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« Il y a deux réponses à cette question, comme à toutes les questions : celle du poète et celle 

du savant. Laquelle veux-tu en premier ? » 

- Pierre BOTTERO (1964 – 2009) 
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RÉSUMÉ 

Les maladies inflammatoire chroniques de l’intestin sont des pathologies qui touchent 

les pays industrialisés ou en voie d’industrialisation. Elles sont particulièrement recensées en 

Amérique du Nord et en Europe de l’Ouest selon un gradient Nord-Sud, avec 3 à 20 nouveaux 

cas par an pour 100 000 habitants. L’augmentation constante de ces chiffres et des zones 

géographiques touchées en fait des enjeux majeurs de santé publique. Parmi les MICI, se 

distinguent principalement la maladie de Crohn (MC) et la rectocolite hémorragique (RCH). 

Toutes deux présentent une perte de la diversité microbienne intestinale, appelé dysbiose, et la 

mise en place de boucles inflammatoires recrutant des lymphocytes T, des phagocytes, et une 

importance sécrétion d’anticorps et cytokines pro-inflammatoires au niveau des sites lésés.  

Les immunoglobulines sécrétoires (SIg) sont responsables de l’induction de la tolérance 

immune envers les membres de la flore commensale. Les SIgA en sont les principales actrices, 

bien qu’un rôle pour les SIgM dans le maintien du mutualisme commensal émerge 

progressivement des récents travaux sur le sujet. Chez l’homme, deux sous-classes d’IgA 

existent, les IgA1 et les IgA2. Seules les IgA2 ont la capacité, une fois sécrétée, d’être prises 

en charge par les cellule M des plaques de Peyer (PP) pour présenter l’antigène à une cellule 

dendritique (DC) DC-SIGN+. Ce processus, appelé transcytose inverse (RT), requiert la liaison 

des récepteurs Dectin-1 et Siglec-5 à la membrane apicale des cellule M. 

 

Le premier objectif de ma thèse est donc de démontrer que les IgM et les IgA, selon leur 

sous-classe et leur structure, peuvent avoir une fonction différentielle dans l’homéostasie 

intestinale. A cet effet, nous avons mis en place un modèle de DC dérivées de monocytes 

circulants, les moDC, co-cultivées avec différents isoformes et sous-classes d’IgA, pour 

comparer leur effet sur le phénotype et la transcription dans les DC. La RT est évaluée dans un 

modèle in vitro de follicule associé aux épithéliums (FAE), et dans un modèle in vivo de ligature 

intestinale, puis au cours d’immunisations orales et nasales chez la souris.  Nous montrons (1) 

que les DC sont activées de manière différentielle selon qu’elles rencontrent une IgA1 ou une 

IgA2 monomérique, dimérique ou sécrétoire, (2) que l’affinité pour les différents récepteurs 
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aux IgA conditionne ces interactions, et (3) que les SIgM sont également capables d’effectuer 

la transcytose inverse pour promouvoir une immunité protectrice Th1-dépendante.  

 

Le second objectif de ma thèse est d’élucider la composition du microbiote sélectionné 

par les deux sous-classes d’IgA dans la MC et dans la RCH, et l’impact des polymorphismes 

génétiques sur leur trafic intracellulaire. En purifiant ces IgA séparément, et le microbiote qui 

leur est associé, puis par l’étude de la RT in vitro, nous mettons en évidence une augmentation 

du taux de RT des IgA1 et de la sélection par celles-ci de bactéries bénéfiques pour l’intestin, 

dans la MC. De plus, les polymorphismes sur le gène NOD2 induisent une augmentation de la 

prise en charge des IgA chez les patients atteints de MC. Par contraste, la RCH présente une 

perte du transport des IgA toutes sous-classes confondues, ainsi qu’une diminution de la poly-

réactivité. Ces constats inédits font le lien entre dysbiose microbienne et dérèglement humoral 

chez les patients atteints de MICI. 

  

Enfin, le dernier objectif de ma thèse est la recherche de nouvelles voies thérapeutiques 

visant à limiter la transcytose inverse des IgA, pour diminuer l’apparition et la sévérité des 

symptômes associés à une colite sévère chez la souris. Nous avons donc induit une colite à 

Salmonelle chez la souris, après avoir prétraité les animaux avec deux glucans microbiens : le 

zymosan et le pullulan, promoteurs réponses Dectin-1 et Dectin-2 dépendantes, respectivement.  

Tous deux se révèlent protecteurs dans le modèle. Le zymosan est dépendant de sa fonction 

d’activation des TLR, et le pullulan, bien qu’il favorise la survie des animaux, ne semble pas 

affecter les paramètres inflammatoires. Ils sont tous deux limitants pour la translocation 

bactérienne dans la PP et empêchent la réabsorption des IgA par celles-ci.  

  

Ce travail de thèse propose ainsi de nouvelles données quant à la mécanistique sous-

jacente à l’établissement de la dysbiose intestinale. Il ouvre également la voie vers de nouvelles 

stratégies thérapeutiques visant à limiter la réactivité immunitaire face aux espèces bactériennes 

dysbiotiques. Ces stratégies peuvent s’appliquer non seulement au soin des MICI, mais aussi à 

celui de maladie métabolique dans lesquelles la dysbiose alimente la pathologie, telles que 

l’obésité ou le diabète de type 2. 
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PARTIE I - INTRODUCTION 
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Chapitre 1 - Immunité muqueuse 

A- Architecture de la muqueuse intestinale 

1- Généralités 

L’intestin est tapissé d’un épithélium qui repose sur une couche de tissu conjonctif, la 

lamina propria. Cette couche monocellulaire, composé des différentes variétés d’entérocytes, 

s’organise en villosités couvrant une surface d’environ 250 m2. La muqueuse intestinale 

contient également plus de 1018 bactéries, qui composent la flore commensale et dont la 

diversité varie selon le site du tube digestif. Certaines villosités débouchent sur une crypte 

intestinale, au fond de laquelle se trouvent les cellules souches intestinales, cellules au potentiel 

de différentiation multiple qui permet le remplacement des différents acteurs cellulaires de la 

barrière. L’intestin possède également son propre système nerveux autonome, qui stimule le 

passage du bol alimentaire et des matières fécales, mais aussi la sécrétion d’hormones, 

neurotransmetteurs et neuropeptides qui promeuvent l’homéostasie1. Les fonctions de l’intestin 

sont donc multiples, il doit permettre la dégradation des aliments ingérés par l’hôte, l’absorption 

des nutriments liés à cette dernière, ainsi que le développement d’une réponse adaptée aux 

différents microorganismes rencontrés. 

 

2- Différentiation cellulaire et fonction barrièr e 

Quatre types d’entérocytes sont retrouvés dans la muqueuse : les cellules épithéliales 

intestinales (IEC), les cellules de Paneth, les cellules caliciformes, et les cellules microfold (M) 

(Fig. 1).  Les IEC sont des cellules ciliées polarisées qui constituent une barrière naturelle 

contre l’invasion des tissus par des microorganismes ou des protéines étrangères2. Elles 

permettent également le transport d’anticorps vers la lumière intestinale (transcytose). Elles 

représentent la majorité des cellules de l’épithélium intestinal. Au fond des cryptes intestinales, 

se trouvent les cellules de Paneth, dont le rôle principal est la production de peptides 

antimicrobiens (AMP)3. Ces derniers s’accumulent sous forme de granules dans le cytosol et 

sont secrétés en réponse à l’interleukine(IL)-22 et l’IL-184. Les AMP permettent la ségrégation 

du microbiote et éliminent les espèces opportunistes. Deux grandes familles d’AMP sont 

produites par les cellules de Paneth : les défensines (-, -, et θ-défensines) et les cathélicidines, 

qui ont toutes deux pour but de former un pore dans la membrane bactérienne 5.  Les -
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défensines ont un rôle privilégié dans la prévention de l’invasion des tissus par des bactéries 

pathogènes 6, en particulier Salmonella typhimurium 7.   

 

L’épithélium intestinal est également recouvert d’une ou plusieurs couches de mucus, 

qui est produit par les cellules caliciformes8. Ces dernières, des cellules polarisées à forte 

capacités de sécrétion, produisent différentes mucines qui s’organisent en réseaux plus ou 

moins lâches et retiennent à la fois les bactéries de la flore intestinale, mais aussi les différents 

peptides synthétisés par les cellules de Paneth, les cellules épithéliales et les bactéries de la 

flore8,9. Tous ces entérocytes sont soudés les uns aux autres par des jonctions serrées et des 

jonctions adhérentes (Fig. 2) conférant à la muqueuse sa propriété barrière. 

 

 

 

Figure 1 – Architecture de la muqueuse intestinale. 

Les cellules caliciformes (jaune) qui jonchent l’épithélium sécrètent le mucus, les cellules de Paneth (violet) 

synthétisent des peptides antimicrobiens au fond des cryptes intestinales et entretiennent les cellules souches 
intestinales, et les cellules épithéliales intestinales tapissent l’épithélium et assurent la détection de signaux 

innés. Les signaux immuns sont intégrés au niveau de la plaque de Peyer (PP) localement, grâce à 

l’échantillonnage des antigènes par les cellules M (vert) et les DC de la PP, et du ganglion mésentérique en 

distal. 
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3- Particularités de l’épithélium colique  

Le maintien des IEC coliques dépend des récepteurs activés par les protéases intestinales 

(PAR), ceux-ci régulant la prolifération et de la survie des cellules souches intestinales 10. La 

distinction entre l’intestin grêle et le colon se traduit par un gradient d’expression génique qui 

évolue le long du tissu 11. Le colon, où se trouvent beaucoup plus de bactérie par rapport à 

l’intestin grêle, contient en effet une plus forte concentration de cellules caliciformes 11,12. La 

distribution et le phénotype de ces cellules varient également selon qu’elles se trouvent près des 

cryptes ou non 11. L’intestin grêle présente plutôt des cellules de Paneth 11,12. Ce nombre accru 

de cellules caliciformes permet la sécrétion d’une double couche de mucus qui régule les 

interactions hôte-bactéries (Fig. 3). Cette couche supplémentaire établit une zone tampon entre 

l’hôte et la flore, et limite l’adhérence bactérienne à l’épithélium. Composée de mucines 

particulièrement glycosylées, la couche la plus éloignée de ce mucus promeut l’ancrage des 

bactéries de la flore via les O-glycans des mucines 13. Le colon contient également des cellules 

Figure 2 – Nature des jonctions entre cellules épithéliales intestinales. 

Chaque cellule est reliée à la suivante via des jonctions serrées et des jonctions adhérentes. Les 
jonctions serrées sont localisées à la membrane apicale latérale, et sont constituées de trois protéines 

transmembranaires : les claudines, les occludines, et les complexes JAM (Junctional Adhesional 

Molecules). Celles-ci interagissent directement avec le cytosquelette d’actine grâce aux zonulines (ZO-

1). Les jonctions adhérentes reposent essentiellement sur l’association entre E-cadhérines et - et -

caténines, également connectées au cytosquelette d’actine.  D’après Collins, et al. Physiol Rep (2017).  
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sensibles au pH intestinal encore méconnues et dont le profile transcriptomique indique un rôle 

dans la régulation de la satiété et de la survie cellulaire11.  

 

4- Sites immuns 

Le système immunitaire muqueux, interaction directe et étroite avec l’épithélium qui lui 

est associé (MALT), est un bras à part entière de l’immunité possédant plusieurs sites 

inducteurs. Le premier est la plaque de Peyer (PP)14 (Fig. 1), dont le nombre et la localisation 

varient entre individus, et au cours de la vie de ceux-ci15. Située entre deux cryptes intestinales, 

la PP forme un dôme sous la muqueuse qui comprend trois grandes structures : (i) une zone 

folliculaire, (ii) une zone inter-folliculaire, et (iii) l’épithélium associé au follicule (FAE) (Fig. 

1). Dans le FAE, les cellules M permettent le transport d’antigènes, de protéines, et de 

microorganismes depuis la lumière intestinale vers la zone folliculaire (cf chapitre B-4). Les 

centres germinatifs (GC) des follicules de la PP comprennent des lymphocytes B (LB), des 

cellules dendritiques (DC) et des macrophages14. Cet organe lymphoïde secondaire permet ainsi 

une réponse rapide et locale qui est associée à une forte prolifération immunitaire. Les cellules 

naïves et activées circulent entre la PP et le ganglion mésentérique (MLN) le plus proche.   

La muqueuse peut également comprendre des follicules lymphoïdes isolés (ILF)16, 

retrouvés essentiellement dans le colon et dont la fonction est encore peu comprise. Ils sont 

induits en réponse à des signaux de la flore commensale17. Contrairement à la PP, un ILF est 

un agrégat éphémère d’environ un millier de cellules qui tend à disparaître lorsque le signal 

Figure 3 – Relations hôte-microbes dans le colon. 

Dans le colon, l’abondante flore commensale est séparée de l’épithélium par une couche de mucus 

intérieur contenant des mucines polymérisées (MUC2 en est la principale). Cette couche retient également 

les SIgA, les AMP 9 moins abondants dans le colon) et les métabolites bactériens (SCFA). Lypd8, protéine 
ancrée des les glycosylphosphatidylinositol (GPI) de la membrane des IEC, promeut la ségrégation entre 

les deux zones en liant les bactéries intestinale limitrophes, en particulier les bactéries flagellées.  
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diminue. Bien que sa localisation au sein du tissus muqueux soit assez variable, il possède 

néanmoins lui aussi un FAE, qui comprend également des cellules M18.  

 

B- Orientation de la réponse muqueuse 

La protection de la muqueuse intestinale repose sur plusieurs mécanismes de 

l’immunité, dont l’induction de voies innés de transduction des signaux muqueux endo- et 

exogènes.  

1- Maintien de la fonction barrière  

La sécrétion constitutive de protéase par les cellules épithéliales préserve la muqueuse 

de l’adhérences bactérienne à l’épithélium et régule les interactions hôte-microbes, notamment 

en limitant la formation de biofilms 19. La structure en brosse de la membrane apicale des IEC 

permet ensuite l’immobilisation et l’invagination rapide de molécules et de microorganismes. 

Dans les IEC et les cellules de Paneth murines, l’autophagie prend en charge l’élimination de 

ces bactéries intracellulaires3 (Fig. 4). Les IEC initient alors l’inflammation par la transduction 

des signaux exogènes, issus de pathogènes20, et endogènes tels l’IL-1 produite par les cellules 

M de la PP et le TNF-21. L’ensemble converge vers la voie NF-B, facteur de transcription 

clé de l’inflammation. La réponse des IEC inclut, entre autres, la sécrétion d’IL-18 4 et 

l’expression de signaux de domiciliation, tels que l’IL-8, GRO-, GRO-, MCP-1 ou MIP-

3 22–25 pour le recrutement de neutrophiles et de macrophages. L’inflammation impacte 

néanmoins la stabilité des jonctions serrées et adhérentes : l’interféron(IFN)- module la 

synthèse des protéines nécessaires à la mise en place de ces jonctions26. En parallèle donc, les 

IEC répondent à l’IL-36 pour promouvoir la réparation de la muqueuse au cours de 

l’inflammation27. L’IL-15, l’IL-1328,29, et les métabolites commensaux30, également recrutés 

lors de l’inflammation, favorisent la sécrétion de mucus par l’hôte, et donc le maintien de 

l’intégrité épithéliale.   
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2- Détection de signaux exogènes  

L’homéostasie muqueuse repose sur des senseurs innés, les pathogen recognition 

receptors (PRR), afin d’ajuster la tendance naturelle de la muqueuse à l’inflammation (Fig. 5). 

Pour cela, les cellules épithéliales expriment de nombreux Toll-like receptors (TLR), NOD-like 

receptors (NLR), et récepteurs aux lectines de type C (CLR), répondant à des signatures 

antigéniques microbiennes conservées. Ainsi, l’activation des TLR231, 432, et 733 par les 

métabolites bactériens limitent l’induction de l’inflammation envers la flore commensale et 

Figure 4 – Rôle de l’autophagie dans l’immunité innée muqueuse. 

L’internalisation de pathogènes par les IEC ou les cellules de Paneth à lieu selon un mode de reconnaissance 
qui est encore débattu. Le cargo antigénique est dégradé en cinq étapes : (1) initiation, (2) formation de 

phagosome et nucléation de la membrane, (3) expansion du phagosome, (4) fusion avec un lysosome et (5) 

dégradation du contenu, régulées par les protéines Atg. L’initiation requiert l’assemblage du complexe Vps34-
Beclin1. Atg12 et LC3 (light chain 3), sont ensuite nécessaires à la formation de l’autophagosome. LC3 

s’associe aux microtubules pour séquestrer le cargo. Atg12 est ensuite conjuguée à Atg5 par Atg7 dans 

complexe protéique avec Atg16L1. Grâce à Atg7 et Atg3, il permet de conjuguer LC3 avec des 

phosphatidylethanolamine (PE), pour former la forme LC3-II qui s’insère dans la membrane de 
l’autophagosome. La maturation de l’autophagosome se termine par la fusion avec un lysosome en un 

autolysosome. Les hydrolases lysosomales dégradent ensuite le contenu puis le complexe Atg5-Atg12-Atg16L1 

dé-lipide LC3-II en LC3-1. Les peptidoglycans bactériens internalisés activent NOD2, régulé par la protéine 
Atg16L1 selon un mode autophagie-indépendant. 
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favorise la sécrétion d’AMP33 pour contrer l’expansion de bactéries opportunistes 34. Cette 

activation soutient la production d’anticorps dans la muqueuse35–37. Comme elle tend 

naturellement à augmenter la perméabilité intestinale38, la transcription des gènes tlr est 

finement régulée par l’IL-4 et l’IL-1339.  

A l’opposée, l’inflammation est promue par les NLR cytosoliques NOD1 et NOD2, ainsi que 

les récepteurs aux lectines de type C (CLR) membranaires Dectine-1, -2, et -3.  L’activation de 

NOD1 et NOD2 par divers peptidoglycane bactériens converge vers l’activation de la voie NF-

B40, et est régulée par la protéine de l’autophagie Atg1641. L’engagement de Dectin-1 par les 

N-glycosylations portées par les -glucans fongiques42 et par les anticorps sécrétoires muqueux 

43 conduit à l’activation de voies lymphocytaires Th1/Th17 
4244,45. Dectin-2 recrute 

l’inflammasome NLRP3 lors d’infections fongiques46,47  et parasitaires48, notamment par la 

reconnaissance de motifs mannose 49.  

Figure 5 – Voies impliquées dans l’intégration de signaux innés engagés par les PRR. 

L’activation des recepteurs Toll, NOD et Dectin converge vers la voie de signalisation NF-B, maintenu inactif 

par l’inhibiteur IB, libéré par le complexe IKK−−. L’activation par les TLR requiert la phosphorylation 

de MyD88 puis d’IRAK4. Les recepteurs NOD recrutent eux l’adapteteur RIP2 par interaction avec des 

domaine CARD. Celui-ci peut ensuit interagir avec la voie NF-B via l’interaction avec des proteines TRAF, 
ou bien avec la voie des MAPK (Mitogen Activated Protein Kinase). Se forme ainsi un Nodosome, une 

plateforme de signalisation. Les facteurs de transcriptions ERK et JNK recruté par l’activation des TLR ou de 

Dectin-1 et – 2 permet d’induire la rupture du lysosome et stimule la formation de l’inflammasome NLPR3.  
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3- Lymphocytes muqueux 

Le long de la lamina propria, plusieurs familles de lymphocyte atypiques, les ILC, 

assurent la réponse à un stress environnemental par un premier niveau de cytotoxicité et/ou la 

sécrétion de cytokine. Les ILC1 sécrètent de l’IFN- et des médiateurs cytotoxiques50, les ILC2 

de l’IL-4 et de l’IL1350 et les ILC3 de l’IL-17 51. Les cytokines des ILC sont complémentaires 

à celles des LT CD4+ helper (Th) pro-inflammatoires (Fig. 6) comprenant les Th1, Th2, Th9, 

Th17, et Th22.   

 

 

Les Th1, caractérisés par la sécrétion d’IL-12 et d’IFN-, induisent principalement des 

réponses cytotoxiques et une forte phagocytose par les phagocytes résidents des tissus, tandis 

Figure 6 – Relations entre les populations lymphocytaires muqueuses. 

Les LT helper et les ILC expriment un panel de cytokine et de facteur de transcriptions identiques. Les 
signaux tissulaires activent les ILC instantanément. Les LT helper doivent d’abord être sélectionnés puis 

s’expandre selon la spécificité de leur récepteur (TCR). Les ILC1 et Th
1
, par la sécrétion d’interféron, 

protègent des virus, protozoaires et des bactéries intracellulaires. Les ILC2, les Th
2
 et les Th

9
 répondent 

aux helminthes. Les ILC3, les Th
22

 et les Th
17

 répondent aux champignons et aux bactéries extracellulaires. 

