pro-inflammatoires IL-6 et MCP-1 lors du second
stimulus par LPS ou par PGN. Ce résultat vient conforter une étude montrant que des MSCs
ont la capacité de mémoriser des signaux de danger durant une semaine et de développer

une réaction exacerbée lors du second contact Figure 8 (Liu et al., 2016).

DPSC priming DPSC chalenge
(LPS) gr (PGN) (LPS) or (PGN) Analysis:
First Wash Second mRNA expression
stimulation cells stimulation Cytokine production

S S B

E—— /L é
77

DayO Day1 T Day 30 Day31

Refresh media

Figure 8 : Schéma expérimental pour I’exploration de I'immunité entrainée chez les

cellules hDPSCs.
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Abstract

Dental pulp stem cells (DPSCs) are mesenchymal stem cells derived from the dental pulp
tissue. Cumulative data indicate that DPSCs possess characteristics of immune cells including
the expression of Toll-like receptors, the production of antimicrobial peptide along with
phagocytic properties. Previous reports have shown that DPSCs induce an inflammatory
phenotype by releasing pro-inflammatory cytokines IL-6, IL-8, TNF-alpha and MCP-1 in
response to signal of danger such as bacterial ligands. In this study, we investigated whether
the DPSCs can keep in memory this inflammatory phenotype and act faster upon a secondary
challenge. Our results show that DPSCs primed with bacterial lipopolysaccharide (LPS) or
peptidoglycan (PGN) develop an inflammatory memory by transcribing faster IL-6 and MCP-
1 genes and producing a high level of IL-6 and MCP-1 protein. We found also that histone
methyl transferase is involved in the establishment of the inflammatory memory induced by
PGN. Taken together, these data show that DPSCs possess trained immunity and suggest that
a LPS or PGN pre-conditioned DPSCs could have a better therapeutic efficacy in wound

healing and pulp regeneration than non-primed cells.

Keywords: DPSC, inflammatory, memory, cytokine, epigenetic



Introduction

Dental pulp stem cell (DPSCs) are mesenchymal stem cells initially isolated from the dental
pulp tissue eighteen years ago (Gronthos et al., 2000). Under physiological conditions, the
principal function of DPSCs is to produce odontoblasts to maintain the homeostasis of dentin,
therefore protecting the dental pulp (Tatullo et al., 2015). However, the dental pulp may be
injured by mechanical, chemical and microbial factors (Alkharobi et al., 2017; ElI-Gendy et
al., 2015; Gronthos et al., 2002). Such injuries eventually activate the DPSCs which may then
express Toll-like receptors (TLRs), produce antimicrobial peptides and exhibit a protective
inflammatory response (Attoumani et al., 2018; Fawzy El-Sayed et al., 2016). In addition, it
has been reported that DPSCs stimulated with the Gram-negative bacteria ligand
lipopolysaccharide (LPS) induce an inflammatory response associated with the migration of
DPSCs towards the dentin surface and the differentiation into odontoblasts to fix the dentin(Li
et al., 2014; Widbiller et al., 2018). Also, LPS-activated DPSCs release pro-inflammatory
cytokines including IL-6, MCP-1, IL-1b, IL-8 and TNF to recruit immune cells at the site of
infection ( Bindal et al., 2018; He et al., 2013, 2017; Tomic et al., 2011). The way DPSCs
support infection and respond to a second infection remain unknown.
Also, pre-conditioning strategies have been proposed to improve DPSCs function and
therapeutic potential in regenerative medicine (Ahmed et al., 2016; Gnanasegaran et al.,
2016). For example, transplantation of hypoxic pre-conditioned (HP) DPSCs have the
capacity to memorise HP-promoted recruitment and osteogenesis ability to boost their
therapeutic potential (Ahmed et al., 2016).

However, there is no study relating the immune response of bacteria-pre-conditioned
DPSCs. Therefore, we investigated whether dental pulp stem cells exhibit an immunological

memory.



Materials and methods

DPSCs culture.

DPSCs obtained from cell lines service (CLS, Eppelheim, Germany) were cultured in
Dulbecco’s Modified Eagle Medium F-12 (DMEM/F12, Invitrogen, Villebon-sur-Yvette,
France) supplemented with 5% heat-inactivated fetal calf serum (FBS, qualified, EU-
approved, South America origin, Gibco, Paisley, UK) at 37°C under a 5% CO, atmosphere.
DPSCs viability was determined by using the Trypan blue exclusion assay. This assay is
distinctively differentiates non-viable from viable cells based on the analysis of the integrity
of the cell membrane(Samyuktha et al., 2014). Briefly, trypsinized DPSCs were suspended
into 20 pL of basic medium and mixed with 20 puL of a 0.4% solution of Trypan blue dye
(Eurobio, Les Ulis, France) for 1 min at room temperature. Cells were immediately counted
using a Neubauer microchamber (Brand GmbH, Wertheim, Germany) with a light microscope

using a 100 X magnification. All experiments were done in triplicate to assure reproducibility.