Il est accepté que les LB produisant des IgA de haute affinité (LB « Immuns ») stimulent l’immunité Th
1
, 

Th
2
, et Th

17
, tandis que les LB naturels, produisant des Ig poly-réactives, tendent à stimuler l’expansion 

de T
reg

, ce qui favorise le mutualisme commensal. 



21 

 

que les Th2, caractérisés par la sécrétion d’IL-4, d’IL-5 et d’IL-1352, soutiennent l’immunité 

humorale 53. La transition d’un phénotype Th1 vers un phénotype Th17 est induite par le TGF-

 et d’IL-6 au cours de l’inflammation 54. Elle favorise l’élimination de bactéries 

extracellulaires par la sécrétion d’IL-17 et d’IL-22 55. Le rôle des Th9 est encore méconnu, mais 

il existe un axe régulateur entre ILC2 et Th9, caractérisé par la sécrétion d’IL-9, qui apparaît 

très impliqué dans l’induction de MICI, d’allergies alimentaires, et de l’asthme 56.  

Ces phénomènes inflammatoires sont tempérés par les LT régulateurs (Treg) : ils 

induisent la tolérance immune envers les antigènes luminaux alimentaires ou commensaux. Les 

Treg sont induits au niveau de la PP par les DC CD103+ 57 et se distinguent par un phénotype 

CD4+ FoxP3+ et la sécrétion d’IL-10. Chez le nouveau-né humain, la maturation de Treg est 

associée à la colonisation de la muqueuse 58.  

Tous ces LT peuvent, en collaboration avec les DC muqueuses, activer des LB qui 

sécrètent majoritairement de l’IgA indispensable à la protection des muqueuses et dont nous 

discuterons ultérieurement. 

 

4- Cellules M et immunosurveillance 

La polarisation des réponses T est étroitement associée aux cellules M du FAE. La 

cellule M est spécialisée dans l’échantillonnage des antigènes luminaux (Fig. 7) 59–62 grâce à : 

(i) l’importante glycosylation de la membrane apicale favorisant les interactions avec les 

lectines microbiennes 59,63; (ii) l’expression membranaire de TLR 64,65 et des CLR 43 et (iii)  les 

protéines membranaires spécialisées comme la GP-2, qui reconnaît les protéines FimH 

bactériennes 59, ou les Siglecs (liant les acides sialiques)43,66. L’endocytose de ces antigènes par 

transcytose inverse, complexés ou non, est en partie promue par la flore commensale62. 

Les DC et macrophage muqueux s’insèrent dans la poche intra-épithéliale de la cellule M (Fig. 

7) : les antigènes leurs sont transmis via des prolongements TNT (Tunneling nanotubes), après 

quoi ils sont présentés aux populations T effectrices et stimulent la production d’IgA sécrétoire 

62,67. L’établissement de réponses antigènes-spécifiques Th1, Th17, et Th22 
68 requiert l’axe TLR-

Myd88 64 au niveau des cellules M. Cette proximité immédiate limite la dissémination des 

microorganismes dans la muqueuse 59,62,67. Cependant, la cellule M constitue justement une 

voie d’entrée pour les pathogènes, dont L. monocytogenes, Mycobacterium tuberculosis, S. 

Typhimurium, HIV-1, les virus de la grippe, de la polio et les réovirus 59,62. L’absence de cellule 

M diminue la virulence de certains d’entre eux 59,60,65, mais entraîne aussi la perte des réponses 

protectrices contre le pathogène Salmonella Typhi 59. À noter que les LB eux-mêmes peuvent 
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échantillonner les antigènes de la lumière intestinale au niveau des cellules M indépendamment 

des DC (Fig. 7)69. Les cellules M sont donc l’interface entre l’hôte et la flore commensale, 

interactions qui ne reposent pas seulement sur l’immunité de l’hôte mais aussi sur la diversité 

de ce microbiote.  

 

 

Figure 7 – Reconnaissance de l’antigène à la surface des cellules M.  

La lectine de plantes UEA-1 s’agglutine sur les résidus glycosylés de type (1,2)-fucose. Les invasines de Yersinia 

lient les intégrines -1 des cellules M après activation préalable de l’activateur intracellulaire Aif1. La protéine GP-

2 (glycoprotein-2) reconnait les bactéries à pili de type 1 (FimH
+
). Les bactéries Brucella abortus et Lactobacillus 

acidophilus sont internalisées par la protéine prion PrP
c
 et Umod (Uromodulin) respectivement. Les protéines 

Siglecs (dont Siglec-F (ref) et Siglec-5(ref)) permettent la reconnaissance d’acide sialiques commensaux et de l’hôte. 

Les antigènes internalisés subissent la transcytose inverse puis sont acheminés le long des TNT (tunneling nanotubes) 

vers les cellules présentatrices d’antigènes et les effecteurs de la poche de la cellule M. Les LB peuvent échantillonner 
ces antigènes indépendamment des DC, selon un mode non-caractérisé. Les SIgA muqueuses complexées ou non à 

des antigènes, effectuent cette transcytose inverse selon un mécanisme Dectin-1-dépendant. Les SIgM, sont 

soupçonnées de capacités similaires.  
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C- Microbiote intestinal 

Il est difficile d’établir une carte précise des réseaux bactériens qui caractérisent une 

muqueuse intestinale en bonne santé, puisque ceux-ci varient entre individus en fonctions de 

leurs habitudes alimentaires, et de leurs modes de vies. Cependant, la flore régule les mêmes 

fonctions clés chez tous les individus dont la tolérogénisation de la muqueuse, la dégradation 

du bol alimentaire, et la régulation des espèces opportunistes.   

 

1- Métabolisme commensal  

La flore commensale a recours à plusieurs métabolismes pour assurer la dégradation des 

carbohydrates non digestibles par l’hôte et du mucus70. Par exemple, deux souches 

d’Escherichia coli, l’une commensale et l’une pathogène, métabolisent les mêmes sources 

carbonées mais selon un ordre métabolique différent70. La flore se distingue des bactéries 

opportunistes par son utilisation unique du carbone environnant, notamment via la production 

d’acides gras à chaîne courte (SCFA), qui favorisent la néoglucogenèse et le catabolisme du 

glucose (Fig. 8) 71. La synthèse d’acétate, de propionate et de n-butyrate72 représente ainsi 

jusqu’à 10% du besoin calorique quotidien d’un adulte 73. Le groupe des Firmicutes, dont les 

espèces Ruminococcus et Faecalibacterium, en est un producteur majeur (Tableau 1). 

Faecalibacterium prausnitzii est ainsi directement associée à un environnement anti-

inflammatoire 74–76. L’utilisation des O-glycans de la mucine stimule la croissance des 

producteurs de n-butyrate, et l’expansion de Treg 
13.  La croissance de la bactérie mucolytique 

Akkermansia muciniphila est donc corrélée à celle d’Anaerostipes caccae 77, productrice de 

SCFA, au contrôle de l’inflammation et au métabolisme du glucose dans des modèles murins 

d’obésité et de de diabète de type 2 78,79. 

Les SCFA, en particulier le n-butyrate, sont reconnus via les récepteurs GPR4180 et 

GPR4381 des IEC pour la régulation des besoins énergétiques de l’hôte 82. Ce faisant, la synthèse 

de SCFA est concomitante à celle des vitamines B et K71,83 et régule le  cycle de Krebs71,83 (Fig. 

9). La sécrétion de SCFA par les espèces Prevotella et Atopobium active la transcription de 

PARR dans les cellules intestinales 84 et facilite la  -oxydation des lipides et leur stockage 

notamment via les espèces Bacteroides aerofasciens et Lactobaillus paracasei 8586.  

Il est également à noter que certaines bactéries commensales participent au métabolisme des 

acides biliaires 87. Synthétisés par le foie, ils ont principalement des effets antimicrobiens et 
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sont dégradés par oxydation par les espèces Bifidobacterium, Lactobacillus, Bacteroides et 

Clostridium87.  

 

Microorganisme(s) Type Métabolite(s) 

Ruminococcus, Faecalibacterium Commensale Butyrate 

Bifidobactérie Probiotique Acétate/lactate 

L. salivarius spp salcinius JCM 

1230 

L. agilis JCM 1048 

Probiotique Propionate/butyrate 

L. acidophilus CRL 1014 Probiotique 
Acétate/butyrate/propi

onate 

LGG Probiotique Propionate  

B. longum SP 07/3 Probiotique Propionate/acétate 

B. bifidum MF 20/5 Probiotique Propionate/acétate 

L. gasseri PA 16/8 Probiotique Propionate 

L. plantarum WCSF1 Commensale Folate 

Bifidobactérie Alimentaire Thiamine 

Lactococcus, Leuconostoc Alimentaire Thiamine 

L. sanfranciscencis Alimentaire Thiamine 

L. lactis Alimentaire Riboflavine 

L. fermentum Alimentaire Riboflavine 

Leuconostoc mesenteroides et 

Propionibacterium freudenreichii 
Alimentaire Riboflavine 

L. plantarum   Alimentaire Riboflavine 

Souche 151 LAB Alimentaire Folate 

Souche 40 LAB Alimentaire Folate 

Souche 36 LAB Alimentaire Folate 

L. fermentum CECT 5716 Probiotique Vit. B2 et B9 

LGG Probiotique Vit. B1, B2 et B9 

B. adolescentis DSM 18350 Probiotique Folate 

 

Tableau 1 – Bactéries produisant des SCFA et des vitamines 

LGG : souche commerciale de Lactobacillus rhamnosus ; LAB : Lactobacilles commerciales 
D’après Leblanc, et al. Microbial cell factories (2017).  
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2- Composition du microbiote 

Chez l’homme, le microbiote d’individus sains peut être classifié selon trois entérotypes 

(clusters) dont les bactéries dominantes sont respectivement de la famille des Bacteroides, des 

Prevotella, et des Ruminococcaceae 88. Quatre espèces dominent le microbiote adulte : C. 

leptum, C. coccoides, Bacteroides and Bifidobacterium 89. Bifidobacterium est associé à la 

colonisation précoce des muqueuses et à l’établissement du commensalisme 89. La dominance 

de ces espèces limite l’expansion de bactéries mucolytiques et des bactéries segmentées 

filamenteuses (SFB), groupes qui incluent des espèces à tendances opportunistes90.  

Une mesure communément utilisée pour évaluer l’état du microbiote est le ratio fécal 

Firmicute/Bacteroides 89,91. Celui-ci, lorsqu’il augmente, a été associé à l’obésité, et lorsqu’il 

diminue à la perte de poids91. Il est particulièrement bas chez le nourrisson et la personne âgée, 

mais significativement plus élevé chez l’adulte 89.  

 

 

 

 

 

Figure 8 – Effets bénéfiques des SCFA 

dans l’homéostasie intestinale.  

Le butyrate, l’acétate, et le propionate sont 
les plus abondants. Akkermansia 

municiphilla est un producteur majeur de 

propionate. La synthèse de butyrate est 

dépendante de la fermentation de l’amidon, 
dominée par Ruminococcus bromii. 

Faecalibacterium prausnitzii, Eubacterium 

rectale, Eubacterium hallii, et 
Ruminococcus bromii, produisent la 

majorité de la production de butyrate. Ces 

SCFAs sont utilisés comme source 
d’énergie. et retrouvés dans la circulation 

sanguines où ils modulent la glycémie et le 

cholesterol. Les SCFA sont détectées par 

des récepteurs couplés aux proteins G 
régulant le métabolisme des lipides et du 

glucose (GPR109A, GP43 et les GP41), 

exprimés par les cellules épithéliales et 
immunitaires. Ils stimulent la production 

d’IL-10, d’IL-18, d’acide rétinoïque et des 

PPAR (peroxisome proliferator-activated 

receptor) impliaués dans l’adipogenèse et 
limitent ainsi l’engagement de signaux 

inflammatoires. 
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3- Induction de l’immunité  

La composition de la flore influence l’équilibre entre populations lymphocytaires CD4+, 

et l’entérotype d’un individu conditionne son profil immunitaire 88. Chez le nourrisson, 

l’induction de l’équilibre Treg/Th17 est associée à Propionibacterium 92. Chez l’adulte, les 

espèces Bacteroides et les Prevotella sont associées respectivement à l’immunité Th1  
93 et Th17 

94. Par ailleurs, les lactobacilles et les bactéries du groupe Clostridia favorisent l’induction des 

Treg  93. Dans la muqueuse oro-pharyngée, Streptoccoccus salivarus génère une légère 

immunosuppression locale et régule ainsi la transcription de plus de 500 gènes de l’hôte 

impliqués dans l’immunité95. 

Les métabolites bactériens aussi promeuvent un environnement tolérogène. : la 

production de SCFA limite la sécrétion d’IL-8 par les IEC, une cytokine connue pour son rôle 

chimio-attractant pour les neutrophiles muqueux 96. Le n-butyrate, par l’induction de  TGF-

Figure 9 – Rôle de la production de SCFA dans la production de vitamine et du métabolisme cellulaire.  

La voie de symthèse des SCFAs requiert le cycle de Krebs et permet la synthèse des vitamines du groupe B (B1 
thiamine, B2 riboflavine, B3 niacine, B5 acide panthothenique, B7 biotine, et B12 cobalamine), A et K. Elles 

participent au métabolisme des bactéries luminales et des cellules épithéliales par la stimulation de la 

néoglucogénèse et du catabolisme du glucose (droite).  
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 dans les IEC, est un inducteur indirect de Treg 
97. La sécrétion d’acétate par Bifidobacterium 

dentum régule la sécrétion de la mucine MUC2 98, et favorise la glycosylation de celle-ci 99.  

L’axe immunité-flore commensale au niveau intestinal a également des effets sur 

d’autres sites muqueux : la rupture ou l’altération de la colonisation intestinale par la flore 

commensale chez le souriceau affecte la migration d’ILC2 vers le poumon et augmente la 

sensibilité aux infections respiratoires 100.  

 

4- Régulation des espèces pathogènes 

La simple présence de ces communautés bactériennes bénéfiques génère une 

compétition pour le milieu qui réprime la prolifération de bactéries pathogènes. Les bactéries 

commensales sont plus efficaces dans l’absorption de nutriments et métabolites muqueux, et 

sécrètent des composés antimicrobiens limitant la croissance de bactéries pathogènes 101. 

Ainsi, des espèces de la famille Bacteroides limitent la prolifération du pathogène Salmonella 

enterica serovar Typhimurium chez la souris 102. La production de propionate par des 

Bacteroides propionate génère un stress acide dans le cytosol de S. Typhimurium qui ralentit la 

croissance bactérienne et augmente la résistance de la muqueuse à l’infection 102. De même, 

l’exposition du pathogène nosocomial S. aureus à une bactérie commensale de la peau, 

Corynobacterium striatum, diminue la transcription des gènes impliqués dans la virulence de 

S. aureus103. Dans des modèles murins, la colonisation intestinale par le pathogène Citrobacter 

rodentium est limitée par le microbiote, notamment grâce à la consommation de fucose au cours 

de l’infection 104,105. Par ailleurs, les métabolites commensaux favorisent l’activation de NOD2 

en réponse aux peptidoglycanes bactériens 106, régulant ainsi la prolifération de bactéries 

exogènes. 

La ségrégation des espèces luminales selon qu’elles sont commensales ou 

pathogènes, et les réponses immunes, dépendent de la sécrétion d’immunoglobulines 

sécrétoires (SIg), dont les immunoglobulines A sécrétoires (SIgA) font partie. Pour comprendre 

les dynamiques d’interaction entre réseaux bactériens intestinaux et immunité muqueuse, il est 

donc nécessaire de caractériser cette composante humorale de l’immunité muqueuse.  

  



28 

 

Chapitre 2 - Immunité sécrétoire 

 
A- Caractéristiques des immunoglobulines sécrétoires 

Les immunoglobulines sécrétoires (SIg) constituent la première ligne de défense 

immunitaire contre l’invasion des tissus muqueux par des microbes exogènes mais participent 

également à la colonisation par la flore commensale. Cette fonction sécrétoire est assurée par 

la multimérisation des immunoglobulines A (IgA) et des immunoglobulines (M) grâce à la 

liaison à la chaîne J, et à l’acquisition de la pièce sécrétoire au cours de leur transcytose vers la 

lumière intestinale (Fig. 10, Fig. 11).  

 

1- Structure générale des SIgs 

Les IgA, chez l’homme, sont divisées en deux sous-classes, les IgA1 et les IgA2, 

dont les chaînes lourdes (C) sont codées par deux gènes distincts. Dans le tube digestif, les 

SIgA1 sont majoritaires, sauf dans le colon où la sécrétion d’IgA2 domine 107–109. Le monomère 

d’IgA et d’IgM (Fig. 10, Fig. 11) respecte une structure conservée chez tous les anticorps 

humains, à savoir : l’assemblage de deux chaînes lourdes et de deux chaînes légères structurées 

en domaines globulaires. Quatre de ces domaines forment la chaîne lourde, dont un domaine 

variable (VH) à l’extrémité N-terminale, et deux forment la chaîne légère dont un variable (VL). 

VH et VL sont associées par ponts disulfures. Ces deux sous-types d’IgA diffèrent au niveau 

de la région charnière, plus longue pour l’IgA1 que pour l’IgA2 (Fig. 10). La liaison à la chaîne 

J via des ponts disulfures permet la formation de multimères : les SIgA sont dimériques et les 

SIgM pentamériques 110. La protéine MZB-1, lie l’IgA dans sa partie C terminale et stabilise 

les liaisons entre chaîne lourdes et chaîne légères pour l’insertion optimale de la chaîne J 111. 

Cette multimérisation des SIg augmente ainsi leur valence et donc leur avidité. La chaîne J 

inhibe également la dégradation intracellulaire de l’IgA au cours du transport à travers les 

cellules épithéliales muqueuse 111. C’est au cours de celle-ci que s’effectue l’ajout de la pièce 

sécrétoire sur l’Ig 112. La liaison à la SC est plus stable avec l’IgA qu’avec l’IgM 113, protège la 

SIg des clivages protéolytiques 114, et  requiert la présence de la chaîne J 115.  
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Figure 10 – Structure des isoformes d’immunoglobuline A humaine.  

Les IgA1 humaines possèdent une région charnière plus longue que les IgA2 sur laquelle trois à six sites de 

glycosylation ont été caractérisés : T225, T228, S230, S232, T233, T236. Sur ces sites les motifs GalNac (N-

galactosamine) et Gal (galactose) rendent l’IgA1 théoriquement plus hydrophile.  L’IgA1 possèdent deux sites 

des N-glycosylation (N144 et N340), et l’IgA2 quatre (N41, N131, N206, N327). Le domaine C1 permet la 
transcytose inverse. La chaîne J lie la partie C-terminale des chaînes lourdes (IgA1 ou IgA2). La SC, N-

glycosylée sur sept sites, s’associe à la partie constante des dimères d’IgA (ici, IgA2).  
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2- Les glycosylations ont un rôle primordial dans les fonctions des S Ig 

Les IgA116,117118, les IgM119, la chaîne J et la SC120,121 sont largement glycosylées. 

Ce sont soit des O-glycosylations, soit des N-glycosylations. Les IgA1 sont ainsi 

majoritairement O-glycosylées 116,117, en particulier au niveau de la région charnière, riche en 

Sérine (S) et Thréonine (T). Des glycosylations sont ainsi retrouvées sur trois à six sites de O-

glycosylation potentiels : T225, T228, S230, S232, T233, T236 116,122–126. Les motifs N-

galactosamine (GalNac) sont les premiers glycans ajoutés, auxquels sont ajoutées des 

galactosylations (Gal) ou des sialylations (NeuAc) 126. Chez l’homme des déficiences en 

galactose sur ces sites O-glycosylés affectent vraisemblablement la pathogenèse de la 

Figure 11 – Structure des isoformes d’immunoglobuline M humaine.  

Les IgM humaines possèdent cinq sites des N-glycosylation : N171, N332, et N395 sont occupés par des 

glycans complexes, tandis que N402 et N563 le sont par des oligomannose. L’absence de sialylations sur 
l’IgM affecte les capacités d’inhibitrices des IgM sur l’expansion des LT. La chaîne J  lie deux monomères 

au niveau de la partie C-terminale des chaînes lourde pour fermer le pentamère. La SC s’associe à la 

partie constante des monomère d’IgM une fois le pentamère formé et au cours du transport à travers les 

cellules épithéliales.  
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néphropathie à IgA122,127. La présence des GalNAc, selon leur nombre, modifie les propriétés 

hydrophobes de la région charnière126. L’IgA1 porte également deux sites de N-glycosylation, 

N144 et N340, qu’elle partage avec l’IgA2 (N131 et N327) et qui contiennent une forte 

concentration de glycans complexes128. Le niveau de sialylation de l’IgA1 en limite les 

propriétés effectrices : la désialylation de l’IgA1 entraîne une hausse de l’activation  

macrophagique et des neutrophiles 128. En conséquence, l’IgA2 est moins sialylée que l’IgA1 

(ce qui correspond à ses fonctions effectrices, Chapitre C), en particulier sur les sites N131 et 

N327, partagés avec l’IgA1 128. L’IgA2 est d’ailleurs principalement N-glycosylée118 sur quatre 

sites : N41, N131, N206, N327123,125,128. De plus, l’absence de N-glycosylations, en particulier 

portées par le domaine C1, empêche le transport des IgA2 dans la PP43.(cf Chapitre C-2) De 

la même manière, l’IgM est N-glycosylée sur cinq sites, la position N563 étant critique pour la 

formation de la SIgM fonctionnelle129 (Fig. 11). L’absence de N-glycosylation empêche la 

sécrétion de l’IgM, qui s’agrège dans le cytosol129. Ici aussi, un faible taux de sialylation est 

associé à l’inflammation130. Cela dit, le rôle des glycosylations des SIgM n’est pas décrit dans 

le transport et/ou la qualité des réponses associées aux SIgM.  

 

B- Synthèse des SIg dans la muqueuse intestinale 

La détection d’antigènes luminaux par les cellules M est l’un des facteurs principaux 

déclenchant l’initiation de la production d’IgA intestinale 61. Chez l’homme comme chez la 

souris, on distingue alors deux populations d’Ig sécrétoires : les SIg naturelles, et les SIg 

« immunes », de haute affinité. Il est admis que la sécrétion d’IgA naturelles est induite par 

signaux thymo-independants (TI) et celle d’IgA spécifiques par des signaux thymo-dépendants 

(TD)131 (Fig. 12). 
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1- Production T-indépendante des SIg  :  origines du répertoire naturel  

Chez la souris, les lymphocytes B-1 (comprenant les populations B-1a et B-1b) et ceux 

de la zone marginale (MZB), secrètent les Ig naturelles 132–134. Les précurseurs des plasmocytes 

à IgA intestinaux sont les B-1b135,136 de la cavité péritonéale, tandis que les B-1a de ce 

compartiment sont à l’origine des IgM naturelles circulantes 137. Chez l’homme, les populations 

homologues sont controversées, bien que le phénotype CD20+ CD27+ CD43+ corresponde à une 

population de LB secrétant constitutivement des Ig et pouvant engager des LT selon un mode 

semblable aux B-1 murins138,139. Le phénotype CD19+ CD27+ IgD+ IgMhigh correspond aux 

lymphocytes MZB, et alimente les populations spléniques de lymphocytes naturels chez 

l’homme. Ces différents LB sont inclus dans le répertoire au moment de leur recirculation dans 

la PP grâce à l’expression du marqueur CCR6, et indépendamment des centres germinatifs 137. 

La sécrétion d’IgA est ensuite déclenchée sous l’égide de stimulations au TGF- ou à l’acide 

Figure 12 – Production T-indépendante et T-dépendante des IgA intestinales  

Dans la PP les DC échantillonnent les antigènes et bactéries muqueux, produisent de l’IL-6 et migrant vers la zone 

inter-folliculaire des PP où ells engagent des LT CD4
+
 qui se différencient en T

fh
. Ces T

fh 
migrant à leur tour vers le 

follicule, engagent les LB IgM
+
 via les interactions conventionnelles CMH-II/TCR et CD40-CD40L. Les DC induisent 

l’expression du récepteur au TGF- (Tip-DC) par la production d’oxide nitrique (NO). Les LB se différentient ensuite 

en LB IgA
+
 par l’expression d’AID (activation-induced deaminase) en réponse au TGF- et à l’IL-21 produits par les 

T
fh
 . C’est le TGF- qui dirige la CSR vers l’isotype IgA. Dans les ILF, la production d’IgA est T-indépendante :  le 

TNF-a produit en abondance par les DC en réponse aux SCFA active l’ensemble des DC de l’ILF qui sécrètent le 

TGF- et l’acide rétinoique . En réponse, les la secretion de BAFF et APRIL, toujours par les DC, facilite la CSR des 

LB préalablement active par les TLR. 
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rétinoïque 134,140, et repose sur les signaux TLR et les cytokines BAFF et APRIL 131,141 (Fig. 

13). Cet axe TLR-APRIL est induit par les signaux microbiens de la flore commensale, via la 

production d’IL-10 142 141.  

Le répertoire des Ig naturelles est préexistant à toute infection, et est établit en partie 

par les Ig maternelles transmises au cours de la grossesse, puis de l’allaitement 143. Il est, au 

niveau des muqueuses, essentiellement composé d’IgA et d’IgM polyréactives, réactives pour 

de nombreux motifs glycosylés, l’ADN exogène, le LPS, et la flagelline 137,143. Ces SIg ont un 

large spectre et une faible affinité 137. Elles sélectionnent les membres de la flore commensale 

grâce à cette forte poly-réactivité : ce sont souvent des IgA liant de nombreux glycans 

microbiens, quelle que soit leur provenance 137.  

 

Figure 13 - Induction de la commutation de classe (CSR) dans les LB muqueux.  

La liaison de BAFF promeut aussi la survie, la maturation et la prolifération des LB. Toutes deux lient TACI; BAFF lie 

BAFF-R (BAFF receptor) et APRIL lie BCMA (B cell maturation antigen). L’engagement de TACI l’adaptateur MyD88 

et l’activattion de NF-B via IRAK-1 (IL-1 receptor–associated kinase 1), IRAK-4, TAK1 (TGF- activated kinase-1), 

et la dégradation de l’inhibiteur IB par le complexe IKK (IB kinase). NF-B lie des motifs B sur le promoteur du 

gène codant pour l’enzyme AID. L’engagement des TLRs favorise la CSR vers l’isotype IgA via une cascade liée au 

domaine TIR (Toll–IL-1 receptor) du TLR. Le TGF- active la phosphorylation de son récepteur, puis celle de protéines 

R-SMAD (receptor-regulated SMAD). Complexées avec les co-SMAD (common-partner SMAD), elles sont transloquées 

vers le noyau où elles lient les SBE (SMAD-binding elements) du gène C.. Ces complexes peuvent également s’associer 

avec des co-facteurs induits par le TGF- : Runx3 (Runt-related transcription factor 3), liant les RBE (RUNX binding 

elements); CREB (cyclic adenosine monophosphate response element–binding protein), liant les CRE (cyclic adenosine 

monophosphate response element), et ELF-1 (Ets-like factor-1), liant un site de liaison aux Ets du gène C.. 
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2- Production T-dépendante :  réponse à l’infection 

La réponse aux pathogènes ou bien le contrôle de phyla atypiques de la flore 

commensale tels que les bactéries segmentées filamenteuses (SFB), est médiée des IgA de haute 

affinité. Dans la PP, les LT follicular helper (Tfh) des centres germinatifs induisent la maturation 

des LB les produisant 144,145, avec une préférence vers le CDR2 lors des mutations 

hypersomatiques 146 147. Ces interactions sont enclenchées par la sécrétion des chimiokines 

comme RANKL, ou de cytokines comme l’IL-21 148–150, entraînant l’expansion des LB dans 

les centres germinatifs, et le développement de l’immunité Th17 
150 (Fig. 12). Afin de 

promouvoir le mutualisme commensal, l’expansion des Tfh est limitée par l’ATP exogène et les 

ILC3 des niches inter-folliculaires 144,145. À cet effet, la présentation d’antigènes commensaux 

par les ILC3 interfère physiquement avec l’interaction Tfh-LB via la production d’IL-22 145 

(Fig. 12). Le microbiote limite la production d’IgA de haute affinité par l’induction de Treg 

RORT+ Helios- CD4+ 151. Ceux-ci expriment alors le facteur c-maf, limitant l’induction de 

cytokine Th17, et favorisant celle de l’IL-10151.  

 

C- Fonctions des Ig sécrétoires 

 Dans la muqueuse, les Ig effectuent la sélection immune médiée par les anticorps 

(AMIS) : elles limitent les phénomènes de dysbiose, c’est à dire la dérégulation de la diversité 

microbienne au profit d’espèces opportunistes promotrices de l’inflammation. Elles doivent 

cependant identifier spécifiquement tout pathogène entérique.  

1- Récepteurs 

Le FcαRI (CD89), le récepteur Fcα/R, le récepteur à la transferine (CD71), DC-

SIGN, Dectin -1 et le pIgR contribuent à la fonction des SIgA dans l’intestin (Fig. 14). FcαRI 

est présent à la surface des neutrophiles, éosinophiles, monocytes, cellules dendritiques ou 

encore certains macrophages152–156. L’ARN du gène FCAR subit un épissage alternatif qui 

permet l’ajustement d’une réponse inflammatoire157. Il permet notamment l’échantillonnage 

des antigènes luminaux par les DC interstitielles de la muqueuse 155, et entraîne la phagocytose, 

le relargage de molécules cytotoxiques et d’espèces réactives de l’oxygène (ROS), et la 

cytotoxicité médiée par les anticorps (ADCC). Structurellement proche du FcαR, le Fcα/R 

peut lier à la fois les IgM et les IgA. Il est exprimé uniquement dans la lamina propria et les 

centres germinatifs de certains follicules 158. À la surface des MZB murins 159,160, il participe à 
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l’endocytose de complexes Ig-antigènes, permet l’activation des TLR, et la production de 

cytokines 159,160.  

CD71, le récepteur à la transferrine 1, est exprimé par les IEC du colon et l’intestin, 

les LB muqueux, et la plupart des cellules de lignée érythroïde161. C’est un récepteur 

d’endocytose qui engage les IgA sécrétoires tissulaires 162 via les glycosylations portées par les 

SIgA 162. Il permet ainsi le transport spécifique de complexes SIgA1-antigènes vers la lamina 

propria 163,164. 

DC-SIGN et Dectin-1, lient tous les deux les SIgA et sont notamment exprimés par 

les DC tissulaires, et par les cellules M de la PP respectivement 43,165. Leurs rôles dans ce 

processus seront discutés plus en avant de ce manuscrit, et correspondent à l’établissement de 

réponses aux antigènes du soi et aux antigènes commensaux 166–168. Pour ces deux récepteurs, 

une glycosylation optimale des IgA est nécessaire à leur prise en charge 43,169. 

Le récepteur lymphocytaire FCRL3 polarise également les réponses muqueuses : 

porté par les Treg, son activation spécifique par les SIgA lève la fonction répressive des Treg sur 

l’inflammation. En effet, l’engagement de FCRL3 induit la co-expression de RORT et 

FoxP3 et le basculement vers la sécrétion d’IL-17 et d’IFN-. 

Le récepteur aux immunoglobulines polymériques, pIgR, reconnaît les Ig 

polymériques de manière générale. Il est exprimé à la membrane basale des IEC et induit leur 

transport vers la membrane apicale. Les infections muqueuses tendent à augmenter son 

expression, ce qui accroît la sécrétion locale d’IgA 171172.  

Il est plus difficile de caractériser les récepteurs mis en jeu pour la reconnaissance 

spécifique de l’IgM. Le FcR (TOSO/FAIM3), caractérisé cette dernière décennie, est peu 

étudié en contexte muqueux (Fig. 14). Des souris déficientes pour ce récepteur présentent une 

faible réponse antimicrobienne, une altération de la formation des centres germinatifs et une 

augmentation de la production d’autoanticorps173,174. Il joue ainsi un rôle dans la tolérance au 

soi, et aux microbes commensaux, le phénotype ressemblant fortement à celui de souris SIgM-

/-175,176.   
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2- Transports des antigènes 

Les IgA1, les IgA2, et les IgM polymériques sont prises en charge à la membrane 

basale des IEC par le pIgR pour être sécrétées dans la lumière intestinale selon un mécanisme 

appelé transcytose. Elles peuvent effectuer ce trajet sous forme de complexe immuns, et 

neutraliser un antigène présent dans la lamina propria (Fig. 15). Il s’agit d’un transport 

vésiculaire, au cours duquel le pIgR est clivé pour que la partie SC du récepteur reste liée aux 

IgA (Fig.15). La liaison à la chaîne J est cruciale pour ce transport : une susceptibilité accrue à 

la dysbiose, et une augmentation significative des phyla promoteurs de dysbiose tels 

qu’Akkermansia, (phylum Verrucomicrobia) ou les protéobactéries sont observées en son 

absence111.  

Le trajet retour, appelé transcytose inverse (RT), a lieu au niveau des cellules M, 

grâce au récepteur Dectin-1 et à son co-récepteur Siglec-5 43. Après reconnaissance des N-

glycosylations et d’acides sialiques des IgA par ces derniers43, les complexes immuns sont 

transportés vers le dôme sous-épithélial de la PP (Fig. 15). La RT n’a lieu qu’avec des SIgA2 

Figure 14 – Récepteur aux IgA et IgM humaines. 

Le FcR est associé à deux chaines g transmembranaires possédants des motifs ITAM (immunoreceptor tyrosine-

based activation motif) qui transduisent les signaux pro- et anti-inflammatoires. Le récepteur à la transferrine fixe le 
fer et les IgA. DC-SIGN et Dectin-1 sont des récepteurs aux lectines de type C qui fixent les glycosylations des IgA. 

Dectin-1 lie également les -glucans fongiques. Le récepteur FcR-like 3 (FcRL3) lie les IgA sécrétoires pour médier 

la transition des T
reg

 en Th
17

; la présence de motifs activateurs ITAM et inhibiteurs ITIM lui confèrent une grande 

adaptabilité de réponse. pIgR est le réceptuer de la transcytose des IgA et des IgM et permet leur transport depuis le 

pole basal des IEC vers la lumière intestinale. Les structures exactes du Fc/R et du FcR restent peu décrite à ce 

jour, bien q’ils possèdent tous les deux un domaine de type immunoglobuline extracellulaire. Le Fc/R est exprimé 

par les LB matures, les macrophages, et les cellules mésangiales du rein. Le FcR  par les LB immatures et matures 
chez lesquels il régule l’engagement du BCR.  
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humaines, et les SIgA murines, en raison de leurs abondantes N-glycosylations. Les complexes 

immuns interagissent ensuite directement avec le récepteur DC-SIGN des DC enchâssées dans 

la poche de la cellule M. C’est ici que se polarise la réponse cellulaire muqueuse vers un profil 

tolérogène ou bien inflammatoire. Les -glucans, ligands naturels de Dectin-1, promeuvent 

ainsi les réponses Th17 
177. Ces phénomènes de sécrétion et de réabsorption dynamiques sont 

essentiels à la bonne fonction des IgA muqueuses et promeuvent une forte responsivité immune. 

 

3- Ajustement des processus inflammatoires  

Les réponses aux pathogènes peuvent être induites par la RT : les complexes 

immuns entraînent la sécrétion de cytokines pro-inflammatoires, et l’activation de LT CD4+, de 

monocytes et de macrophages 178. Ainsi,  un complexe IgA-pathogène pénètre la PP plus 

aisément qu’un complexe IgA-commensale chez la souris179. L’invasion des tissus et la sur-

Figure 15 – Transcytose et transcytose inverse des IgA.  

Le transport baso-apical des IgA est médié par le pIgR et repose sur un trafic vésiculaire permettant la formation 

de vésicules de clathrine. Les protéine Rab-5 et EEA-1 sont recrutées par la vésicules alors formée qui remonte le 

long du cytosquelette d’actine et des microtubules vers la membrane apicale.  Les protéines Rab-17, Rab-25 et 
Rab-11 promeuvent la fusion avec la membrane apicale, au cours de laquelle la partie SC du pIgR est clivée et 

reste fixée aux IgA. Ce même mécanisme prend en charge les IgM, qui acquièrent la SC de la même manière. La 

SC peut également être clivée puis sécrétée sous forme libre dans la lumière intestinale où elle participe également 

à la sélection de microorganismes. La transcytose-inverse (RT) est médiée par la reconnaissance des N-glycans 
des IgA par Dectin-1 et des des sialylations des IgA par Siglec-5 à la membrane apicale des cellules M. A l’issue 

de ce processus, les IgA présentent l’antigène aux DC de la poche des cellules M en engageant le récepteur DC-

SIGN. Chez l’homme, seules les IgA2 effectue la RT.  
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activation des voies de l’inflammation180,181,182 par les entéro-pathogènes Shigella flexneri 

183,184, Salmonella Typhimurium179 181,185, et Vibrio cholerae 186 est donc abrogée. Plusieurs 

modes d’action des SIgA existent 187(Fig. 16) :  elles peuvent interagir avec les pathogènes 

intracellulaires directement dans les endosomes des cellules épithéliales, ou avec les pathogènes 

de la lumière intestinale. De manière similaire, les SIgA régulent l’expansion de bactéries 

atypiques telles que les SFB ou les espèces Akkermansia, lorsqu’elles sont induites par le TGF-

 et IL-33  188.  

 

 

Figure 16. Fonctions muqueuses des SIgA.  

(1) Les IgA polymériques de la lamina propria sont transportées via la transcytose à travers les IEC où elles ségrégent 

les bactéries commensales des bactéries pathogènes. (2) Au cours de la transcytose, les IgA peuvent intercepter les virus 

et bactéries intracellulaires et les excréter sous forme de complexes non-virulents. (3) La neutralisation des LPS de 

bactérie Gram- dans les endosomes apicaux par les IgA en cours de transcytose abroge la signalisation NF-B et 

l’activation de l’inflammation. (4) Les IgA neutralisent les agents infectieux ayant envahi la lamina propria au cours de 
l’inflammation, le transport par le pIgR permet leur retour dans la lumière intestinale. (5) La RT permet l’adressage 

ciblé des antigènes aux DC du dôme sous-épithélial de la PP. Ces antigènes sont ensuite présentés aux LT naïfs de la PP 

permet l’activation des circuits inflammatoires Th-dépendants. Ce transport peut avoir lieu avec des bactérie 

commensales, et conduit cette fois à la tolérogénisation de la muqueuse par l’induction de T
reg

. Cette fonction de sélection 

des bactéries commensales est attribuée aux IgA polymérique naturelles. 
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En parallèle, les SIgA réduisent l’inflammation envers les futurs membres de la flore 

commensale. Transmises lors de l’allaitement, elles limitent ainsi les réponses adaptatives du 

nouveau-né 189 et le protège d’éventuelles inflammations liées à la mise en place de ce 

microbiote dans des cas de colite nécrosantes (NEC) 190. Les SIgA régulent l’inflammation 

directement par l’induction de Treg et d’IL-10 191, dans un modèle de DC dérivées de la moelle 

osseuse. Par ailleurs, la glycosylation des SIgA elle-même est un compétiteur discret de 

l’adhésion de certaines bactéries pathogènes à leurs cibles 192 : E. coli lie naturellement les N-

glycans portés par l’IgA au lieu d’adhérer à des cellules de colon humain 193. 

 

4- La cellule dendritique orchestre l’orientation de la réponse  

Les DC muqueuses, caractérisées par le phénotype CD11c+ CX3CR1+, 

échantillonnent les antigènes luminaux via des prolongements de dendrites directement insérés 

dans l’épithélium 194,195. Les DC captent également les échantillons via le récepteurs DC-SIGN 

après transcytose-inverse des IgA 43. Les DC CD103+ migrent jusqu’au MLN pour y présenter 

l’antigène 194,195, et secrètent du TGF- qui stimule la commutation de classe vers l’isotype IgA 

196. En réponse à des complexes IgA-bactérie commensale, l’expression des molécules de co-

stimulation par ces DC diminue, au profit d’une forte expression de gènes régulateurs de TLR 

et de l’induction de Treg 
197,198. Cette programmation de la DC dépend de l’engagement du 

FcRI : la liaison de complexes immuns à IgA1 ou IgA2 à ce récepteur sur la DC induit des 

ILC3 et des Th17, tous deux promoteurs de l’inflammation145,199. Ce changement fonctionnel 

est lié à un changement métabolique augmentant la glycolyse intracellulaire et favorisant la 

transcription de gènes de l’inflammation 199. Quand le FcRI n’est pas engagé, la production 

d’IFN-, IL-5, et IL-13 par ces DC diminue, au profit de celle de TGF- et d’acide rétinoïque198, 

et la DC évolue vers un phénotype immunosuppresseur 200. 