DPSCs Morphology.

DPSCs were seeded onto glass coverslips at a density of 5x10* cells/mL into 24-well plates
(Greiner Bio-One, United Kingdom) until they achieve a 80% confluence. Cells were then
stimulated with Escherichia coli LPS (100 ng/uL) or with Staphylococcus aureus PGN (100
ng/nL) (Sigma, St Louis, MO, USA) for 24 hours at 37°C. Then, DPSCs were washed with
phosphate buffered saline (PBS) (Life Technologies Ldt., Paisley, UK) to remove the
bacterial ligand (LPS or PGN) and fixed with 4% paraformaldehyde for 15 minutes.

Actin filaments were red-stained with phalloidin-fluor 555 (Invitrogen, Eugene, Oregon,
USA) and the nucleus was stained in blue using 4', 6-diamidino-2-phenylindole (DAPI,
Invitrogen). Finally, glass coverslips were mounted on object slide with Mowiol (Calbiochem,

San Diego, USA). Imaging and evaluation of the number of internalized bacteria per cell was



performed on a 63X oil objective using a Zeiss LSM 800 confocal inverted microscopy

system.
Induction of trained immunity

DPSCs (5*10* cells/mL) were cultured in a volume of 500 uL/well in 12-well plates and
divided into two groups (LPS or PGN-primed DPSCs and non-primed DPSCs). For the
primed group DPSCs, DPSCs were stimulated with the bacterial ligand for 24 hours (h) and
then placed with fresh complete culture medium for 30 days before the second challenge.
After the second challenge, DPSCs were collected for 30min, 1 h, 2 h,4 h, 6 h, 8 h and 24
hours to quantify gene expression. In order to measure the production of the cytokines, the
supernatants were collected 24 hours after the second challenge. To induce the inhibition of
methylation, DPSCs were incubated for 1 hour with the methyltransferase inhibitor 5'-deoxy-
5'-(methylthio) adenosine (MTA, 1mM). DPSCs were pre-treated in parallel with the same

volume of DMSO were used as negative controls.

Gene expression analysis

Total RNA was extracted from Primed or No-Primed DPSC and DPSC non-exposed to
bacterial ligand (as negative control cells) using Trizol reagent according to the instructions of
the manufacturer (Invitrogen) and quantified using a spectrophotometer at 260 nm (Nanodrop
1000 spectrophotometer, Thermo Scientific, Cambridge Scientific, Watertown, MA). All the
samples were then normalized at 100 ng RNA before reverse-transcription to the first strand
of cDNA by using oligo (dT) and Moloney murine leukemia virus—reverse transcriptase M-
MLV Reverse Transcriptase, according to the manufacturer’s instructions (Invitrogen). Gene
expressions were evaluating using an ABI7900 Fast Real-Time PCR System, the SYBR
Green Fast Master Mix (Roche Applied Science, Meylan, France) and primers listed in

Supplementary Table 1. The data were obtained by calculating the fold change = 244",



corresponding to AACt = (CtTarget — Ctagapph) assay (CtTarget — CtGAPDH) control.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used to normalize the

relative expression of each gene under investigation.

Flow cytometry analysis

DPSCs were investigated using flow cytometry. Briefly, DPSCs were cultured to 80%
confluence and primed with LPS (100 ng/uL) or PGN (100 ng/uL). Thereafter, DPSCs were
washed two times in ice-cold PBS supplemented with 2% FBS and 2 mM EDTA. A total of
10° DPSCs were incubated with antibodies against positive and negative mesenchymal stem
cell markers listed in Supplementary Table 2 in accordance with the manufacturer’s

protocol.

Cytokine quantification

Un-primed and primed DPSCs were treated with LPS or PGN for 24 hours. Then,
supernatants were collected to evaluate the concentration of MCP-1 and IL-6 by using
ELISA kits according to the manufacturer's protocols (R&D Systems, Lille, France).

Concentrations were calculated using standard curves.

Statistical analysis
Data were analyzed using GraphPad Prism 5.0 ¢ software using the unpaired #-test. P < 0.05

was considered as statistically significant.



Results

Viability of DPSCs primed with LPS or PGN.

First, we determined if the cells viability is affected by incubation with LPS or PGN. The
percentage of viable DPSCs primed with LPS and PGN compare to the control re reported in
Figure 1A. LPS (100 ng/uL) or PGN (100 ng/uL) did not induce a significant change in the
viability compared to control DPSCs: the percentage of viability varied from 100% at TO to
96% at T120 (P< 0.05). In addition, confocal microscopy observation of DPSCs at 80%
confluence primed with LPS (100 ng/ pL) or PGN (100 ng/ nL) for 3 days, and then stained
for actin and nucleus, do not revealed disorder in the distribution of actin; and as well

modification of nuclei (Figure 1B) compare to the control.

Immunophenotype of DPSC primed with LPS or PGN.

Mesenchymal immunophenotype analysis of DPSCs revealed that priming with LPS or PGN
did not affect the MSC markers. Indeed, un-primed mock DPSCs, LPS- or PGN-primed
DPSCs were positive for the mesenchymal stem cells markers CD29, CD44, CD 90 and CD
105 and negative for CD117 and hematopoietic stem cell markers CD14, CD34 and CD 45

(Figure 1C). These results suggest that priming does not induced differentiation of DPSCs.

LPS and PGN induce inflammatory memory in DPSCs.

LPS-stimulated DPSCs and PGN-stimulated DPSCs exhibit a significant increase expression
of IL-6 and MCP-1 mRNA compared to negative control cells. Then, to determine whether
DPSC can keep in memory this priming and respond faster in a second challenge, we
performed an assessment by following the next procedure (Figure 2A). Interestingly, priming
influences the cell response to a secondary stimulation. Indeed, IL-6 and MCP-1 mRNA

expression were increased significantly in both LPS and as well PGN-primed DPSC (Figure



2B). Next, by ELISA we have analysed the protein level of MCP-1 and IL-6 in DPSC
supernatant collected 24 hours after the second stimuli LPS or PGN. Similarly to the mRNA

expression, the level of MCP-1 and IL-6 production were significantly increased (Figure 2C).

Involvement of histone methylation for PGN training in DPSCs.

Epigenetic modification of DNA-associated histone proteins known to be required for the
establishment of trained immunity and thus to improve the response to a second stimuli
(Netea et al., 2016). Indeed it has been shown that activation of histone methyltransferase
promote the expression of pro-inflammatory cytokines such as tumour necrosis factor-o
(TNF-a) and 11-6 (Garcia-Valtanen et al., 2017). We questioned the involvement of the
methyltransferases in our model. To this purpose, we have treated DPSCs with the
methyltransferase inhibitor 5'-deoxy-5'-(methylthio) adenosine MTA (Quintin et al. 2012) for
1 hour, wash-out. Then cells were primed with LPS or PGN during 24 hours. Supernatant
were collected 24 hours after re-stimulation with three same bacterial ligands and ELISA
assays were performed for MCP-1 and IL-6. In the case of the PGN stimulus, we observed
that MTA treatment significantly reduced the production of IL-6 which decreased by 33.8%;
significantly reduced the production of MCP-1 by 68.2% compared to negative control cells.
These results suggested a role of histone methyl transferase in establishment of the

inflammatory memory.

Discussion

Recently, Liu showed that DPSCs exposed by danger signal such as LPS, responded by
increasing the expression of pro-inflammatory genes and producing cytokines IL-6, IL-8,
MCP-1 and TNF-alpha, in a way similar to that described for the immune cells

monocytes/macrophages and T cells (Liu et al., 2016). Here, we show that this inflammatory



response can kept in memory by DPSCs and respond intensely to the same stimuli upon a
second stimulation.

Firstly, we unravelled that priming did not affect the viability, morphology and
mesenchymal phenotype of DPSCs. Second, we demonstrated that DPSCs primed with LPS
or PGN induced a trained immunity as measured by the expression of genes coding for
inflammatory factors and cytokine production of IL-6 and MCP-1 30 days after the first
stimulation. We have interpreted this phenotype as characteristic of inflammatory memory.
The increase of the inflammatory cytokines MCP-1 and IL-6 has been previously observed in
LPS-primed adipose tissue-derived mesenchymal stem cells. However in later model, the
memory effect lasted for seven days only (Liu et al., 2016) whereas in our study, the memory
effect lasted for 30 days. Our study adds new piece of information following John Pereira’
suggestion to study trained immuniy in stem cell cells (Pereira et al., 2016).