 

5- Dualité de l’exclusion immune  

L’exclusion immune, par l’agglutination classique de complexes immuns a lieu entre 

des IgA de hautes affinités et des bactéries dont la densité est déjà forte (>108) au niveau de la 

lumière intestinale201. Ce mécanisme repose sur une collision aléatoire entre l’anticorps et son 

antigène : à faible densité de croissance, la rareté de cet événement limite l’utilisation de ce 

mécanisme comme processus de sélection principal 201. Reste donc une seconde option, la 

« croissance enchainée » (enchained growth) : l’IgA lie la bactérie au moment de sa division, 

au niveau du septum, et force la bactérie à se répliquer en amas clonal202. Cela favorise 
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l’extinction clonale d’une souche pathogène, limite le transfert de gène horizontal, et privilégie 

l’élimination de bactéries à fort taux de réplication mais dont la densité est encore faible 202,203. 

À forte densité bactérienne, les deux modes d’actions sont retrouvés, puisque l’agglutination 

comme la croissance enchaînée y ont lieu. Un taux de réplication élevé est donc considéré 

comme un comportement pathogène par l’exclusion immune. Ainsi, une IgA monoclonale 

isolée chez une femme saine inhibe in vitro la croissance d’E. coli invasives (AIEC) mais pas 

celle de la souche commensale Lactobacillus paracasei 182204. 

Les bactéries commensales, généralement à faible taux de réplication, ne sont ainsi pas 

impactées. Leur sélection se fait sur la base d’interactions non-conventionnelles, où la bactérie 

lie les O- et des N-glycan portés par les IgA, dont ceux de la pièce sécrétoire43,186,201. De fait, 

les Bacteroides possèdent la machinerie complète permettant d’utiliser les N-glycans de l’hôte 

comme source carbonée205. La liaison à B. thetaiotaomicron selon ce modèle promeut 

l’expression d’un locus d’utilisation des polysaccharides qui favorise l’installation de réseaux 

microbiens bénéfiques206. La liaison aux IgA, simplifie transitoirement l’ancrage de bactéries 

dans le mucus pour favoriser l’établissement de niches microbiennes  207201. Il existe ainsi un 

axe mucine-SCFA qui favorise l’expansion des Treg, et des LB IgA+ dans le colon 13. 
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Figure 17 – Modèles d’exclusion immune médiées par les SIgA. 

L’agglutination classique par les SIgA (gauche) est efficace à forte densite bactérienne, où les amas formés peuvent impliquer différentes espèces et seront drainés par les 
fluides intestinaux. Une forte densité microbienne favorise la probabilité de la rencontre IgA-bactérie, quelle que soit l’espèce. A faible densité bactérienne, la liaison des 

IgA piège les bactéries aux moment de leur division : elles poussent donc en amas clonaux autour des SIgA et sont elles-aussi drainées par le transit intestinal.  
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D- Sélection du microbiote par les SIg et conséquences immunes 

1- Qui sélectionne la flore  ?  

Bien que minoritaires, les SIgM favorisent les interactions bénéfiques entre l’hôte et les 

microorganismes intestinaux (Revue 1, Annexe 1). La sécrétion d’IgM muqueuse est innée, 

constitutive133 et compense les déficits en IgA (SIgAd) 208,209. Chez l’individu sain, la fraction 

IgA+ IgM+, présente une meilleure diversité microbienne que la fraction IgA+ IgM- 133. Les 

patients SIgAd présentent une dysbiose modérée mais asymptomatique 209 133,208,209, qui 

suggèrent que, bien que l’IgM ne récapitule pas toutes les fonctions muqueuses de l’IgA, elle 

tempère au moins les phénomènes inflammatoires. Les réponses IgM préservent principalement 

la diversité des actinobactéries (comprenant les espèces Bifidobacterium) 209,210, notamment par 

l’expansion accrue de LB CD19+ CD27+ IgM+ IgD- 209. Cependant, l’IgM ne contrôle pas 

l’abondance des Protéobacteries, fonction assurée par les IgA et non compensée chez les 

patients SIgAd 208,209.  

En conditions saines, la translocation au niveau de la lamina propria de LB IgG2+ et 

IgG3+ sélectionne une partie du microbiote 211. Chez la souris, ils sont issus de la PP et du MLN 

189. Ces IgG sériques convergent vers les mêmes cibles bactériennes que les IgA ce qui inclut 

les espèces bénéfiques comme Faecalibacterium praustzinii et Bifidobacterium longum, mais 

aussi des espèces pathogènes d’E. coli 211.  Chez les patients SIgAd, l’augmentation des 

réponses IgG anti-commensales muqueuses et systémiques corrèle avec une diminution 

générale des paramètres inflammatoires, et converge également vers des cibles normalement 

associées aux IgA211.  

 
2- Stratégies microbiennes d’attraction des IgAs  

Les mécanismes mis en place par la flore commensale pour rester attractive auprès 

des IgA témoignent d’une singulière coévolution. Bacteroides fragilis possède ainsi un locus 

ccf codant pour les protéines de capsules dont elle active la transcription lorsque des résidus 

glycosylées de l’hôte dans les mucus sont détectés 212. Ce signal de remodelage promeut 

l’opsonisation de la bactérie par les SIgA via des interactions glycans-glycans, et son 

enchâssement dans les cryptes intestinales 212,213.  Il limite également l’invasion par des 

compétiteurs exogènes 213. L’activation du locus Polysaccharide Utilisation Locus (PUL) chez 

B. thetaiotaomicron en réponse à la liaison IgA lui permet de métaboliser le fructan alimentaire 

206 : l’IgA favorise à la fois la colonisation bactérienne mais aussi le métabolisme. La 
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dégradation du fructan en divers SCFA permet la croissance d’autres espèces bénéfiques alors 

que sa perte induit la ré-émergence d’espèces à potentiel opportuniste telles que Blautia ou les 

SFB 212,214. La liaison IgA-lactobacilles protège du dérèglement du ratio 

Firmicutes/Bacteroidetes au cours d’une dysbiose chez la souris 215. Enfin, la synthèse de super-

antigènes par les Lachnospiraceae sélectionne l’activation non-spécifique des LB VH3+ 216. 

Seules les espèces commensales de ce taxon ont jusqu’à là été capables de produire de tels 

composés 216, ce qui suggère que la flore commensale sélectionne l’IgA qui promeut sa 

colonisation. 

 

3- Promotion de la sécrétion d’IgA par le microbiote  : 

Localement, la présence même transitoire de bactéries opportunistes au niveau de 

l’intestin permet de re-programmer toute la séquence immune de l’intestin par la transcription 

durable des gènes des SIg217. Les métabolites de ces bactéries, en particulier l’acide 

heptodecanoique, pentadécanoïque, la scopolamine, et l’acide N-acetylaspartaglutamique, 

induisent la synthèse d’IgA qui facilitent le transit des bactéries et limitent leur motilité 217. La 

résurgence d’espèces pharyngées chez le patient SIgAd suggère que ni l’IgM ni l’IgG muqueuse 

ne peut compenser cette fonction des IgA 211. À l’inverse, les bactéries commensales comme 

les lactobacilles tolérogénisent l’environnement muqueux en conditionnant les DC, puis la 

production d’IgA, via l’induction d’IL12, d’IL-10218,219 et de TGF- 197. De même, l’IL-33 

induite par les commensales soutient la synthèse d’IgA et réprime la synthèse précoce d’IL-

1 : le microbiote limite l’engagement vers les voies inflammatoires 188. En l’absence de cette 

signalisation, la dysbiose lié à l’expansion des espèces Akkermansia et SFB se met en place 188. 

La dysbiose engendre un profil immunitaire inflammatoire, associée à la production d’IL-17 et 

d’IL-22 151 . 

La plupart des IgA ont une propension à lier les glycans microbiens. Les 

glycosylations de la SC sont à l’origine d’interactions entre anticorps et bactéries du 

microbiote : parmi elle, 27 motifs sont spécifiquement engagés pour la reconnaissance de 

bactérie de la flore 220. Il est ainsi supposé que la distinction entre microbe pathogène ou 

commensal soit médiée par la pièce sécrétoire qui, seule, peut également identifier et agglutiner 

des bactéries muqueuses121. De plus, les SIgA monoclonales de plasmocytes intestinaux ont 

une spécificité croisée pour les O-glycans bactériens, et neutralisent le LPS d’espèces 

opportunistes dont le pathogène nosocomial Klebsiella pneumoniae 221. Selon ce même 

principe, les Ig humaines circulantes ciblant certains glycans réagissent également par 

spécificité croisée sur les glycans bactériens de la flore commensale 137,220. Chez la souris, les 
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ordres des clostridiales, des bacteriodales, des lactobacillales, et des deferribacterales sont 

associés au développement du répertoire Ig anti-glycans 222. Ce répertoire est, de plus, 

intrinsèquement lié à l’haplotype du MHC porté par les souris223.  

 

4- La sélection du microbiote répond à des besoins évolutifs au cours du développement  

La mise en place du mutualisme a lieu dans les premières semaines de vie du 

nourrisson. Les IgA maternelles limitent les réponses adaptatives chez le nourrisson 189 par la 

mise en place d’un répertoire anti-glycan étendu 143 222. L’absence de ces IgA limitant la 

diversification du microbiote du nouveau-né, l’allaitement protège de la survenue d’une 

entérocolite nécrosante (NEC) 190. Une augmentation de la signalisation TLR-dépendante, la 

sécrétion élevée TI d’IgM 189,224 et l’inhibition de la CSR224 rendent alors la muqueuse 

particulièrement tolérogène.  

Les taux fécaux d’IgA corrèlent avec l’abondance des Bifidobacteria et des 

Enterobacteriaceae et cette tendance se déplace vers un enrichissement des Firmicutes après la 

première année de vie 225. À ce stade, les SIgM et les SIgA co-sélectionnent les même espèces, 

alors que les IgG semblent identifier une part distincte du microbiote 225. Cette réponse IgG, 

principalement IgG2b et IgG3,  également transmise par la mère, conditionne l’activation des 

Tfh et limite les réponses envers les membres nouvellement acquis du microbiote 189.  

 

5- Effets pathogéniques de la liaison IgA-microbiote  

Les antigènes alimentaires influent sur l’orientation des interactions IgA-

microbiote. Un modèle murin d’allergie alimentaire montre une augmentation du taux salivaire 

d’IgA et de la liaison de ces IgA au microbiote buccal 226. L’induction de cette dysbiose facilite 

l’expansion de la bactérie opportuniste Citrobacter sp qui promeut l’intensification des 

réponses Th2 via la sécrétion d’IL-33 226. Ainsi, ces derniers ont une tendance naturelle à 

promouvoir le recrutement de Tfh, la maturation des PP et la formation d’ILF 227. Un régime 

riche en gras (High Fat Diet, HFD) augmente l’abondance de bactéries IgA+, et une diminution 

de l’activation de DC CD103+ CD11b+, cellules promotrices de réponses IgA dans le colon 228. 

L’élévation de la glycémie est corrélée à un enrichissement des Lactobacillus IgA+ et plus 

généralement à une forte proportion de Firmicutes IgA+, espèces corrélées à la prise de poids 

et à l’augmentation de la glycémie chez l’individu sain 147,215. Ces Lactobacillus, lorsqu’ils ne 

sont pas liés à l’IgA, protègent les souris des conséquences du régime HFD, et de 

l’enrichissement en Firmicutes 215, suggérant que la liaison à l’IgA est pathogénique. La 
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génération d’Ig anti-commensales augmente donc avec la délétion du gène p2rx7, nécessaire à 

la captation de l’ATP exogène par les Tfh
147.  

 

E- IgA1 versus IgA2 : impact sur l’homéostasie intestinale 

1- Commutation isotypique 

L’orientation vers la sous-classe IgA1 ou IgA2 chez l’homme est peu caractérisée, 

les facteurs sous-tendant ce choix également peu définis. La chimiokine APRIL et le facteur 

TSLP peuvent influencer la commutation depuis un LB IgA1+ vers un phénotype IgA2+ 229. Les 

deux sous-type sont également inductibles depuis un LB IgM+ 131. 

 

2- Spécificités fonctionnelles 

Il existe quelques différences fonctionnelles entre les deux sous-classes d’IgA 

humaines 230 : les SIgA1 auront plutôt tendances à reconnaître des antigènes protéiques alors 

que les SIgA2 ont plutôt des propriétés anti-LPS 231. Par ailleurs, les SIgA2 se trouvent plutôt 

dans les sécrétions, en particulier le colon, particulièrement à cause des N-glycosylations qui 

leur permettent une interaction privilégiée avec le mucus 232. Les SIgA1 sont, elles, incapables 

d’effectuer la transcytose-inverse. Elles ont une fonction plutôt anti-inflammatoire, là où les 

SIgA2 ont plutôt tendance à stimuler l’inflammation, notamment par l’activation des 

neutrophiles et des macrophages128. In vitro, les IgA2 promeuvent ainsi la formation de NET 

(Neutrophil Extracellular Traps) par les neutrophiles, la libération d’IL-8 et de TNF- in vitro 

via la liaison du FcR et l’activation des voies intracellulaire dépendantes des protéines Syk et 

Erk128. 

 

3- Interactions avec le microbiote  

Enfin, une donnée peu connue est l’importance du sous-type d’IgA dans 

l’interaction avec le microbiote (Fig. 18). Les récents travaux de Sterlin, et al. 220 constituent 

l’un des tous premiers éléments de réponse. Ainsi, si les IgA1 et les IgA2 humaines tendent à 

reconnaître un spectre similaire de glycans, les IgA2 sont associées à la reconnaissance 

préférentielle de motifs terminaux Gal et Neu5Ac. La co-fixation de bactéries par IgA1 et 

IgA2 favorise la sélection d’espèces d’actinobactéries, alors que l’IgA2 se lie 

préférentiellement aux Bacteroidetes. Il est intéressant de noter, de fait, que l’IgA1 favorise la 

sécrétion d’IL-10. La distribution de ces schémas de sélection varie également : dans l’intestin 
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grêle, IgA1 et IgA2 co-identifient et contribuent à la sélection des mêmes espèces, alors que 

dans le colon, cette sélection semble essentiellement associée aux IgA2 220, un schéma qui suit 

le ratio IgA1/IgA2 retrouvé au niveau de ces deux sites. De manière générale, les IgA 

monoclonales lient les espèces Roseburia, Ruminococcus, Clostridium et Blautia, avec 2 

glycans reconnus par toutes les Ig de l’étude : (Gal1-1GlcNac-OCH2CH2)2 et (GlcA1-

3GlcNac1-4)20. Les IgA ont donc des fonctions différentes selon leur nature, leur mode 

d’induction, leur sous-type, et le lieu où elles sont sécrétées.  

 

 

Figure 18 – Modèle des fonctions spécifiques des IgA1 et des IgA2. 

Les sialylation des IgA1 limitent la signalisation sur le FcRI in vitro et les fonctions activatrices des IgA1. Les IgA2 

ont une activité FcRI-médiée pro-inflammatoire et déclenchent notamment la NETose et la sécrétion d’IL-8 in vitro. 
La reconnaissance des glycans bactériens dans la muqueuse colique favorise un large spectre de reconnaissance de 

la flore commensale par les IgA1 et IgA2, avec une préférance vers les motifs terminaux -Gal (t -Gal) et acides 

sialiques (t Neu5Ac) pour l’IgA2. Le basculent d’un LB IgA1
+
 à un LB IgA2

+ 
est possible en réponse à la production 

des cytokines APRIL et TSLP (lymphopoïétine stromale thymique). La liaison d’IgA1 sur des bactéries déjà IgA2
+ 

favorise la sélection des Actinobactérie, tandis que les IgA2 seules identifient préférentiellement les Bacteroidetes. 
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Chapitre 3 – Maladies Inflammatoires 

Chroniques de l’Intestin 

 
A- Des maladies des temps modernes 

1- Une épidémiologie associée au mode de vie occidental  

Les MICI sont des pathologies qui se manifestent selon un rythme de poussées et de rémission, 

pour lesquelles aucun traitement curatif n’existe à ce jour. Parmi elles, on distingue 

principalement la maladie de Crohn (MC) et la rectocolite hémorragique (RCH). La MC touche 

les parois profondes de l’intestin, tandis que la RCH touche uniquement le colon et se 

caractérise par une ulcération superficielle des tissus muqueux 233. 

Elles sont essentiellement recensées en Amérique du Nord et en Europe de l’Ouest selon un 

gradient Nord-Sud, avec 3 à 20 nouveaux cas par an pour 100 000 habitants234,235. (Fig. 19, Fig. 

20). Ce sont des maladies du jeune adulte, avec deux pics d’incidence pour la MC (25-30 ans, 

puis plus faiblement 50-60 ans) 234 et un seul pic de diagnostic entre 30 et 40 ans pour la RCH236. 

Bien que les MICI ne soient pas associées à une forte mortalité, elle sont associées à de 

nombreux facteurs de morbidité233, et un coût médical direct estimé entre 4,5 et 5,6 milliards 

d’euros annuels en Europe236. Il s’agit clairement de maladies liées à l’industrialisation et à la 

production alimentaire de masse, généralement pauvre en fibres 237.  
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Figure 19 – Épidémiologie de la maladie de Crohn. 

Carte de la prévalence en quintiles (haut) et de l’incidence annuelles (bas) de la maladie de Crohn.  
D’après Ng, et al. Lancet (2018) 

>6.38 
3.77–6.38 
1.95–3.76 
0.81–1.94 
0.00–0.80 
Inconnu 

Incidence annuelle 
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>135.60 
48.10–135.60 
25.10–48.00 
6.76–25.00 
0.60–6.75 
Inconnu 

Prévalence 
par 100 000 habitants  
(1990-2016) 
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>7.71 
4.98–7.71 
3.10–4.97 
1.86–3.09 
0.00–1.85 
Inconnu 

Incidence annuelle 
par 100 000 habitants  
(1990-2016) 

>198.00 
101.0–198.00 
44.40–100.90 
21.10–44.30 
2.42–21.00 
Inconnu 

Prévalence 
par 100 000 habitants  
(1990-2016) 

Figure 20 – Épidémiologie de la rectocolite hémorragique. 

Carte de la prévalence en quintiles (haut) et de l’incidence annuelle (bas) de la rectocolite hémorragique.  

D’après Ng, et al. Lancet (2018) 
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2- Des pathologies à l’étiologie complexe comprenant de nombreux facteurs de risques  

a. Influence de l’hérédité 

Les polymorphismes génétiques impactent la localisation de l’inflammation : une 

atteinte colique est associée aux allèles de gène codant pour le CMH (HLA) 238–241 en particulier 

le CMH de classe II 242. L’hétérozygotie pour le variant allélique HLA-DRB1*01:03 confère 

un avantage sélectif dans la RCH 242 : le faible taux d’hétérozygotie observée chez ces patients 

indique donc une affinité moindre pour des antigènes coliques. En revanche, une atteinte de 

l’intestin grêle (MC) est plutôt associée à des mutations sur le gène CARD15 (codant pour 

NOD2) 243,244, qui sont les plus fréquentes245,246. NOD2 collabore notamment avec le produit 

du gène ATG16L1 dont il permet le recrutement à la membrane plasmique 247, et qui est 

également un gène de susceptibilité à la MC 248. Ce dernier implique donc l’autophagie comme 

modulateur clé des MICI. Plusieurs autres gènes mutés dans les MICI sont, de manière générale, 

impliqués dans la composition – et l’interaction avec –  le microbiote, dont les gènes VDR, 

FUT2, LCT, NOD2, TLR2 et TLR4 249,250. Des mutations sur le gène MUC2, mucine principale 

du glycocalyx muqueux, sont associées à la mise en place précoce de la dysbiose 251,252.  Des 

polymorphismes variés sur des gènes impliqués dans l’activation et de maintien de l’immunité 

lymphocytaire (TNFSF11, PTPN22, IL2RA, IL27) 248, de la fonction barrière de l’épithélium 

(HNF4A, CDH1) 253,254, ou encore de la voie des macrophages (locus 3p21 codant pour MST1) 

255 sont également corrélés aux MICI et à la dysbiose.  Des modifications épigénétique dont la 

méthylation de l’ADN256 et l’acétylation des histones H4257 sur de nombreux gènes de la voie 

Th17 et de la réponse aux bactéries256, augmentent  également la susceptibilité à la MC 258. Les 

associations génétiques n’expliquent cependant qu’un faible pourcentage de la variance 

associée aux MICI. 