Histone methyltransferases are involved in the establishment of trained immunity
(Rizzetto et al., 2016). Interestingly, it was reported that dental pulp stem cell possesses
different types of methyltransferases which are involved in the control of cell phenotype and
regulate the renewal and pluripotency of stem cell population (Duncan et al., 2016; Rodas-
Junco et al., 2017). Here, we observed that DPSCs previously treated with the histone
methyltransferase inhibitor MTA, secreted significantly less cytokines IL-6 and MCP-1 after
the second stimulation compared to non-treated, negative control DPSCs. However the pre-
treatment of MTA do not inducing a change in the release of IL-6 and MCP-1 for
inflammatory memory inducing by LPS.

I1-6 and MCP-1 are two mediators of inflammation synthesized in response to stimuli
such as trauma of the dental pulp or tooth decay (Alkharobi et al., 2017). Both cytokines are
well known to play an important role in initiating and maintaining the inflammatory responses

by stimulating several processes including B-cell differentiation, T-cell activation,



haematopoiesis and increasing vascular permeability (Sabir and Sumidarti, 2017). MCP-1
contributes to the inflammatory response by attracting monocytes and T-cells at the site of
infection. It promotes the recruitment of circulating immunocompetent blood cells and their
migration through the endothelial barrier to gain access to damaged sites to eliminate
pathogens (Martinez-Sarra et al., 2017). Accordingly, inflammation is regarded as a
prerequisite for pulp healing and regeneration (Goldberg et al., 2008).

In response to stimuli, DPSCs are activated and differentiate into odontoblasts to fix
dentin. These findings suggest that this inflammatory memory could permit an increasing of
wound healing in dental pulp tissue (Martinez-Sarra et al., 2017). Transplanted DPSCs were
shown to induce a complete regeneration in a root canal therapy after pulpectomy in dogs
(Iohara et al., 2011). Recently, Misako Nakashima reported the first clinical trial showing that
DPSCs were safe and effective in complete pulp regeneration in five patients diagnosed with
with irreversible pulpitis (Nakashima et al., 2017). Therefore, pre-conditioning of DPSCs may
improve the biological response by enhancing faster production of cytokines and the

differentiation of DPSCs facilitating inflammatory response and dentine regeneration.

10



Conclusion

In this study, we have observed that DPSCs are susceptible to stimulation with LPS and PGN
and respond faster after a second infection by producing inflammatory cytokines IL-6 and
MCP-1. It is termed memory inflammatory. Our data bring a new immune characteristic of
DPSCs. As DPSCs are now used for the complete regeneration of dental pulp after
pulpectomy (Nakashima et al., 2017), pre-conditioned DPSCs with bacterial ligands could

improved this therapeutic process.

11
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Figure 1. Functional characteristic of DPSC at different stimulation.

Stimulation of DPSCs to bacterial ligand LPS and PGN comparing to the unstimulated cells
(as control). (A) Morphology : Cells had spindle-shaped morphology (fibroblast like) at all
conditions (LPS, PGN and control) (B) Viabilty : Upon exposure to LPS or PGN the
viability of DPSC were similar for the three conditions (C) Mesenchymal stem cell
immunophenotype of DPSC. Expression of negative and positif MSC markers of DPSC
stimulated with LPS or PGN during 24 hours. Data were obtained from three independently

performed experiments with mean + SEM.

Figure 2. Gene expression using PCR and cytokine production using ELISA analysis for
IL-6 and MCP-1. (A). Experimental procedure for the exploration of trained immunity in
hDPSC (B). The level of mRNA expression in relative fold change was evaluated for IL-6
and MCP-1 in DPSC primed and no-primed for different time 30 days after the first
stimulation. These genes were normalized by using the endogenous control gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (C) Quantification of cytokine
production by using ELISA. Data were obtained from three independently performed

experiments with mean + SEM.

Figure 3. Methyl transferase involve in the establishment of inflammatory memory
DPSC were treated with MTA (1 mM) or untreated (control), primed (primo-infection)
with LPS or PGN and then re-stimauled with same stimulis 30 days after. Supernatant were
recolted 24 hours afters the second stimulis and cytokine quantification were performed by
using ELISA. Data were obtained from three independently performed experiments with

mean =+ SEM.
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Supplementary Table 1: Sequence of primers used for q-RTPCR analyses.

The gene symbol and sequences are listed for the selected genes.