 

b. Une succession de paramètres environnementaux conditionne l’apparition des MICI 

Toute perturbation de l’écologie microbienne est susceptible d’induire 

l’inflammation (Tableau 2) : les MICI, particulièrement la MC, sont corrélées à la prise 

régulière d’antibiotique, d’anti-inflammatoires non-stéroïdiens259–261, et a un historique de 

gastroentérites récurrentes, dont les infections à Salmonella et Campylobacter 261,262. La 

composition en fibre 237 et en acide gras saturés 214 de l’alimentation, et la présence d’additifs 

et de conservateurs, affectent aussi la diversité microbienne.  
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Les habitudes de vie telles que le tabagisme263–266, l’utilisation d’hormones 

contraceptives, les thérapies de conversion hormonales, et la mise au monde des nourrissons 

(allaitement267,268, césarienne, médicalisation de l’accouchement 269,270) sont corrélés à la 

survenue des MICI271,272. À noter que le tabagisme actif restreint l’incidence de la RCH273 bien 

qu’il n’améliore pas la progression de la maladie274. De  manière générale, l’exposition dans 

l’enfance à un différentiel de pathogènes bactériens et parasitaires semble limiter l’incidence 

des MICI 275. Ces évènements de la petite enfance ont plutôt des effets sur le développement de 

MC, la RCH serait en revanche influencée par l’environnement à l’instant t et à l’âge adulte 

268,276.  



52 

 

 

Bactérie 
commensale 

Hôte Génotype Maladie Récepteur Mécanisme inducteur potentiel 

Espèces commensales associées à la protection contre le développement de MICI 
Clostridium spp. 

Cluster IV et XIVa 
Souris WT 

Colite au 
DSS 

Inconnu Induction des Treg 

Flore altérée de 
Shaedler 

Souris WT 
Colite au 

DSS 
MyD88 et 

TRIF 
Induction des Treg 

Bacteroides 
fragilis 

Souris WT 
Colite au 

TNBS 
TLR2, 
MyD88 

Induction des Treg via le 
polysaccharide A 

Bacteroides 
vulgatus 

Souris Il2-/- 
Colite 

spontanée 
Inconnu 

Suppression de la colite médiée 
par E. coli dans les souris Il2-/- 

Faecalibacterium 
prausnitzii 

Humain NA MICI Inconnu 
Induction d'IL-10 par les 

monocytes circulants 
Espèces commensales associées au développement de MICI 

E. coli Souris Il10-/- 
Colite 

spontanée 
Inconnu 

Mono-colonisation de souris 
axéniques 

E. coli Souris Il2-/- 
Colite 

spontanée 
Inconnu 

Mono-colonisation de souris 
axéniques 

Enterococcus 
faecalis 

Souris Il10-/- 
Colite 

spontanée 
Inconnu 

Mono-colonisation de souris 
axéniques 

B. vulgatus Rat 
transgénique 

HLA-B27-B2m 
Colite 

spontanée 
Inconnu 

Mono-colonisation de rat 
axéniques 

B. vulgatus Souris Il10r2-/- Tgfbr2-/- 
Colite 

spontanée 
Inconnu 

Colonisation de souris traitées 
aux antibiotiques 

Bacteroides 
thetaiotaomicron 

Souris Il10r2-/- Tgfbr2-/- 
Colite 

spontanée 
Inconnu 

Colonisation de souris traitées 
aux antibiotiques 

B. 
thetaiotaomicron 

Souris 
Transgénique 
HLA-B27-B2m 

Colite 
spontanée 

Inconnu 
Mono-colonisation de souris 

axéniques 
Bacteroides 
unifirmatis 

Rat Il10r2-/- Tgfbr2-/- 
Colite 

spontanée 
Inconnu 

Colonisation de souris traitées 
aux antibiotiques 

Klebsiella 
pneumonia *° 

Souris Tbx21-/- Rag2-/- 
Colite 

spontanée 
Inconnu 

D'autres bactéries commensales 
sont requises pour l'induction de 

la colite 

Proteus mirabilis 
*° 

Souris Tbx21-/- Rag2-/- 
Colite 

spontanée 
Inconnu 

D'autres bactéries commensales 
sont requises pour l'induction de 

la colite 
Helicobacter 
tiphlonius * 

Souris Tbx21-/- Rag2-/- 
Colite 

spontanée 
Inconnu 

Transmissible à des souris TRUC 
non-colitogéniques 

Prevotellaceae *° Souris 
Nlrp6-/-Asc-/- ou 

Casp1-/- 
Colite au 

DSS 
Inconnu 

Altération de la signalisation de 
l'IL-18 

TM7 Souris 
Nlrp6-/-Asc-/- ou 

Casp1-/- 
Colite au 

DSS 
Inconnu 

Altération de la signalisation de 
l'IL-18 

Bilophila 
wadsworthia 

Souris Il10-/-  
Colite 

spontanée 
Inconnu 

Consommation d'un régime 
comprenant des acides gras 

dérivés de lait 

Tableau 2 – Bactéries impliquées dans des modèles de MICI 

Casp1 : caspase 1; DSS : sodium de dextran sulfate; MICI : maladies inflammatoires chroniques de l’intestin; 
MyD88 : myeloid differentiation primary-response protein 88; NA : non applicable; Nlrp6 : NOD- LRR- and 

pyrin domain-containing 6; Rag2 : recombination-activating gene; Tbx21 : T-box21 (code pour T-bet); Tgfr2 : 

transforming growth factor- receptor 2; TLR : toll-like receptor; TNBS : Acide sulphonique 2,4,6-

trinitrobenzene; TRUC : souris Tbx21
-/- 

Rag2
-/-

. WT : sauvage; * : transmissible à des hôtes mutants; ° : 

transmissible à des hôtes WT. 
D’après Kamada, et al. Nat. Rev. Immunol.(2013).  
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B- Maladie de Crohn 

1- Tableau général   

La MC est une maladie hétérogène dans ses manifestations et ses complications ; 

elle peut toucher n’importe quelle partie du tube digestif, de la bouche à l’anus. Environ 50% 

des patients doivent avoir recours à une chirurgie entre 2 à 10 ans après le diagnostic 277, et 50% 

de ceux-ci font une rechute. Les symptômes incluent des douleurs abdominales, diarrhées 

parfois hémorragiques, perte de poids, nausées, vomissements, et dans certains cas de la fièvre. 

Plusieurs phénotypes, qui incluent l’état de la muqueuse (phénotype inflammatoire, sténosés, 

et perforant) et la localisation de l’inflammation (iléale, colique, ou iléocolique) sont décrit par 

la classification de Montréal (Fig. 21) 278. La pathologie touche les tissus profonds du tube 

digestif 279, ce qui se traduit par l’observation d’ilots inflammatoires alternant zones lésées et 

zones d’apparence saine. L’architecture des cryptes intestinales est déstabilisée : elles 

présentent un raccourcissement ou une atrophie, des abcès, ou des granulomes 234. L’ulcération 

profonde de l’épithélium conduit à l’érosion de la couche musculaire et à des détachements de 

la muqueuse qui rompent la barrière intestinale 279. Ces phénomènes s’accompagnent d’une 

réorientation des réponses LT vers un profil Th1/Th17 qui soutient cette inflammation277, et une 

réduction de la diversité commensale280 entraînant une baisse de l’absorption de nutriments et 

de la synthèse de vitamines 281.  
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2- Phase d’initiation  

a. Augmentation de la perméabilité intestinale 

Les MICI sont caractérisées par la rupture de la barrière intestinale (Fig. 21). Dans la 

MC, cela se traduit par une rupture des jonctions serrées via la redistribution spatiale des 

claudines282, les polymorphismes génétiques 282, ou la consommation importante d’additifs 

alimentaires283. En parallèle, la synthèse de métabolites promouvant l’expression de protéines 

des jonctions est défectueuse chez les patients 284. L’induction locale de TNF- et l’IFN- 

augmente la perméabilité des jonctions et favorisent l’apoptose des IEC285–287. Ces mécanismes 

favorisent les phénomènes de dysbiose. Une baisse simultanée de la sécrétion de mucus251 et 

d’AMP288 dérégule la zone tampon entre l’hôte et le microbiote, et favorise l’expansion de 

Figure 21 – Phénotype de la maladie de Crohn et diagnostic.  

Tableau clinique des manifestations intra- et extra-intestinales associées à la maladie de Crohn (gauche). La 
classification de Montréal identifie cinq phénotypes selon la localisation de la maladie (L1 à L4+L3). D’autres lésions 

associées à la sévérité du phénotype complètent cette description (B1-B3p). Une partie du diagnostic se fait également 

sur biopsies, dans lesquelles on recherche des infiltrats lymphocytaires et de neutrophiles (1), des granulomes (2), ou des 
abcès des cryptes intestinales (3, fl1èche). Coloration hématoxyline-éosine (H-E), 50x (1), 200x (2, 3), Stanton, et al. ACG 

Case Rep J (2017).  
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bactéries opportunistes. En conséquence, les patients atteint de CD ont des taux d’ADN 

bactérien circulants significativement plus élevés qu’un individu sain, témoin d’une importante 

translocation bactérienne depuis le compartiment muqueux289. Ces réponses attirent un 

important infiltrat de neutrophiles et de macrophages, et favorisent le stress oxydatif, la 

protéolyse, la libération de cytokine pro-inflammatoires 290. Les dommages infligés aux tissus 

par ces différentes cascades entraînent la libération de produits cytosoliques et nucléaires, aux 

propriétés intrinsèquement inflammatoires, les DAMP 290.  

 

 

 

 

 

Figure 22 – Physiopathologie de la maladie de Crohn. 

La maladie de Crohn est caractérisée par une perte de diversité microbienne concomitante à une augmentation de la 

perméabilité intestinale liée à une diminution de la sécrétion de mucus et une rupture des jonction serrées. L’invasion 

de la muqueuse par les bactéries luminales entraîne le recrutement et l’activation de macrophages et de plasmocytes a 

IgA et à IgG qui stimule l’immunité Th
1
 et Th

17
. La sécrétion intense de TNF- soutient la mise en place d’une boucle 

inflammatoire qui recrute continuellement de nouveaux effecteur grâce à l’expression des intégrines 47. Le rôle et la 

nature des IgA dans l’établissement de cette boucle n’est pas décrit.  
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b. L’autophagie contribue à la mise en place de la dysbiose 

Les voies de l’autophagie conduisant à l’élimination de pathogènes intracellulaires 

sont dérégulées soit par des polymorphismes génétiques 291, soit par l’augmentation de 

l’expression d’effecteurs clés de la voie comme ATG2 ou LC3 dans la MC292,293. Ces défauts 

impactent la biologie des cellules de Paneth, dont le nombre diminue chez les patients 

présentant des polymorphismes sur le gène ATG16L 294. NOD2 est justement régulé par ce gène, 

et de fréquents polymorphismes de perte d’activité de NOD2 sont retrouvés chez les patients 

atteints de MC. Ils corrèlent avec une perte de l’abondance des espèces bénéfique Roseburia 

sp. et Faecalibacterium prausnitzii295. Également, la baisse de la sécrétion d’AMP coïncide 

avec une moindre responsivité des monocytes circulants chez les patients296. Les microbes 

opportunistes pourraient donc exploiter la sur-activation de l’autophagie pour envahir les tissus 

sous-muqueux, les pressions de sélection ayant alors diminué.  

 
c. La dysbiose microbienne entraîne un changement métabolique favorable à l’inflammation 

La caractéristique microbienne phare de la MC est la diminution du ratio 

Firmicutes/Bacteroidetes au sein de la flore commensale297–299, celui-ci est affecté par 

l’augmentation de l’abondance des Proteobactéries (particulièrement les Enterobacteriaceae) et 

la diminution de celle des Firmicutes et des Verrucomicrobia 13,300,301. Les SFB sont, elles, plus 

abondantes301. L’expansion des espèces oro-pharyngées telles que Gemella, 

Peptostreptococcus, et Streptococcus dans le microbiote fécal de patients atteints de MC mais 

pas de l’individu sain 302 suggère une perte de la compartimentation des muqueuses.  

Ces changements témoignent d’un basculement depuis un métabolisme carboné vers 

celui des lipides 298, et de la perte de métabolites bactériens nécessaires à l’homéostasie13. Ainsi,  

la MC est largement associée à la perte des espèces Eubacterium rectale13 et Faecalibacterium 

prautzinii 76,303, producteurs privilégiés de butyrate et promoteurs de la croissance d’autres 

espèces bénéfiques telles que Roseburia sp 304. L’intégralité des réseaux bactériens en est 

affectée, en témoigne la baisse significative simultanée des espèces productrices de n-butyrate 

Blautia faecis, Roseburia inulinovorans et Ruminococcus torque305. Celles-ci appartiennent à 

un cluster d’espèces bactériennes, comprenant majoritairement des Lachnospiraceae et des 

Ruminococcaceae, dont la composition est prédictive de rechutes post-chirurgicales, d’échecs 

thérapeutiques, ou bien de phénotypes sévères306. Leur disparition est significativement 

associée à l’atrophie et au dysfonctionnement des cellules de Paneth307.  D’autres travaux 

modélisent la signature microbienne de la MC par l’algorithme « ne contient pas de 
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Faecalibacterium, ou de Peptostreptococcaceae, ni encore d’Anaerostipes ou de 

Christensenellaceae ; ou bien, ceux-ci contient Fusobacterium et Escherichia mais pas 

Collinsella et Methanobrevibacter » 308. Ainsi, il apparaît que le métabolisme des SCFA 

gouverne non seulement la composition des niches microbiennes, mais promeut également un 

retour à l’homéostasie, un phénotype modéré, ou le succès d’une stratégie thérapeutique dans 

la MC.  

 

3- La dysbiose affecte l’immunité sécrétoire  

Au cours de la MC, les SIg perdent leur rôle anti-inflammatoire: un basculement 

depuis la sécrétion d’IgA dimériques, vers celle d’IgG et d’IgA monomériques s’opère309. Ces 

phénomènes ne sont pas seulement locaux : la présence d’anticorps circulants contre les 

antigènes commensaux 309,310 corrèle avec une maladie plus longue et plus sévère 310. La liaison 

IgA-microbiote devient pathogénique : l’augmentation des fractions de la flore commensales 

liées aux IgA et aux IgG corrèle avec l’activité de la maladie 302,311. De fait,  y a globalement 

plus de bactéries Ig+ dans le microbiote fécal des patients302. Ces fractions sont notamment 

enrichies par des espèces de la flore pharyngée comme Peptostreptococcus, et Streptococcus 

302. D’autre part, la liaison à E. coli coïncide avec le développement de maladies articulaires 

associées à la MC, et l’exacerbation de l’immunité Th17
312,313. Deux phénomènes semblent donc 

avoir lieu : (i) la liaison à l’IgA permet à la bactérie opportuniste de se maintenir dans l’intestin 

avant d’être drainée par le flux intestinal ; (ii) la liaison aux IgA élimine les membres de la flore 

commensale.  

La fonction des IgG et des IgM de ce contexte semble compensatoire : la sécrétion 

d’IgM caractérise l’entrée en rémission, elle-même associé à une diminution du taux fécal 

d’IgA314. Le taux fécal d’IgG augmente aussi dans la MC 302. Chez la souris, les bactéries 

associées au développement de l’inflammation sont justement celles qui n’étaient pas 

identifiées par les IgA 315. Les fractions IgG+ du microbiote contiennent notamment les espèces 

Ruminococcus sp et Flavonifractor plautii, toutes deux capables d’envahir les cellules 

épithéliales in vitro 316. L’IgG identifie donc des pathobiontes muqueux dans la MC.  
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4- Phase chronique 

a. Initiation de la réponse 

Les cellules dendritiques, normalement tolérogènes en conditions homéostatiques, 

deviennent extrêmement inductibles au cours de la MC, en particulier via l’expression accrue 

des récepteurs TLR2 et 4 317.  Elles sécrètent des cytokines pro-inflammatoires, dont l’IL-12 et 

l’IL-6 290, qui activent les ILC muqueux. Ces derniers, répondent par la sécrétion de TNF-, 

IL-17, IL-22 et IFN- qui ont un fort pouvoir remodelant sur les réponses cellulaires 

adaptatives. Ils entraînent l’accumulation d’ILC3 et d’ILC1 muqueux chez les patients atteints 

de MC 318,319. L’IFN- induit également l’apparition de LT CD4+ porteurs de marqueur NK et 

produisant l’IL-17 et l’IL-22 (Nat rev gastro 2016). De la même manière, les macrophages 

intestinaux (CD14-), au lieu de promouvoir les interactions hôte-microbiote par une faible 

responsivité, changent de phénotype (CD14+ CD33+ CD68+) chez les patients atteints de 

MC290,320 : une partie exprime en effet des marqueurs de DC (CD205+ CD209+), qui les rends 

fortement inductibles et ils sécrètent de nombreux facteurs pro-inflammatoires dont l’IL-6, l’IL-

23 et le TNF 321.  

 
b. Activation de l’immunité cellulaire par les signaux commensaux 

La MC est caractérisée par une inflammation dominée par les cytokines Th1 et Th17, 

induits en réponse à l’IL-12, l’IL-18, l’IL-23 et au TGF- 322. Le transfert de microbiotes 

d’individus sains dans des souris axéniques (germ-free) induit l’expansion de Treg RORT+ dans 

l’intestin, celui de patients MICI entraîne une forte augmentation des CD4+ IL17A+323. D’autre 

part, l’inflammation de type Th17 est soutenue par certains membres de la flore commensale, dont 

les espèces Prevotella 94,313 et les SFB313. En effet, leur adhésion à la muqueuse corrèle avec 

l’activation des Th17 et à la sécrétion d’IgA313. Cet effet est attribué aux IgA dimériques, les 

formes monomérique induisant plutôt l’expansion de Treg Foxp3+ 324. Le basculement vers la 

sécrétion d’IgA monomérique observée chez les patients pourrait donc être un mécanisme de 

défense en réponse à l’inflammation. 

Cette polarisation de la réponse est systémique, les patients présentent ainsi des LT 

CD4+ circulants réagissant à des antigènes commensaux via la production de cytokines IL-17, 

TNF-, et IFN- 310, qui leur confère un phénotype mixte Th1/Th17. Ils sont phénotypiquement 

différents des Th1, qui eux acquièrent des propriétés cytotoxiques similaires aux LT CD8+ 325.  

Les plasmocytes à IgG retrouvés chez les patients dont la maladie est active sécrètent également 
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de l’IFN-, de l’IL-12 et de l’IL-6 qui stimulent la production autologue d’IFN- par les Th1 et 

leur prolifération 326. Tous ces lymphocytes suractivés sont, de plus, résistant à l’apoptose qui 

régule leur expansion en condition saines 290. À cet effet, ils présentent une augmentation de 

l’expression de l’IL-2R et de la production d’IL-2, cytokine responsable du maintien des LT, 

pourrait en être l’origine 290.  

Une hypothèse encore peu évoquée par la littérature actuelle est la possibilité que 

ces réactions exagérées ne trouvent pas leur source dans le microbiote intestinal, mais dans le 

microbiote d’autres sites muqueux. Par exemple, des souches buccales de Klebsiella, lorsqu’elles 

sont inoculées dans l’intestin de souris gnotobiotiques, sont de fortes inductrices de Th1 et 

colonisent facilement l’intestin dysbiotique 327. Une translocation bactérienne d’un site muqueux 

à l’autre, ou bien celle de cellules amorcées par des antigènes d’un autre site muqueux, pourraient 

donc être à l’origine de l’inflammation dans la MC. Moins ambitieusement, ce phénomène 

pourrait également être à l’origine de poussées inflammatoires qui caractérisent la pathologie.     

 

c. Remodelage de la sécrétion cytokinique 

En conditions homéostatiques, l’IL-33 et le TGF- induits par la flore commensale 

participent à la cicatrisation et la tolérance immune. Dans la MC, leurs expressions est 

particulièrement accrue dans les phases aiguës de la maladie, sans que des effets bénéfiques ne 

soient observés. L’IL-33, recrute sur les phases ultérieures de l’inflammation  les Treg FoxP3+, 

328. Le facteur c-maf, induit par les signaux commensaux dans les LT CD4+, est un élément clé 

dans leur induction, et son absence fournit un terrain favorable au développement de la colite 

151.  En parallèle, les voies de l’IL-10 soutenant l’activation et l’expansion des Treg sont abrogées 

329,330 (Fig. 23).  
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Figure 23 – Rôle des cytokines pro-inflammatoires dans la maladie de Crohn. 

L’ouverture de la barrière intestinale (1) facilite l’invasion des tissus par les bactéries luminales (2) et le recrutement d’effecteurs innés 

(macrophages, neutrophiles). Dans le même temps, l’immunité perds le contrôle des processus régulateurs dépendants de l’IL-10 (3) et favorise 

l’expansion de population Th
1 

et Th
17

. La sécrétion concomitante de TNF- entraîne la mise en place d’une boucle inflammatoire permettant une 

vascularisation anarchique, l’apoptose des IEC et l’activation continue d’effecteurs pro-inflammatoires. 
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C- Rectocolite hémorragique 

1- Tableau général 

La RCH fonctionne également sur un mode poussées-rémissions qui peuvent être très 

prolongées, de plusieurs mois à plusieurs années parfois, contrairement à la MC. Les 

symptômes couramment évalués sont la diarrhée et la présence de sang et de mucus dans les 

selles. Les douleurs abdominales indiquant principalement une MC, la RCH se diagnostique 

par une augmentation de la fréquence des mouvements péristaltiques, ou d’éventuelles crampes 

abdominales, une incontinence, des défécations nocturnes, et une fatigue accrue 233. La 

classification de Montréal définit plusieurs phénotypes dépendant de l’étendue de la maladie 

(Fig. 24). Le suivi biologique surveille principalement les infiltrats de neutrophiles, de 

lymphocytes, et la concentration d’anticorps anti-neutrophiles circulants 331 (Fig. 24). 