Gene
Forward Reverse References
symbol
GAPDH | CATCATCCCTGCCTCTACTG GCCTGCTTCACCACCTTC (He et al., 2013)
IL-6 CTAGAGTACCTCCAGAACAG | TGACCAGAAGAAGGAATGC | (Heetal.,2013)
MCP-1 AAGCAGAAGTGGGTTCAGGA | GCAATTTCCCCAAGTGTCTG | (Bronckaers et al., 2013)

Supplementary Table 2: Antibodies used for flow cytometry analysis.

Antibodies

Conjugate

Clone

Manufacturer

Positive mes

enchymal stem cell markers

CD 29 FITC HMB1-1 | Biolegend
CD90 AF-647 SE10 Biolegend
CD105 PE 43A3 Biolegend
CD 44 FITC J.173 Beckman Coulter

Negative mesenchymal stem cell markers

CD 34 FITC 581 Beckman Coulter
CD 45 ECD J33 Beckman Coulter
CD 117 PE 104D2D1 | Beckman Coulter
CD 14 APC RMOS52 | Beckman Coulter
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Figure 2C.
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Discussion :

En 2000, Gronthos et ces collaborateurs ont isolé pour la premiére fois les hDPSCs dans la
pulpe dentaire. Depuis ce premier travail, les DPSCs ont fait I'objet d'une attention
particuliére dans le cadre de la médecine régénérative grace a leur grande plasticité et leur

capacité a se différencier en plusieurs types cellulaires.

En 2002, Gronthos a publié la premiére étude concernant I'utilisation thérapeutique des
DPSCs chez des souris immunodéprimées. Cette transplantation in vivo a démontré la
capacité des DPSCs a générer un tissu dentaire fonctionnel sous la forme de complexe
dentine/pulpe (Gronthos 2002). Récemment, une autre étude vient conforter les données de
Gronthos, montrant le potentiel thérapeutique des hDPSCs pour une régénération compléte
de la pulpe chez des patients atteints de pulpite irréversible (Nakashima et al., 2017). Par la
suite d’autres études ont montré le potentiel thérapeutique de ces cellules dans d’autres
tissus que les tissus dentaires ; tel que la régénération de tissu osseux (Leyendecker Junior
et al., 2018), du tissu neuronal (Chalisserry et al., 2017; Luo et al., 2018) et du tissu

ocesophagien (Zhang et al., 2018).

Depuis une dizaine d’années, les caractéristiques immunitaires des hDPSCs sont de plus en
plus décryptées. En 2002, Fawzy a mis en évidence pour la premiere fois, la présence de
PRRs sur des hDPSC, plus particulierement les récepteurs de type Toll. Les hDPSCs expriment
TLR 1-10 (Fawzy El-Sayed et al., 2016b). La plupart de ces récepteurs répondent a des
signaux de danger suggérant que la biologie des hDPSCs peut étre influencée par les
bactéries et ligands bactériens tels que le LPS. En effet, il a été montré que le ligand

bactérien LPS a un impact sur la prolifération, la différentiation, et la migration des hDPSCs.

137



Le LPS est un composant majeur de la paroi cellulaire des bactéries Gram-négatif qui jouent
un role important dans les maladies infectieuses telles que la parodontite et la pulpite
(Huang, 2011; Rutherford and Gu, 2000). Le LPS peut induire I'expression de cytokines pro-
inflammatoires, telles que l'interleukine-6 (IL-6) et I'IL-8 et le tumor necrosing factor (TNF-a)
via I'activation de TLR-4 dans les cellules souches de la pulpe dentaire (Bindal et al., 2018;

Chang et al., 2005; He et al., 2013, 2015).

Les hDPSCs peuvent également produire des facteurs immunomodulateurs et anti-
inflammatoires tels que I'lL-10, hepatocyte growth factor (HGF), transforming growth
factor-8 (TGF-8) indoleamine 2,3-dioxygenase (IDO) et la prostaglandine E2 (Luo et al.,
2018). Ainsi les hDPSCs exercent leurs effets biologiques en favorisant la production de
divers médiateurs inflammatoires (pro- et anti-inflammatoires) suggérant leur utilisation en
thérapie cellulaire. Cette activité immuno-modulatrice a été rapidement utilisée dans un

contexte thérapeutique.