Figure 24 – Diagnostic et phénotype de la rectocolite hémorragique. 

Tableau clinique des manifestations intra- et extra-intestinales associées à la rectocolite hémorragique (gauche). 

La classification de Montréal identifie trois phénotypes selon la localisation de la maladie (E1 à E3). La détection 

de marqueur inflammatoire dans la circulation sanguine est associée à la sévérité du phénotype et complète cette 
description (S1 à S3). Une partie du diagnostic se fait également sur biopsies, dans lesquelles on recherche des 

infiltrats de neutrophiles (1,2, flèches rouges), et/ou des lésion ulcérées (2), Coloration (H-E), 200x, Zhu, et al. 

Medicine (Baltimore) (2018).  
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À la différence de la MC, le patients atteints de RCH présentent une muqueuse extrêmement 

friable et granuleuse, dans laquelle on observe une ulcération étendue du tissu et une irrigation 

sanguine anarchique 332 (Fig. 25). Alors que dans la MC on observe une alternance de zones 

lésées et de zones saines, les ulcères au cours de la RCH s’accompagnent d’une forte 

inflammation des tissus muqueux environnants 333. Le consensus actuel est que cette 

inflammation est principalement alimentée par une réponse Th2, et s’accompagne également 

d’une dysbiose microbienne.  

2- La rupture de la barrière est associée à un mucus défectueux  

a. Le mucus est perméable à l’invasion bactérienne 

L’intégrité de la double-couche de mucus du colon est altérée dans la RCH : les 

cellules caliciformes y sont déplétées spécifiquement 334 (Fig. 26). Cela affecte la qualité et les 

propriétés restauratrices de ce mucus. Ainsi,  la sécrétion de peptides en trèfle (TFF), 

Figure 25 – Lésions distinctes associées à la maladie de Crohn et à la rectocolite hémorragique. 

La MC entraîne une ulcération profonde des tissus qui peut affecter l’intestin jusqu’à la couche séreuse. Elle se 

manifeste par ilots inflammatoires, entrecoupés de zones d’apparence saine. La RCH présente un phénotype plus 

étendu qui ne touche pas les couches profondes du colon et rend la muqueuse extrêmement friable. L’ulcération 

étendue entraîne la formation de pseudopolypes qui augmentent le risque de développer un cancer colorectal. 
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promoteurs de cicatrisation muqueuse, par les cellules caliciformes diminue dans la RCH chez 

l’homme et la souris 335,336.  En conséquence, le mucus de patients RCH est particulièrement 

perméable aux bactéries environnantes 334 alors que celui de patients en rémission reste 

imperméable. Des constats similaires sont fait chez des souris déficientes pour le gène MUC2, 

Tlr5, IL-10, et pour les O-glycan de la mucine 334, qui suggèrent que la qualité du mucus, son 

mode de sécrétion et le métabolisme des cellules caliciformes sont impliqués dans la rupture de 

la barrière intestinale.   

Les cytokines pro-inflammatoires, en particulier l’IL-13 produites par les Th2 

entraînent l’apoptose des IEC et la rupture des jonctions serrées337,338. La sécrétion du récepteur 

nucléaire PPAR-, limitante pour la production de cytokines et de chimiokines pro-

inflammatoires, est réduite dans les colonocytes de patients atteints de RCH 339. Cette sécrétion 

dépend de la voie TLR4, et suggère que la réponse sollicitée par la flore microbienne est 

défectueuse.  

Figure 26 – Physiopathologie de la rectocolite hémorragique. 

La RCH est caractérisée par une perte de diversité microbienne et à l’augmentation de la perméabilité intestinale liée 

à une augmentation de la perméabilité du mucus. Les bactéries de la flore adhèrent directement à l’épithélium. 

L’invasion de la muqueuse par les bactéries entraîne l’activation de neutrophiles qui effectuent la NETose, et de Th9 

produisant de l’IL-9 au niveau des cryptes intestinales. L’immunité Th
2
 et suractivées et l’inflammation est soutenue 

par les Th
1,
 les Th

17
 et la production d’IgG anti-commensales. La sécrétion intense de TNF- soutient la mise en place 

d’une boucle inflammatoire qui recrute continuellement de nouveaux effecteur grâce à l’expression des intégrines 47.  
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b. L’altération du mucus favorise l’adhérence à la muqueuse et entretien la dysbiose 

Il y a généralement une meilleure diversité bactérienne dans la RCH que dans la 

MC 306,340,341, mais les bactéries utilisant le métabolisme des SCFA restent désavantagées. 

L’abondance des espèces Roseburia et Faecalibacterium 341,342, et plus généralement des 

Firmicutes 343, diminue. Ici cependant, le ratio Firmicutes/Bacteroidetes diminue parce que 

l’abondance de ces deux ordres est réduite344,345. Cette déplétion paraît en réalité être une 

translocation vers les ganglions mésentériques346.  

Des espèces impliquées dans le cycle de vie du mucus comme les Akkermansia342  

sont sous-représentées tandis que des espèces invasives  comme Escherichia sp., Helicobacter 

sp., et Campylobacter sp, sont particulièrement sur-représentées343. L’utilisation des O-glycan 

de la mucine est fortement réduite13, indiquant un changement de métabolisme : la restauration 

de la production de butyrate dans la muqueuse soutient en général une période de rémission347. 

Cette réorientation métabolique pourrait expliquer l’augmentation de l’adhérence bactérienne 

à la muqueuse 343. En effet, l’infection de souris susceptible à la colite par un pathobionte E. 

coli adhérent isolé chez les patients atteints de RCH, induit une colite plus sévère 348.  

Peu étudié, il semble également que le microbiote fongique ait un rôle à jouer dans 

la RCH : ainsi, les patients porteurs de polymorphismes sur le gène codant pour Dectin-1 

présentent une forme sévère de la RCH 349. La dysbiose fongique chez les patients atteints de 

RCH, mais pas ceux atteints de MC, suggère que le ratio Basidiomycota/Ascomycota pourrait 

être un bon biomarqueur de distinction entre les deux maladies 350.  

c. La réponse IgA est inefficace contre la dysbiose 

Parmi les espèces retrouvées dans la fraction Ig+ du microbiote fécal, les 

Actinomyces  et Gemella sont particulièrement enrichies 302. Des analyses sur biopsies de 

patients indiquent que, s’il y a bien une augmentation de la synthèse d’IgA par les plasmocytes 

dans la RCH, celle-ci n’est pas sécrétée en conséquence 351. Les IgA produites chez les patients 

RCH sont, de plus, majoritairement auto-réactives352. Par ailleurs, la sécrétion d’IgG tissulaire 

augmente, et celle d’IgG anti-commensales est associée à la sévérité de l’inflammation351. Il 

s’agit principalement d’IgG1353,354, des autoanticorps issus d’infiltrats de plasmocytes 

circulants dans la muqueuse. Ces plasmocytes à IgG sont clonalement proche de plasmocytes 

à IgA1 qui se relocalisent principalement au niveau des zone lésées355.  Ils expriment 

notamment le récepteur de domiciliation CXCR4 356. L’engagement du récepteur aux IgG 

(FcR) porté par les macrophages par ces clones à IgG entraîne un phénotype macrophagique 

pathogénique caractérisé par la production de TNF- et d’IL-1 356. Ces macrophages orientent 
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la réponse vers un profil Th17 
357. L’absence d’IgA fonctionnelle laisse donc le champ libre à 

l’exacerbation de l’inflammation selon des mécanismes dépendants de l’axe IgG-microbiote.  

 

3- Les réponses Th 17 et  Th 9 alimentent  l’inflammation médiée par les Th 2 

a. Initiation de la réponse 

Les cryptes intestinales de patients atteints de RCH présentent une accumulation 

d’ILC3 358 et de neutrophiles CD77+ 359,360. Les premiers sont mobilisés par la sécrétion de GM-

GSF 358, d’IL21, et d’IL-23361,362 issue du microbiote362. Les seconds sont induit par le TNF- 

produit par les NKT (Natural Killer T cells) 363. Ces ILC3 ont une propension accrue à la 

transcription des gènes IL17A et IL22 318, et promeuvent un environnement fortement 

inflammatoire. Les neutrophiles contribuent à cet environnement par une forte activité 

bactéricide 360 soutenue par le relargage massif de NET 360,364. 

L’élimination des espèces bénéfiques peut donc être la résultante d’un cercle vicieux : le 

microbiote induit les ILC3, qui préparent à l’inflammation, au cours de laquelle les neutrophiles 

éliminent les bactéries. Comme dans la MC, les réponse NK sont également défectueuses : 

ceux-ci s’accumulent dans la muqueuse, et répondent à un glycolipide du soi par la production 

d’IL-13290. Leur activation empire donc les dommages tissulaires infligés à la barrière. 

b. Orientation de l’inflammation 

Les DC CD103+, normalement promotrices des populations Treg, présentent une 

baisse généralisée de l’expression des TLR 365. Elles gagnent au cours d’une RCH la capacité 

d’induire des phénotypes colitogéniques de LT 365. Les lymphocytes impliqués sont 

préférentiellement des Th1 ou Th17 
366,367. En parallèle, l’IL-5 368 et de l’IL-33 369  induisent une 

augmentation locale de Th2 IL-13+ GATA3+367. Les Th2 produisent de l’IL-4370 suite à 

l’activation de PAR-2 371 ou une stimulation à l’IL-33 369 chez les patients et dans des modèles 

murins expérimentaux 369,371. Ils sont également responsables de la sécrétion d’IL-13, impliquée 

dans la rupture des jonctions serrées337.  

Chez l’homme et la souris, l’expansion de Th9 corrèle avec la promotion des dommages 

muqueux au cours de la RCH : ils s’accumulent via les intégrines E7 372 au niveau des sites 

lésés pendant l’inflammation 373. Ces Th9 ont la capacité, à eux seuls, d’induire une colite 

inflammatoire via la sécrétion d’IL-9 374. L’inhibition de leur expansion, ou de la sécrétion d’IL-

9, suffit à rétablir un phénotype sain chez la souris374. Leur accumulation dans les tissus 

inflammés dépend également du ligand TL1A de la famille des TNF 375, et de l’IL-36 376,377.



66 

 

Figure 27 – Rôle des cytokines pro-inflammatoires dans la rectocolite hémorragique. 

L’ouverture de la barrière intestinale (1) facilite l’invasion des tissus par les bactéries luminales (2) et le recrutement d’effecteurs innés (neutrophiles CD77
+
, 

NK, macrophage). Dans le même temps, l’immunité perds le contrôle des processus régulateurs dépendants de l’IL-10 et de l’IL-36 (3) et favorise l’expansion 

de population Th
2
, Th

17 
et Th

9
. La sécrétion concomitante de TNF- entraîne la mise en place d’une boucle inflammatoire permettant une vascularisation 

anarchique, la perméabilisation du mucus, l’apoptose des IEC et l’activation continue d’effecteurs pro-inflammatoires. 
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D- Options thérapeutiques 

Les stratégies thérapeutiques pour la prise en charge des MICI dépendent de la 

sévérité de la maladie et de son phénotype. (Tableau 3 234, Fig.27). Il est de plus en plus 

envisagé d’utiliser des traitements antibiotiques pour contrecarrer la dysbiose intestinale, sans 

résultats avérés 378. Ils sont plutôt indiqués comme agents combinés avec une thérapie anti-

TNF. Plusieurs anticorps anti-TNF déjà commercialisés sont prescrits en routine (infliximab, 

adalimumab, et certolizumab pegol). Leur utilisation précoce retarde le moment de la première 

chirurgie 379. Cependant, le développement d’anticorps anti-médicaments (ADA) est la cause 

des nombreux échecs thérapeutiques de ces thérapies 234. La composition du microbiote en  

Bifidobacterium, Collinsella, Lachnospira, Roseburia, et Eggerthella influence le succès de ces 

stratégies 306.  A noter que nombre de ces taxa participent au métabolisme des SCFA.  

L’inhibition sélective de récepteurs clé de domiciliation des cellules immunitaire 

comme les intégrines 47 par des anticorps monoclonaux (Vedolizumab, natalizumab) 

constitue une voie de traitement alternative. De même, les inhibiteurs de calcineurines ayant 

montré d’excellents résultats dans l’induction de la rémission chez les patients RCH 380, les 

anti-TNF seront plutôt utilisés en thérapie de sauvetage, avec des résultats variables 380.  

Néanmoins, de nombreux patients dans les cinq premières années de traitement, quel 

qu’il soit, font face à des échecs thérapeutiques tels que le dernier recours est la résection 

chirurgicale de la zone lésée. C’est le cas d’hémorragie incontrôlée, de perforation du colon, ou 

de développement de carcinomes muqueux 233. Environ 50% des patients feront une rechute à 

la suite de la chirurgie 277. La composition du microbiote de part et d’autre de l’anastomose – 

la zone réséquée – influence cette rémission, notamment l’abondance la production de n-

butyrate381. Les espèces Bacteroides, Dorea, et Dialister sont particulièrement contingentes à 

cette rémission381. Environ 14% des malades les plus sévère recevront de multiples chirurgies 

sur les 10 à 15 ans après le diagnostic de la maladie, et devront recourir à la poste d’une stomie 

permanente 382. 

Enfin, l’option thérapeutique de la greffe de microbiote fécal (FMT) est très 

prometteuse. Si celle-ci donne peu de résultats dans la MC 383, elle apparaît bien plus efficace 

dans la RCH. Elle peut être administrée par voie rectale, au cours d’une endoscopie, ou sous 

forme de comprimés, avec jusqu’ici peu d’effets secondaires 383,384. L’élimination d’espèces 

dysbiotiques au préalable, en particulier parmi les Bacteroides, permet d’améliorer son 

efficacité et la persistance de la flore greffée 347. Chez les patients pour qui elle fonctionne, la 

FMT induit une amélioration de la diversité bactérienne et de la richesse de leur microbiote, 
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ainsi que des changements d’écologie microbienne chez le patient 385. Elle permet ainsi la ré-

induction des Clostridium, Blautia sp., Ruminococcus sp., Parabacteroides spp., et Barnesiella 

sp. 385,386, et une diminution des Bacteroidetes  385. Si la FMT permet d’atteindre la rémission, 

le suivi de long terme (rare, dans la plupart des études) montre une perte du greffon avec le 

temps. L’administration d’antibiotiques avant la greffe facilite la prise de celle-ci, en éliminant 

les communautés préexistantes chez le receveur 387.  
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Classe Molécule Route Efficacité 
rémission Effets secondaires 

5-Aminosalycilates Mesalamine 
Balsalazide 

Sulfasalazine 
Orale 

Rectale Induction et 
maintenance  

Maux de tete  
Nausée 
Diarrhée 

Exacerbation de symptômes 
Nephrite intersticielle 
Anémie hémolytique 

Hépatite 

Corticosteroides Prednisone 
Budesonide 

Methylprednisolone 
Orale 

Rectale      
      i.v 

Induction 

seule 

Ostéopénie/porose 
Nécrose avasculaire 

Infection 
Prise de poids 

Insomnie 
Sautes d'humeur 

Délire 
Cataracte 
Glaucome 

Changements dermatologiques 
Retard de cicatrisation 
Insuffisance adrénale 

Thiopurines Azathioprine 
Mercaptopurine Orale Maintenance 

Nausée 
Vomissement 

Transaminases élevées 
Suppression de la moelle osseuse 

Pancréatite 
Infection 

Lymphome non-Hodgkinien 
Cancers de la peau (non-mélanomes) 

Dysplasie cervicale 

Methotrexate Methotrexate s. c ou i. m Induction et 
maintenance  

Infection 
Cytopénies 

Transaminases élevées 
Nausées/ vomissements 

Symptomes grippaux 
Ulcères oraux 

Toxicité pulmonaire 
Contre-indiqué pendant la grossesse 

Anti-TNF Infliximab 
Adalimumab 

Certolizumab pegol 
i. v  

s. c 

Induction et 

maintenance  

Réaction au site d'injection 
Lymphome non-Hodgkinien 
Lymphome hépatosplénique 

Melanome 
Réactivation d'infection Tb / HBV latente 

SLE médicamenteux 
Maladies démyélinisantes 

Psoriasis - Eczema 
Molécules 
d'adhésion 

Natalizumab 
i.v Induction et 

maintenance  
Réaction à l'injection 

Vedolizumab Infection 
  Polypes naso-pharyngés 

  Leucoencephalopathies progressive 
multifocale 

Inhibiteurs IL-12/IL-
23 Ustekinumab i.v ou s.c Induction et 

maintenance  
Réaction à l'injection 
Cancers de la peau  

Leucoencephalopathies postérieure 
réversible 

Tb 

Tableau 3 – Traitements des MICI et effets secondaires 

HBV : Virus de l’hépatite B; i. m : intra-musculaire; i. v : intra-veineuse; s. c : sous-cutanée; SLE : Lupus 

systémique érythémateux; Tb : tuberculose. D’après Feuerstein, Cheifetz. Mayo Clinic Proc.(2017).  
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Figure 28 – Mode d’action de traitement actuels des MICI. 

Les antibiotiques ralentissent l’expansion de bactéries opportunistes, les anticorps monoclonaux anti-47 et anti-

TNF limitent respectivement la migration des effecteurs immuns et l’activité du TNF- sur le site de l’inflammation. 

Les corticostéroïdes ont un effet général immunosuppresseur et limitent l’engagement de la voie NF-B. Les 5-

aminosalycilates (5-ASA) inhibent la production de cyclo-oxygenase, de prostaglandines et d’IL-1 par les 

macrophages. Les inhibiteurs de calcineurines empêche l’activation lymphocytaire en inhibant la transcription de 
gène des cytokines pro-inflammatoires. La FMT pourrait réinduire l’expansion d’espèces bactérienne disparues chez 

le patient.  
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OBJECTIFS DE LA THÈSE 

 

Les MICI sont caractérisées par une dysbiose persistante et une sur-activation des voies 

de l’inflammation, dont l’origine est souvent multiple : régime alimentaire, mode de vie, 

traitements antibiotiques et infections récurrentes. Elles sont également corrélées à plusieurs 

défauts génétiques, comme par exemple certains polymorphismes sur le gène NOD. Les SIgA, 

en condition saines, participent à la régulation et la sélection du microbiote et des espèces 

pathogènes intestinales. Les SIgM, bien que minoritaires, sont également sécrétées dans les 

muqueuses et semblent complémenter les SIgA pour la sélection du microbiote et l’induction 

de la tolérance. Leurs rôles exacts et leurs modalités de transport à travers les muqueuses ne 

sont que partiellement connus. Chez l’homme, les fonctions spécifiques correspondant aux 

isotypes IgA1 et aux IgA2 mais aussi aux isoformes monomériques, dimériques ou sécrétoires 

restent peu décrites en condition saines. Elles le sont d’autant moins en conditions 

inflammatoires, et les profils de sélection microbienne associés à ces sous-classes dans les MICI 

n’ont pas été étudiés. 

 

Dans un premier temps, nous avons investigué le rôle des IgA et des IgM sur la réponse 

muqueuse en conditions physiologiques (Revue 1, Annexe 1). Nous supposons que la sous-

classe et la multimérisation des IgA conditionnent l’orientation de la réponse en polarisant 

l’activation les DC et de la réponse adaptative. Dans un modèle de DC dérivées de monocytes 

circulants (moDC), nous avons montré (1) que les IgA1 induisent un phénotype de DC 

tolérogène tandis que les IgA2 induisent un phénotype pro-inflammatoire, (2) que la 

dimérisation des IgA amplifie ces réponses, et (3) que l’affinité de l’IgA1 et de l’IgA2 pour 

FcRI et DC-SIGN respectivement conditionne ces interactions (Article 1 ; Eur. J. Immunol. 

Sous presse). Nous avons ensuite évalué les capacités de RT des IgM in vitro et avons démontré 

qu’au même titre que les IgA, elles effectuent la RT selon un mode récepteur-dépendant et 

peuvent être prises en charge par DC-SIGN à l’issue de ce transport (Article 2, soumis). Ce 

transport met en jeu le FcR (TOSO), dont nous avons démontré l’expression à la surface des 

cellules M.  