Les premieres études relatant les caractéristiques immunitaires des hDPSCs reposent
principalement sur leur activité immuno-modulatrice, en effet il a été montré que les
hDPSCs induisaient une suppression de la prolifération de peripheral blood mononuclear
cells (PBMC) et inhibaient la fonction des lymphocytes T par conséquent induisent une
tolérance. Ainsi les hDPSCs peuvent agir comme des agents immunosuppresseurs en
modulant la réponse immunitaire dans les maladies inflammatoires ou auto-immunes et
permettraient également d’augmenter I'immunotolérance au cours de transplantations

hétérologues (Haigi et al., 2011; Hong et al., 2017, 2017; Tomic et al., 2011).

La connaissance de la technologie des hDPSCs augmente rapidement dans le domaine

dentaire et autres spécialités telle que 'immunité. Cependant dans le domaine immunitaire,
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la connaissance des différentes voies est au stade expérimental et nécessite une meilleure
connaissance de la biologie de ces cellules face a un agent infectieux. C'est dans cette
optique que nous avons décidé d’investiguer les propriétés immunitaires des cellules

souches de la pulpe dentaire.

Ce travail a permis de mettre en évidence que les cellules souches de la pulpe dentaire
avaient la capacité d’internaliser un agent infectieux tel que Bartonella quintana et d’initier
une réponse immunitaire protectrice. Nous avons également montré que les hDPSCs
possedent une mémoire entrainée leur permettant d’agir de maniére efficace lors d’un

second contact avec I'agent infectieux.

En premier, nous avons montré que les hDPSCs avaient la capacité d’internaliser I'agent
pathogéne Bartonella quintana. Apres 30 minutes de contact, nous avons retrouvé les
bactéries a I'intérieur des cellules hDPSCs et de fagon croissante au cours des 24 heures de
nos observations. Cette étude soutient le concept émergent selon lequel les cellules
souches mésenchymateuses sont des cellules non-immunitaires qui possédent des
caractéristiques de cellules immunitaires professionnels (Owens, 2015; Owens et al., 2013;

Owens and Simmons, 2013).

Une étude récente a mis en évidence que les cellules souches mésenchymateuses avaient la
capacité d’internaliser I'agent infectieux Mycobacterium tuberculosis et de controOler sa
réplication par autophagie (Khan et al.,, 2017). Dans notre étude, nous avons également
observé que cette internalisation est associée a une activité anti-bactérienne. Une analyse
d’expression génique montre que les hDPSCs infectées par Bartonella quintana expriment le
peptide antimicrobien beta-defensine 2 BD2. BD2 est un agent microbicide a large spectre

qui tue les microorganismes en formant des micropores de type canal qui perturbent
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I'intégrité de la membrane et induisent une fuite du contenu cellulaire (Farges et al., 2015;

Pazgier et al., 2006).

Les hDPSCs peuvent agir de maniere indirecte via une activité immunomodulatrice ; nous
avons noté un profil pro-inflammatoire avec une expression des genes tel que I'lL-6, IL-8,
MCP-1 et TNF-alpha connus pour activer et attirer des cellules immunitaires dans le site
infectieux afin de contréler I'infection. Une observation semblable a était faite dans des
cellules endothéliales infectées par une autre espéece appartenant au genre Bartonella,
Bartonella henselae. En effet ces dernieres, une fois infectés induisent expriment le géne
MCP-1 permettant d’attirer les monocytes/macrophages afin de contréler I'infection

(McCord et al., 2005).

Cela suggere que l'effet combiné de ces deux mécanismes (internalisation direct et
expression de médiateurs inflammatoires) contribue dans une moindre mesure au contréle
précoce de l'infection a Bartonella quintana. Des études récentes montrent que si les
cellules non-immunitaires n’agissent pas directement contre I'agent pathogene, elles
peuvent utiliser d’autres mécanismes permettant d’initier un processus d’élimination via un
signal « eat-me ». Le signal « eat -me » est un processus purement biologique permettant
aux phagocytes (macrophages) d’internaliser et d’éliminer des cellules apoptotiques afin

d’assurer ’lhoméostasie mais également pour éliminer des cellules infectées (Wei li 2012).

En perspective, il serait intéressant d’étudier si les hDPSCs produisent des signaux « eat-me »
afin d’initier leur phagocytose par des macrophages et autres phagocytes professionnels.
Egalement, il serait intéressant d’étudier d’autres agents pathogenes et d’investiguer les
éventuels mécanismes de défenses déployés par les hDPSCs pour le contréle de l'infection

bactérienne, tel que I'autophagie.
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Nous avons observé que I'agent pathogéne Bartonella quintana induit des changements
structurels a l'intérieur des cellules souches de la pulpe dentaire, une production d’IL-10 et
une réplication au sein de la cellule suggérant que hDPSCs pourraient étre des sanctuaires

pour les infections chroniques de Bartonella quintana.