 

Dans un second temps, nous avons étudié les dynamiques de transport, la fonction, et 

les interactions avec le microbiote des IgA au cours de MICI (Revue 2, Annexe 2). Nous 
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démontrons que les patients atteints de MC et porteurs de polymorphismes du gène NOD2 

présentent une augmentation de la RT (Article 3 ; Nature Communications, sous presse). Ceci 

s’explique, d’après nos résultats, par le fait que NOD2 régule négativement les récepteurs de la 

RT, Dectin-1 et Siglec-5 ; son abrogation entraîne donc une hausse de leur expression et, 

probablement, de la prise en charge des IgA à la membrane apicale des cellules M. Nous avons 

souhaité analyser les mécanismes et les conséquences liés à cette prise en charge accrue. Grâce 

à la mise en place d’un protocole reproductible de purification distinguant les IgA1 des IgA2 à 

partir de selles, nous avons analysé séparément les IgA1 et les IgA2 en fonction du microbiote 

qu’elles sélectionnent, de leur réactivité, et leur capacité à effectuer la RT dans la MC et dans 

la RCH (Article 4, en préparation). Nous avons ainsi mis en évidence que (1) dans la MC, les 

IgA1 lient significativement plus d’espèces bénéfiques et qu’elles acquièrent la capacité 

d’effectuer la RT ; (2) dans la RCH, les IgA perdent leur réactivité aux glycans et ni l’IgA1 ni 

l’IgA2 ne peuvent effectuer la RT. Ces phénomènes qui n’ont jamais été décrit jusque-là, 

pourraient contribuer à l’établissement et/ou au maintien de la dysbiose dans les MICI.  

 

Enfin, ayant montré que la RT des IgA est affectée dans les MICI, nous avons exploré 

de nouvelles voies thérapeutiques visant à limiter la RT des complexes IgA/bactéries dans des 

modèles murins de colite à Salmonelle. Nous supposions que l’administration de glycans 

bactériens aurait un effet compétiteur pour l’interaction Dectin-1-IgA et limiterait l’apparition 

et la sévérité des symptômes. Un crible in vitro nous a permis d’isoler un -glucan agoniste de 

Dectin-1 limitant la RT des IgA, le zymosan (Article 5, en préparation). En parallèle nous 

avions choisi un -glucan n’inhibant pas la RT, mais activant l’immunité Dectin-2-dépendante 

comme témoin. Contrairement à nos attentes, ces deux composés se sont révélés protecteurs 

lorsqu’ils étaient administrés oralement en prétraitement avant l’infection par Salmonella 

Typhimurium. Tous deux limitent la translocation de complexes IgA-Salmonelle dans la PP. 

Cela dit, seul le zymosan a entraîné une diminution significative du score d’activité de la 

maladie, et des concentrations en marqueurs inflammatoires. Le pullulan permet une meilleure 

survie, mais pas une amélioration de symptômes, contraste qu’il nous faudra investiguer plus 

amplement.  
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 PARTIE II – RÉSULTATS DE LA THÈSE 

 

 

Chapitre 1 – Rôle physiologique des 

immunoglobulines sécrétoires 
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A- Article 1 : Impact de l’isoforme et de la classe d’IgA sur la réponse immunitaire 

1- Article et résumé 

Les IgA co-existent sous forme monomérique et dimérique dans la circulation, et sous 

forme sécrétoire au niveau des muqueuses. Chez l’homme, elles comprennent deux sous-

classes, les IgA1 et les IgA2, qui ont des propriétés distinctes et dont l’abondance varie selon 

la localisation. Ces IgA sont produites selon deux modes : d’une part des IgA naturelles et 

polyréactives induites selon un mode T-indépendant et ciblant un large spectre de motifs du soi 

ou de la flore commensale. D’autre part des IgA de haute affinité, issues de mécanismes T-

dépendants, particulièrement recrutées par la réponse aux pathogènes. Peu de travaux 

documentent l’impact de l’isoforme et de l’isotype d’IgA sur l’orientation des réponses 

immunes. Nous avons donc testé l’effet de ces paramètres sur la polarisation des cellules 

dendritiques et les profils de liaison aux différents récepteurs des IgA.  

Nous montrons ainsi que les IgA1 ont un rôle plutôt anti-inflammatoire, qui s’accompagne 

d’une meilleure affinité pour le FcRI (CD71). À l’opposé, nous confirmons le rôle pro-

inflammatoire des IgA2, qui est associé à une affinité accrue pour DC-SIGN. L’ensemble des 

IgA testées, quel que soit l’isoforme, conserve des capacités d’induction des LT CD8+ et 

notamment de leurs capacités cytotoxiques. Ce profil de réponse est amplifié par la dimérisation 

des IgA, bien que les IgA2 dimériques soient plus enclines à la stimulation des DC, dans un 

modèle de DC dérivées des monocytes sanguins (moDC) ainsi que sur des DCs intestinales, 

que les IgA1 dimériques. 

 

(Article sous presse, European Journal of Immunology) 
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Abstract 

Human IgA could be from different isotypes (IgA1/IgA2) and/or isoforms (monomeric, dimeric 

or secretory). Monomeric IgA mainly IgA1 are considered as an anti-inflammatory isotype 

whereas dimeric/secretory IgA have clearly dual pro- and anti-inflammatory effects. Here, we 

show that IgA isotypes and isoforms display different binding abilities to FcαRI, Dectin-1, DC-

SIGN and CD71 on monocytes-derived dendritic cells (moDC). We describe that IgA regulate 

the expression of their own receptors and trigger modulation of moDC maturation. We also 

demonstrate that dimeric IgA2 and IgA1 induce different inflammatory responses leading to 

cytotoxic CD8+ T cells activation. moDC stimulation by dimeric IgA2 was followed by a strong 

pro-inflammatory effect. Our study highlights differences regarding IgA isotypes and isoforms 

in the context of DC conditioning. Further investigations are needed on the activation of 

adaptive immunity by IgA in the context of microbiota/IgA complexes during Antibody-

Mediated Immune Selection (AMIS).  

 

Keywords : IgA, isoform, secretory, dendritic cells 
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Introduction  

With a production of around 75 mg/kg/day, human immunoglobulin A (IgA) are the most 

produced antibodies in the body by comparison with IgG (~22 mg/kg/day) or with IgM (~7 

mg/kg/day). In particular, IgA are the main isotypes found in mucosal fluids, such as vaginal 

and gastric secretions, saliva and colostrum [1]. IgA can be produced as monomeric (mIgA) or 

dimeric (dIgA) forms after binding with J-chain. The secretory forms (SIgA) are generated by 

recovering the secretory component (SC) from the polymeric immunoglobulin receptor (pIgR) 

during epithelial transcytosis [2]. IgA are mainly monomeric in the serum (80% to 99% 

depending on the individual) [3] whereas mucosal IgA are predominantly dimeric. Human IgA1 

and IgA2 differ by the size of their hinge region between the Cα1 and Cα2 regions, their shape, 

their amino acid sequence and especially their glycosylation profiles [4] [5]. IgA1 contain two 

N-linked glycosylation and five O-glycosylation sites whereas IgA2 are devoid of O-

glycosylation but contain two additional N-glycosylation sites [5]. The proportion of IgA1 is 

globally higher (~85%) as compared to IgA2, especially in the blood, the spleen (~95%), the 

nasal mucosa (~96%), the proximal small intestinal mucosa (till 84%) or the colostrum (~65%) 

[5, 6]. IgA2 are preferentially found in colonic fluids (~65%) and the female reproductive 

system [5]. Human IgA were described to bind several receptors such as the Fcα receptor I 

(FcαRI) [7], the transferrin receptor (CD71) [8], Dectin-1 (Dectin-1) [9] or Dendritic Cell-

Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN) [10]. Serum IgA 

are derived from plasma cells in the bone marrow whereas dIgA are produced by plasma cells 

from the lamina propria beneath the mucosa epithelium [11]. They have been extensively 

studied since their function, called immune exclusion, is one of the first lines of protection in 

mucosal surfaces. This consists of commensal or pathogen bacteria coating by respectively low- 

or high-affinity IgA, controlling their entrance across the intestinal epithelium. Nevertheless, in 

addition to this anti-inflammatory function, dIgA and SIgA were recently described as pro-

inflammatory actors in mucosa by recruiting neutrophils [12, 13] or by transporting mucosal 
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antigens (Ag) to Ag presenting cells (APC) such as macrophages and dendritic cells (DC) in 

the lamina propria or Peyer’s patches. In such case, inflammation can be induced after IgA 

recognition by receptors such as the transferrin receptor (transferrinRCD71) [1]. Given the role 

of IgA in the microbiota selection during the first years of life, it is suggested that the functions 

of IgA are tightly regulated between defense mechanisms against pathogens and the antibody-

mediated immunoselection (AMIS) [14-16]. mIgA are mainly described for their anti-

inflammatory effect in the serum [17] even if a study recently described a pro-inflammatory 

effect mediated through FcαRI [18]. Roles of IgA are highly diverse depending on the 

environment and would deserve to be investigated in details. Differential interactions of IgA 

isotypes and isoforms with their cognate receptors, such as C-type lectin receptors, may explain 

the diversity of related immune responses. In addition, location of dIgA in the mucosa areas 

compared to serum monomeric IgA could result in different immune functions. Finally, both 

IgA1 and IgA2 are found in mucosal secretion, raising the question of their respective local 

functions. Here, we aimed to clarify the difference between IgA1 and IgA2 in their ability to 

bind to DC and to induce pro- or anti-inflammatory response. The immunostimulatory effects 

of polymeric IgA vs monomeric IgA were also compared. 

 

Results 

IgA1 and IgA2 bind to different receptors on moDC populations. 

To determine whether the binding capacity of IgA isotypes and isoforms on APCs was different, 

the interaction of monoclonal monomeric, dimeric and secretory IgA1 and IgA2 with IgA 

receptors on human monocyte-derived dendritic cells (moDC) was compared. Interestingly, we 

observed the high expression of FcαRI, CD71, DC-SIGN but also for the first time of Dectin-1 

on moDC surface (Fig. 1A). mIgA1 bound specifically to FcαRI and CD71 and mIgA2 bound 

specifically to FcαRI, Dectin-1 and DC-SIGN (Fig. 1A and B). mIgA2/FcαRI, mIgA2/DC-
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SIGN, mIgA1/CD71 co-localization present the highest staining intensity (Fig. 1A and B). 

Dimeric IgA bind with the same restricted specificity but with less avidity. Secretory IgA 

weakly binds to the different tested receptors (Fig. 1A and B). Specificity of IgA1 for CD71 

and FcαRI and IgA2 for FcαRI, Dectin-1 and DC-SIGN were also confirmed using monomeric 

and different dimeric IgA1 and IgA2 purified from hybridomas using HELA-transfected cells 

with FcαRI, CD71, Dectin-1 and DC-SIGN (Sup. Fig. 1). We then wondered whether mIgA 

uptake was affected by the profile of IgA receptors expressed on moDC (Fig. 1C). Interestingly, 

almost no IgA+ moDC were observed when the cells expressed only one of the IgA receptors, 

suggesting the requirement for at least two different receptors to significantly increase the IgA 

internalization by moDC (Fig. 1C, Supplementary Fig. 3A). In contrast, the frequency of IgA+ 

cells increase 2, 3 and 4 times for moDC expressing respectively two, three and four receptors, 

indicating a proportional correlation between the expression of IgA receptors on DC and their 

ability to internalize IgA (Fig. 1C, Supplementary Fig. 3A). A predominant role of DC-SIGN 

and Dectin-1 for IgA2 isoforms uptake was suggested since 90% of IgA+ cells expressed at 

least these two receptors (Supplementary Fig. 3A).  

The binding affinities of IgA isotypes on different receptors were then compared by 

thermopheresis with increasing ligand/receptors molar ratio. We observed a higher affinity of 

mIgA2/dIgA2 than dIgA1 and mIgA1 to DC-SIGN (Fig. 1D) which is also confirmed by 

affinity-based ELISA assay (Suppl. Fig. 2D) and immunofluorescence. dIgA2 and dIgA1 

bound also Dectin-1 with the same affinity (Fig. 1G and Supplementary Fig. 2C) which is 

not confirmed by immunofluorescence and ELISA assay due probably to the inherent 

conformation of the recombinant receptor (Suppl. Fig. 2D). dIgA1 and to a less extent mIgA1 

were able to bind to CD71 (Fig. 1E). Affinity for FcαRI was higher for dIgA1 but almost the 

same for mIgA1 and mIgA2 (Fig. 1F and Supplementary Fig. 2B). Thus, we emphasized a 
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different binding capacity of IgA isotypes to FcαRI, Dectin-1, DC-SIGN and CD71 expressed 

on moDC. 

Dimeric IgA induce an over-expression of their cognate receptors on DC surface. 

moDC had been described as comprising two subsets discriminated by the expression of the 

surface marker CD1a (Supplementary Figure 3B and 3C) and displaying different functions 

[19, 20]. We hypothesized that IgA binding could induce the up-regulation of their receptors. 

Without any stimulation, moDC constitutively express DC-SIGN, Dectin-1 and a low level of 

FcαRI but did not express CD71 (Supplementary Figure 3C). Only a 2-fold CD71 over-

expression on moDC after a treatment with TNF-α, IL-1β and IL-6 was observed (Fig. 2A-D), 

as previously described [21]. Likewise, treatment of moDC with dimeric or secretory IgA1 and 

IgA2 significantly increased CD71 and FcαRI expressions by around 1.3-fold (Fig. 2A and B). 

In addition, incubation of moDC with all the IgA isotypes and isoforms except mIgA2 led to a 

1.5-fold increase of DC-SIGN and Dectin-1 expression (Fig. 2C and D). Thus, we pointed out 

the capacity of dimeric IgA1 and IgA2 to increase the expression of their receptors, especially 

DC-SIGN and Dectin-1. This effect was more pronounced on CD1a- moDCs (mDC2) with the 

IgA2  (Supplementary Fig. 3B). 

 

Dimeric IgA efficiently mature moDC . 

Since both IgA isotypes and isoforms differently interact with receptors on moDC, we 

wondered whether they also differently stimulated moDC. To avoid a potential effect of 

endotoxins that could be present in our IgA preparations, experiments were performed in the 

presence of polymyxin B. In this case, a conserved ability of moDC to be activated with a 

cytokine cocktail was observed (Fig. 3A-D). Expression of CD80 was not affected by 

incubation with any IgA isotype or isoform (Fig. 3A). mIgA had a limited effect on the 

expression of co-stimulatory molecules on moDC. In contrast, expression of CD40 was 
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increased by 1.2-folds by dIgA1 and SIgA1 and by 1.5-folds with dIgA2 and SIgA2 (Fig. 3B). 

In addition, dIgA1 induced a 1.3-folds increase of CD86 and HLA-DR up to 2.1-fold with 

dIgA2 (Fig. 3C and D).Thus, moDC seem to be more efficiently activated by dimeric IgA 

isoforms, especially dIgA2. The same ability of dimeric IgA2 to upregulate CD86 and HLA-

DR were also observed on the activation of human mucosal CD1a+ or CD1a- DCs purified from 

Crohn’s patient gut biopsies (Supplementary Fig. 4A-C). 

 

dIgA2 and dIgA1 induce different inflammatory profiles in moDC  

In order to characterize the immune profile triggered by monomeric, dimeric or secretory IgA1 

and IgA2, we performed a transcriptomic analysis of IgA-treated moDC (Fig. 4A-C). mIgA1 

increased the expression of genes involved both in innate immune cells attraction such as 

chemokine (C-C motif) ligand 16 (CCL16), chemokine (C-X-C motif) ligand 1 CXCL1, 

CXCL10 and in immune cell maturation/activation such as tumor necrosis factor ligand 

superfamily (TNFSF11) (Fig. 4A). In contrast, mIgA2 decreased expression of CXCL1, CXCL10 

and TNFSF11. In addition, 14 other genes involved in cell attraction such as CCL19, CXCL8, 

CXCL2 or CCL5 or in immune cell activation such as CSF2, RELB, IL-12A/B were down-

regulated more than 2-folds (Fig. 4A). Gene expression profiles after dIgA and SIgA activation 

were quite similar, suggesting a low impact of the secretory component (Fig. 4B-C). 16 genes 

over-expressed by mIgA1 were down-regulated by dIgA1 as CCL16, IFNγ, CD40L and 

TNFSF11 but also genes involved in pathogens recognition (TLR9 or TLR7), in angiogenesis 

(CXCL12) and in monocytes and T cell recruitment (CCL11, CCL8 and CCL13) (Fig. 4A-B). 

dIgA1 also decreased expression of genes involved in immune cell maturation and activation 

(CLEC4C, IL-2, IL-12 A/B and CSF2) (Fig. 4A-B). The most mIgA2 down-regulated genes 

were significantly up-regulated by dIgA2 (TNF , CD40L, IFN- and IL-12A/B) (Fig. 4A-B). 

In particular, neutrophils, macrophages and T cell chemoattractant and maturating coding genes 
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such as CCL19, CXCL8, CXCL1 and CXCL2 and CSF2 were over-expressed (Fig. 4A-B). All 

together, these results indicate that IgA isotypes but also isoforms induce different 

inflammatory profiles of gene expression in moDC. No or low influence of SC in DC activation 

has been observed (Fig. 4C). In order to get further insights into the effect of IgA interaction 

with moDC, cytokine production was measured in the moDC culture supernatants after IgA 

stimulation (Fig. 4D-F). Similar effects on cytokine secretion were observed between dimeric 

and secretory IgA (Fig. 4D-E). In contrast, the dimeric isoforms were much more potent than 

the monomers to stimulate cytokine production by moDC. TNF-α and IL-6 levels were 

increased 5-fold and 10-fold by dIgA1 (Fig. 4D) and 33-fold and 700-fold by dIgA2, 

respectively (Fig. 4E). In addition, an increase of around 1.5-fold of IL-16 was observed with 

dIgA1 and IL-23 secretion was increased by 4-fold after stimulation with dIgA2 (Fig. 4D-E). 

Dimeric IgA also induced a concomitant production of the anti-inflammatory cytokine IL-10, 

which was increased by 1.6-folds with dIgA1 (Fig. 4D) or 7-folds with dIgA2 (Fig. 4E). 

Although a similar secretion of the T cell chemoattractant IL-16 was observed between dIgA1 

and dIgA2 stimulation (Fig. 4F), dIgA2 induced a higher secretion of pro-inflammatory 

cytokines such as TNF-α (~80-fold), IL-6 (~2-fold) and IL-12p40 (~20-fold) combined with 

IL-23 (~5-fold) than dIgA1 (Fig. 4F). Our results indicate a stronger effect of dIgA on gene 

transcription and cytokine secretion by DC compared to mIgA. In addition, the effect of dIgA2 

was stronger than dIgA1 and skewed towards a pro-inflammatory profile. 

 

IgA2 induce a strong activation of cytotoxic CD8 T lymphocytes  

To assess the quality of DC conditioning with IgA, we first compared the ability of mIgA1 and 

mIgA2 to induce T cell proliferation in a mixed lymphocyte reaction (MLR). No increase in 

the proportion of activated CD25+ CD4+ T cell was observed in the presence of moDC after 

mIgA1 or mIgA2 stimulation (Fig. 5A). Interestingly, whereas only a limited effect was 
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induced by mIgA1, a significant 1.4-fold increase of activated CD25+CD8+ T cell proportion 

was observed after mIgA2 stimulation (Fig. 5B).  We then used a human model of in vitro T 

cell priming to test the influence of mIgA1 and mIgA2 on the activation of specific effector 

CD8 T cells from naïve T cells [22]. Melan-A-specific CD8 T cells were primed in the presence 

of both mIgA1 and mIgA2 (Fig. 5C, Supplementary Fig. 5). Interestingly, the presence of 

mIgA2, but not mIgA1, yielded a higher expression of the transcription factor T-bet (Fig. 5D, 

Supplementary Figure 5) within primed T cells, which was not the case for Eomes (Fig. 5E). 

Increase expression of granzyme B and perforin in Melan-A-specific T cells was observed only 

with mIgA2 (Fig. 5F-G, Supplementary Fig. 5). Preliminary datas suggest that the effect of 

IgA2 was enhanced with its dimeric form (Supplementary Fig. 5). Taken together, these 

findings show that both monomeric IgA1 and IgA2 can promote the induction of antigen-

specific CD8 T cell responses, but with a highest potential and a Th1 bias for IgA2. 

 

Discussion 

In this study, we aimed to clarify the ability of different IgA isotypes and isoforms to interact 

with their putative receptors expressed on moDC and their related immune effector functions. 