Ces travaux nous ont permis également de mettre en évidence une mémoire
immunologique des cellules souches de la pulpe dentaire en réponse aux ligands bactériens
LPS et PGN. Il s’agit d’'une mémoire basée sur les caractéristiques de médiateurs
inflammatoires des DPSC concernant deux cytokines IL-6 et MCP-1 connu pour jouer un role
trés important dans la lutte contre les pathogéenes (Barkhordar et al., 1999; Turner et al.,
2014). Cela vient conforter la suggestion récente de Pereira et collaborateurs. Cette
suggestion était issue du constat selon lequel, la mémoire immunologique a été mise en
évidence pour des cellules de I'immunité innée macrophages et naturel killer, de durée de
vie treés courte par rapport au concept de « trained immunity ». De ce fait il a émis
I’hypothese que la mémoire entrainée est portée par des cellules ayant une durée de vie

longue comme les cellules souches (Pereira et al., 2016).

Bien que n’étant pas classées comme des cellules immunitaires, de nombreux travaux
décrits précédemment démontrent les capacités immunitaires des cellules souches de la
pulpe dentaire. Sur la base de ses propriétés immunomodulatrices, telle que la production
de molécules pro-inflammatoires, nous avons montré que les cellules souches de la pulpe
dentaire exposées aux ligands bactériens LPS et PGN induisaient une réponse améliorée lors
d’un second contact via une production exacerbée de molécules pro-inflammatoires, ici IL-6
et MCP-1. Cette mémoire immunologique a été mise en évidence pour une durée de 30

jours.
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Par ailleurs, un mécanisme épigénétique a été mis en évidence pour expliquer cette
mémoire immunologique. Lorsqu’on pré-traite les cellules souches avec une histone
methyltransferase inhibitor (5’-deoxy-5'-methylthioadenosine (MTA) avant le priming, on
observe une perte de la mémoire immunologique pour les cellules stimulées par du PGN et
non pour celles stimulées par du LPS, suggérant que la mémoire inflammatoire est régie par
un mécanisme épigénétique plus précisément une activité histone méthyl transferesae sur
un gene spécifique. De maniére intéressante, il a été déja montré dans notre équipe, que les
cellules souches de la planaire, équivalent des cellules mésenchymateuse des vertébrés
étaient dotées d’une mémoire immunologique qui était spécifique a Staphylococcus aureus.
Le gene peptidoglycan recognition receptor 2 (PGRP 2) était impliqué dans cette mémoire.
Cette mémoire inflammatoire des cellules souches de la pulpe dentaire aux ligands
bactériens LPS et PGN renforce le role et I'importance dans la réponse immunitaire des

hDPSC dans un contexte infectieux.

Ce type de mémoire vient d’étre mis en évidence dans un autre type de cellules non-
immunitaires qui possédent des caractéristiques de cellules immunitaires, notamment les
cellules souches épithéliales. Les auteurs ont montré que les cellules souches épithéliales :
epithelial stem cells (EpSCs) possédaient une mémoire inflammatoire. Des EpSCs pré-
conditionnées avec l'imiquimod (IMQ) (un inducteur de I'inflammation sur la peau) ont la
capacité de mémoriser l'inflammation et d’accélérer le processus de guérison lorsqu’on les
transplante sur des souris naives (Naik et al., 2017). Cette observation donne des idées
intéressantes quant a I'utilisation des cellules souches pré-conditionnées pour I'amélioration
de thérapie cellulaire de la méme facon. En effet, il a été montré que le pré-
conditionnement hypoxique des cellules souches de la pulpe dentaire peut améliorer la

réparation biologique dans les défauts osseux d’origine infectieuse (Ahmed et al., 2016). De
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ce fait le pré-conditionnement des cellules souches de la pulpe dentaire par du LPS ou PGN
pourrait améliorer la puissance thérapeutique des cellules souches greffées dans le domaine
dentaire mais également d’autres domaines médicaux concernant |‘ostéogénéese, la

chondrogeneése et le renouvellement neuronal.

Perspectives :

Notre travail de thése a apporté des observations intéressantes, contribuant a de nouvelles
connaissances concernant la biologie et les propriétés immunitaires des cellules souches de

la pulpe dentaire en interaction avec un pathogene.

L’étude portant sur I'interaction entre les cellules souches de la pulpe dentaire et I'agent
Bartonella quintana, nous a permis de montrer pour la premiére fois une capacité
phagocytaire des DPSCs in vitro. Suite a cela nous avons voulu investiguer si les cellules
souches de la pulpe dentaire étaient également capables d’internaliser cette bactérie ex
vivo. Pour cela nous avons amélioré un modéle de culture de dent entiére congu par Odile
TECLES en rajoutant une circulation du milieu de culture afin de se rapprocher au maximum
de la réalité clinique. Nous avons injecté 10”6 bactéries Bartonella quintana par mL dans le
milieu culture DMEMF12 complémenté avec 5% de sérum de veau feetal, le tout placé dans
un incubateur a 37°c sous 5% de CO,. Les dents sont ensuite prélevées a différents temps
pour réaliser I'isolement de la pulpe dentaire en vue d’'une PCR spécifique a Bartonella
quintana, coupe histologique pour investiguer la co-localisation des DPSCs avec Bartonella
quintana par immuno-histochimie / immuno-fluorescence et I'isolement des cellules

souches de la pulpe dentaire pour observer la présence des bactéries aprés culture in vitro.
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Nos résultats préliminaires montrent une détection de I’ADN spécifique de Bartonella

quintana dans la pulpe dentaire aprés 9h d’infection.

| Chaque pulpe

PCR

Culture sur cos ‘ Culture cellulaire Histologie

37°-5%C02
10-12j

(+) aprés 9h @ -| ADN >|  (-) avec PCR-2 genes

Figure 9 : Modéle de culture de dent entiére dans un contexte infectieux ex vivo.

La seconde partie de ce travail consistera a enlever le milieu de culture contenant les
bactéries et a remettre en culture les dents. Les mémes expérimentations présentées
préalablement seront effectuées. Cela nous permettra de confirmer que les cellules souches
internalisent Bartonella quintana dans un modeéle in vivo, de mesurer le temps de
persistance de Bartonella quintana dans les cellules et de confirmer I’hypothése que les

DPSCs sont un sanctuaire pour les infections a Bartonella quintana.

Dans ce méme travail on peut étudier I'interaction avec d’autres bactéries provenant de
carries dentaires mais également des bactéries impliquées dans les infections chroniques
telles que les bactéries Coxiella burnetii ou Mpycobacterium tuberculosis; le parasite

Plasmodium falciparum ; et des virus tels que les virus du genre Herpes.

D’un point de vue mécanique, un mécanisme anti-apoptotique peut étre étudié comme c’est

le cas dans d’autres types de cellules telles que les cellules endothéliales pour Bartonella
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quintana (Liberto et al., 2004) et monocytes pour I'infection a Bartonella henselae (Kempf et

al., 2005).

Les cellules souches de la pulpe dentaire se présentent de plus en plus comme les « gold
standard » pour les applications thérapeutiques chez les patients. Récemment, une équipe
japonaise a montré une premiere étude portant sur I'essai clinique de transplantation de
cellules souches de la pulpe dentaire sur 5 patients atteints de pulpite irréversible. Le
résultat est un succes car les cellules ont permis une régénération compléte de la pulpe chez
I'homme. Suite a la suggestion précédente que les cellules souches de la pulpe dentaire sont
des sanctuaires pour certaines bactéries, il serait judicieux de contréler si les cellules ne
comportent pas de microorganismes dans une perspective de sécurité sanitaire pour les

receveurs.

Le deuxieme volet concerne la mémoire inflammatoire des cellules souches de la pulpe
dentaire, cette mémoire inflammatoire se matérialise pour une production accrue des
cytokines IL-6 et MCP-1. A court terme il serait intéressant de mesurer la durée de cette
mémoire immunologique et d’étudier I'implication de ce phénotype inflammatoire en
interaction avec des cellules immunitaires telles que les monocytes. Ce dernier permettra
peut étre d’améliorer les propriétés fonctionnelles des cellules immunitaires telles que la
différentiation des monocytes, I'augmentation de I'activité phagocytaire et I’activation du

profil inflammatoire ou anti-inflammatoire des macrophages.

Enfin sur le long terme, on pourrait également étudier I'impact de cette mémoire
inflammatoire dans un contexte thérapeutique. Notre hypothése est que ce pré-

conditionnement améliore I'activité thérapeutique des cellules souches de la pulpe dentaire.
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En conclusion générale, 'ensemble de notre these a montré deux nouvelles propriétés
immunitaires des cellules souches de la pulpe dentaire, phagocytose et immunité entrainée.
Ceci est entierement nouveau et ouvre des perspectives de recherches fondamentales et de

recherches appliquées dans le domaine de la médecine régénérative.
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