We have found that IgA1 preferentially bind to FcαRI whereas the affinity of IgA2 is higher 

for DC-SIGN and that their respective affinities are increased with the dimerization. We also 

highlighted that dimeric IgA, modulate the expression of their own receptors on moDC. In 

addition, we demonstrated that dIgA stimulate DC, either by down regulated inflammatory 

genes with dIgA1 or by increasing expression and secretion of pro-inflammatory molecules 

with dIgA2. Such immune profiles may engage various pathways leading to the observed 

priming of functional cytotoxic CD8+ T cells. “Classical” moDC called mDC1 were described 

as CD1a expressing cells, secreting a high amount of IL-12p70 and inducing a Th1 

differentiation [23]. However, a study described the presence of a functionally distinct cell 



83 

 

subset, called mDC2 cells, which did not express the CD1a marker [19]. Our study further 

describes differences between mDC1 and mDC2 [19, 20] such as diverse expression profiles of 

IgA receptors at steady state and differential responses to interaction with IgA isotypes and 

isoforms. Indeed, expression of surface activation markers was modulated only on mDC2 after 

a mIgA stimulus. Interestingly, stimulation of mDC2 with LPS led to an opposite effect, 

suggesting that this subset uses different pathways to respond to mIgA or LPS. Functional 

studies of individual mDC1 or mDC2 subsets would specify more precisely their role in the 

modulation of immunity in response to interaction with IgA. In addition, the FcαRI, the 

transferrin receptor (CD71) and the DC-specific ICAM-3 grabbing nonintegrin (DC-SIGN) 

were found to be expressed on blood myeloid cells and on moDC [24] [21] [25]. We similarly 

demonstrate that Dectin-1 is expressed on these cells. FcαRI is a transmembrane receptor which 

interacts with the Fc domain of both IgA1 and IgA2, with a higher avidity for immune 

complexes than monomeric or dimeric IgA. The presence of alternative IgA receptors was 

suggested by addition of anti-FcαRI antibody on moDC which did not abrogate IgA binding 

[26]. CD71 was described as an IgA1 specific receptor, with a higher avidity for monomeric 

IgA on Daudi cells [8]. Alternatively, since incubation with mannose decreased SIgA binding 

on moDC, competition for C-type lectin receptors which bind glycans was suspected. Thus, 

both DC-SIGN on Chinese hamster ovary (CHO-S) or THP-1 cells and Dectin-1 on intestinal 

epithelial cells were shown to specifically bind SIgA [9, 10]. Our study demonstrates a higher 

affinity of IgA1, especially the dimeric form for CD71. We also show here the ability of DC-

SIGN and Dectin-1 to interact with mIgA2/dIgA2. Thus, our results suggest a potential 

regulatory function of IgA that depends more particularly on the expression of DC-SIGN and 

Dectin-1 on DC. Since DC-SIGN (i) is highly expressed on moDC (ii) preferentially binds 

IgA2, especially dIgA2 and (iii) its expression is increased by dIgA2, one could hypothesize 

that these processes contribute to the stronger DC activation and the subsequent CD8 T cell 
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induction observed with dIgA2. As DC-SIGN is involved in DC interaction with T cells via 

ICAM3 [25], it’s up-regulation by dIgA2 could play a role in CD8 T cell activation. Based on 

our observations, it would be interesting to study the pro- or anti-inflammatory effect of IgA 

molecules in relationship to receptor expression in various cells and tissues as for example in 

mucosa. Except their role in IgA nephropathy [27], serum monomeric IgA1 were thought to 

play a minor role in immunity whereas both the proportion and the function of monomeric IgA2 

remain to be clarified. Monomeric IgA induce anti-inflammatory response in absence of antigen 

via the FcαRI [28], for example by inducing death of activated neutrophils [29]. A role for other 

receptors has been suspected since inhibition of Th17 cell response by mIgA occurred 

independently of FcαRI and DC-SIGN [30]. Our results demonstrate a slight induction of 

chemoattracting and maturing molecules response induced by mIgA1 with (i) down-regulation 

of the CD86 co-stimulatory molecule and (ii) absence of pro-inflammatory genes up-regulation 

and limited production of cytokine. Interestingly, we also demonstrate a mIgA1/CTL pathway 

with induction of (i) CCL8 and IL-16 expression, two T cell chemo-attractants [31], (ii) proteins 

involved in T cell activation such as CD40 or TAPBP, a molecule involved in MHC-I 

processing [32], and (iii) a mIgA1-dependent cytotoxic CD8 T cell activation. In this context, 

further investigations focusing on a potent regulatory role of this cell population, e.g. involving 

killing pro-inflammatory cells, are worth to pursue.   

One important function of dIgA is to impede inflammation. This process is mediated either by 

immune exclusion or by direct effects such as induction of tolerogenic DC via SIgA binding on 

DC-SIGN [33]. Interestingly, we demonstrate that dIgA1 amplify the anti-inflammatory effect 

of mIgA1 on moDC. Indeed, dIgA1 downregulate pro-inflammatory genes in moDC and trigger 

a low diversity of cytokines secreted in limited quantity compared to dIgA2 except for IL-16 

and IL-21. Besides, some studies showed anti-inflammatory properties of TNF-α and IL-6 

depending on their quantities and timing of expression [34, 35] [36]. In addition, the high 
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secretion of IL-12p40 in absence of IL-12p35 or p19 counterparts to form respectively IL-

12p70 or IL-23 [37] could indicate the formation of the IL-12p80 homodimer, considered as a 

CD8 T cell or DC chemoattractant [38]. Since IgA1 may also induce T cell recruitment via 

CCL5 and IL-16 chemoattractant and promote CD8 T cell response, investigating the 

involvement of T cell in anti-inflammatory response could be relevant. DIgA are also involved 

in pro-inflammatory mechanisms, for example through the recruitment and activation of 

neutrophils in mucosa [12, 13]. Besides, immune complexes could modulate the inflammatory 

effect described above. Binding of antigens to mIgA1 forms immune complexes which are 

internalized by mature and immature DC via FcαRI to induce a pro-inflammatory response [18, 

21]. It would be interesting to investigate the type and amplitude of immune response induced 

by dIgA1 bound to their specific Ag to observe whether the same pro-inflammatory response 

as mIgA1 takes place. This concept would be in adequacy with the dual function described for 

mucosal dIgA. Indeed, interaction of IgA with commensal bacteria induce tolerance whereas 

interaction with pathogens induce either immune exclusion or pro-inflammatory response with 

recruitment of immune cells such as neutrophils [39] [12]. In addition, an alternative 

observation related to the dual role of IgA in the intestine is linked to the T cell-dependent (TD) 

or independent (TI) induction of IgA production. Indeed, it is suggested that TD response 

induce high affinity IgA responsible for the pro-inflammatory response to pathogens whereas 

low affinity IgA induced by a TI pathway bind microbiota or inoffensive elements to trigger 

immune tolerance [39]. In this context, our results would require more investigation to 

determine whether the TI-induced IgA are mostly IgA1 and TD-induced IgA mostly IgA2. A 

second explanation of the dual role of dIgA could be that dIgA1 would be in charge of anti-

inflammatory responses whereas dIgA2 would induce a pro-inflammatory response. Indeed, 

dIgA2 induce a clear pro-inflammatory response regarding the gene expression and the cytokine 

secretion profiles of moDC. Proteins involved in the inflammatory NF-κB pathway such as 
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RELB or NFKB1 are over-expressed and TNF-α and IL-6 are highly produced by DC. In 

parallel, IL-12p40, which is a subunit of IL-23, is highly secreted together with IL-23, 

indicating a potential role of in inducing a Th17 response after moDC activation by dIgA2 [40]. 

This result is in accordance with the Th17/IgA axis recently highlighted [41]. Moreover, 

recruitment of neutrophils by IgA in the intestine is well documented [12, 13]. In accordance 

with this finding, we have observed that dIgA2 induce over-expression of neutrophil 

chemoattractants by moDC such as CXCL8, CXCL1, CXCL2 and CCL3.  Here, we pointed 

out a limited role played by secretory component (SC) in the interaction of SIgA with moDC 

and their activation. We may hypothesize that SC does not interfere with the effects triggered 

by dIgA, but could be required for immune exclusion [42] and to stabilize dIgA in the intestinal 

environment [43]. Our preliminary data demonstrate that when mIgA1 and mIgA2 were used 

to stimulate human mucosal CD11c+ DC extracted from human biopsies, similar results than 

with moDC were observed (Supplementary Figure S3). We need to determine which mucosal 

DC subsets are implicated in the interaction with IgA and how dimeric or secretory IgA act on 

such cells. Several DC populations have been described in intestinal mucosa such as the 

CD103+ DC, thought to be involved in Ag presentation in mesenteric lymph node [44], or the 

CX3CR1+ DC, thought to be involved in Ag capture in the lamina propria [45]. The expression 

of IgA receptors on these populations, together with their inflammatory profile in response to 

IgA stimulation should be explored. The functionality of CTLs such as the intraepithelial CD8 

αα [46], as well as the non-conventional intestinal T cells such as the Mucosal-Associated 

Invariant T cells (MAIT) in the gut should also be considered to understand the impact of IgA 

isotypes and isoforms. Indeed, supernatant of activated MAIT cells induces the production of 

IgA by B cells [47].  

We observed significant DCs activation by dimeric IgA2 isoforms compared to monomeric 

IgA1/2 or dimeric IgA1. This mechanism could be explained by a different ability (affinity or 
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avidity) of binding to different receptors but also to the same receptors. Indeed, affinities of 

mIgA isoforms with their receptors are quite weak and similar, suggesting a low activation 

signaling in downstream. The ability of the different IgAs to bind to multiple receptors at the 

same time is also an important issue. The activation process may require a threshold of linked 

receptors as demonstrated for example for the TCR cross-linking. The transcriptomic signature 

is clearly different between different isotypes and isoforms so the activation/inhibition process 

is also different. Another important issue/possibility could be the different glycosylation pattern 

of IgAs which could first explain the different affinities/avidities observed to the different 

receptors but could be also implicated in the binding to other sugar-specific receptors. Finally, 

dIgA2 activation is closely related to DC-SIGN, Dectin-1 and to a lesser extent to FcR , since 

they are the main IgA2-binding receptors. The simultaneous cross-linking of these three 

receptors in moDC could lead to high CD8+ T cell activation. Our hypothesis would require 

investigating the relationship between IgA isoforms/isotypes and their receptors, the cross-

binding and the downstream pathways. 

We have demonstrated that while IgA can bind to different receptors displayed on moDC, 

dIgA1 present a better affinity for FcαRI and dIgA2 for DC-SIGN. Our data also highlight that 

dIgA1 induce an exacerbation of the anti-inflammatory response induced by mIgA1 in the 

absence of antigen. In contrast, we showed a strong pro-inflammatory response induced by 

moDC activated with dIgA2. Interestingly, both processes lead to activation of CD8 T cells. 

We have also emphasized a modulatory role of IgA which induced the overexpression of their 

own receptors on DC. Here we show the relationship between IgA isotypes and isoforms and 

their functionality in the control of immune responses. The ability of the different IgA to 

stimulate/regulate mucosal immunity should be considered in physiopathological conditions 

such as Inflammatory Bowel Diseases, IgA nephropathy or coeliac disease [27, 48]. Our results 

are also of importance for the use of IgA to serve as mucosal vaccine vector [49, 50].  
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Materials and methods (see also Supplemental methods) 

Flow cytometry 

Cell staining was performed in a buffer containing PBS, FBS (2%) and EDTA (1mM). Dead 

cell exclusion was performed with 7AAD (BD Biosciences, Le Pont de Claix, France) or with 

a LIVE/DEAD™-488nm staining (Invitrogen, Toulouse, France) for MLR experiment. 

Staining antibodies were diluted at 1/200 except specified and cell staining was analyzed with 

a BD FACS Canto II cytometer (BD Biosciences). The following antibodies were used for 

studying the IgA-receptor profile of human moDC: Anti-Fc RI BV510 (BD Biosciences), anti-

CD71 FITC (BD Biosciences), anti-Dectin-1 PE (BD Biosciences), anti-DC-SIGN BV421 (BD 

Biosciences), FITC mouse IgG2a, κ isotype control (BD Biosciences), BV421 mouse IgG1, κ 

isotype control (BD Biosciences), PE mouse IgG2a, κ isotype control (BD Biosciences), BV510 

mouse IgG1, κ isotype control (BD Biosciences). The following antibodies were used for 

testing maturation and phenotype of human moDC: anti-DC-SIGN/DC-SIGN BV421 (BD 

Biosciences), anti-CD1a APC-Vio770 (Miltenyi Biotec, Paris France), anti-CD14 PE (Miltenyi 

Biotec), anti-CD11b PE-Vio770 (Miltenyi Biotec), anti-HLA-DR BV510 (BD Biosciences), 

anti-CD80-PE-Vio770 (Miltenyi Biotec), anti-CD86-FITC (Miltenyi Biotec), anti-CD40-PE 

(Miltenyi Biotec). The following antibodies were used for testing maturation and phenotype of 

DC from human gut: anti-CD68 FITC (BD Biosciences), anti-CD1c PE (BD Biosciences), anti-

CD11b APC (BD Biosciences), anti-CD11 PE-Cy7 (BD Biosciences), anti-CD103 BV421 (BD 

Biosciences), anti-CX3CR1 BV510 (BD Biosciences), anti-HLA-DR APC-H7 (BD 

Biosciences), anti-CD80 APC (Biolegend, San Diego, USA). The following antibodies were 

used for testing proliferation and activation of human T cells after MLR: anti-CD3 BV510 (BD 

Biosciences), anti-CD8 PE-Cy7 (BD Biosciences), anti CD4 APC (BD Biosciences), anti-

CD25 PE (BD Biosciences), anti-Ki67 BV421 (BD Biosciences). We followed the “Guidelines 

for the use of flow cytometry and cell sorting in immunological studies” [51]. 
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Human IgA  

Endotoxin-free human monomeric anti-hCD20 mIgA1 and mIgA2 were produced in CHO cells 

and purified by affinity chromatography with peptide M. (Invivogen, Toulouse, France). The 

dimeric dIgA1 (Nordic Mubio, Susteren, Netherland) were mAb taken from a patient myeloma 

with a tested purity around 98% or was purified from IgA1 hybridomas (clone BT1 and BT2 

referred as dIgA1 (B) and dIgA1 (C)) immortalized from plasma cells taken from the lamina 

propria of a Crohn’s disease patient. The dimeric dIgA2 were mAb obtained from different 

IgA2 hybridomas (clone HF2, HF3 and HF4 referred as dIgA2 (A-C)) immortalized from 

plasma cells taken from the lamina propria of a Crohn’s disease patient (DDXK-HuBBB, 

Dendritics Lyon, France). Clones BT1, BT2, HF2, HF3 & HF4 supernatants were concentrated 

in 100K Amicon (Millipore, France), filtered in 0.22µm and purified by affinity 

chromatography with peptide M agarose (InvivoGen). Secretory IgA (SIgA) were formed by 

combining equimolar quantity of dimeric IgA and secretory component [52, 53]. The purity of 

each isoform was tested by Western Blot and always higher than 85%. For all in vitro 

experiments, polymyxin B was added. 

Enzyme-linked immunosorbent assay (ELISA) for IgA/receptors affinity 

96-well maxisorp plates (ThermoFisher) were coated O/N with either the Fc RI or the 

DECTIN-1 receptors-Fc (R&D systems, Lille, France) or with IgA (for the DC-SIGN and 

CD71 ELISA). Fc RI and Dectin-1 concentrations began at 6x10-7 mol/L and serial dilutions 

were performed at 1/3 whereas IgA concentration was stable at 6x10-8 mol/L in PBS. After 2 

hours of blocking (PBS, tween 0.05%, BSA 1%), the plates were washed three times with PBS 

supplemented with Tween (0.05%). Either the IgA (6x10-8 mol/L) or the DC-SIGN or CD71 

(serial dilutions beginning at 4.8x10-8 mol/L) receptors-Fc were added and incubated during 2h. 

After three washes, plates were incubated either with an anti-human IgA HRP (Sigma-Aldrich) 
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or with an anti-human DC-SIGN (Life technologies, Illkirch, France) or with an anti-human 

CD71 antibody (Life technologies). After three washes, plates previously incubated with the 

anti-human DC-SIGN or CD71 were incubated with anti-rabbit IgG coupled to horseradish 

peroxidase (HRP) (Cell signaling technology). Plates were eventually incubated with TMB 

(Tebu-bio laboratories) after 4 last washes during 30min maximum and the reaction was 

stopped with hydrochloric acid. The optical density (OD) was read at 450nm (TECAN).  

 

Microscale Thermophoresis 

The recombinant receptors FcαRI (R&D systems, Lille, France), Dectin-1 (R&D systems), DC-

SIGN (R&D systems) and the human transferrin receptor CD71 (R&D systems) display a N-

terminal histidine tag. Coupling of receptor (200nM) with the RED NT-647 (100nM) was 

performed using « Monolith NT™ His-Tag Labeling Kit RED-tris-NTA » (NanoTemper 

technologies, München, Germany) following the manufacturer’s protocol. Labeled receptors at 

25nM final were added separately to a range of human dimeric/monomeric IgA1 or IgA2 2-

fold dilutions from 25µM to 0,3nM in PBS, Tween 0.05%, then loaded in standard capillaries 

(NanoTemper) for MST measurement. The strength of receptor/ligand interaction was 

measured from the diffusion of the labeled molecule in function of ligand concentration when 

a temperature gradient was applied on the capillaries, using a thermophoresis reader (Monolith 

NT.115, NanoTemper). KD were calculated from the titration curves using the MO.Affinity 

Analysis Software (NanoTemper). 

 

moDC immunostaining for confocal microscopy 

LabTek® slides (Sigma-Aldrich, St Quentin Fallavier, France) were treated with 500µL of Poly-

L-lysine (Sigma) and incubated 1hr at 37°C. Slides were washed in PBS and dried 1-2hrs under 

a safety cabinet. 1x106 moDC/compartment were seeded in complete RPMI medium O/N at 
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37°C. After 2 gently washes with PBS, cells were incubated with 6µg of antibodies in 200µL 

of complete RPMI at 37°C during 1hr. After 2 PBS washes, cells were fixed 5min (PBS, 4% 

formaldehyde), washed again and non-specific sites were blocked (PBS, BSA 1%) during 

15min at RT. Cells were permeabilized (PBS, BSA 1%, Triton 0.1%) 2min and washed 2 times 

with PBS. Primary Ab were added 1hr at 4°C : 5µg/mL of rabbit anti-human CD71 

(Thermofisher, Illkirch, France), 20µg/mL of rabbit anti-human DC-SIGN (Thermofisher), 

5µg/mL of rabbit anti-human Dectin-1 (Thermofisher), rabbit anti-human Fc RI (1/500, 

Abcam, Paris, France), 5µg/mL of goat anti-human IgA Alexa555 (Southern Biotech, 

Birmingham, USA). Cells were washed 2 times with PBS and incubated 45min at 4°C with 

5µg/mL of the secondary antibody goat anti-rabbit IgG Alexa 488 (Southern Biotech). Cells 

were washed with PBS and the nucleus was stained 5-10 min with Draq5 (1/1000, Abcam). 

After 2 washes, cells were mounted between slide and slip cover with vectashield (Vector 

laboratories) and eventually observed with the FLUOVIEW FV1200 laser scanning confocal 

microscope at RT (Olympus IX83, Tokyo, Japan) and equipped with the FV10-ASW4.1 

imaging software (Olympus, Hamburg, Germany). The objective was an Olympus UPlanSApo 

60x/1.35 Oil ∞ /0.17/FN26.5. Image processing was performed with ImageJ Software. 

 

Expression profile by quantitative reverse transcription polymerase chain reaction 

(qRT-PCR) 

RNA from frozen pellets of 1-5 x105 activated moDC were extracted thanks to a Quick-RNA 

MicroPrep Kit (Zymo Research). Total RNA quantification was performed with a 2000c 

nanodrop (Thermos scientific). RNA quality was assessed (Biorad, 700-7103) with the 

Experion™ system (Biorad, Marnes-La-Coquette, France). Quantification of a RNA panel 

described in Suppl. Fig 4 was done with Qiagen kits for Human dendritic cells (330404, 
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330523, 330231) and the Applied Biosystems® 7500 system. qRT-PCR results were analysed 

with the data Analysis Center of Qiagen following supplier instructions. 

Cytokine and chemokines titration 

The evaluation of multiple cytokines/chemokines was performed with a Luminex 100 

instrument (Luminex, Austin, Tex) in combination with the personalized Bio-Plex human 

cytokine panel composed by IL-12p40, IL-12p70, IL-2, IL-4, IL-6, IL-10, IL-21, IL-23 and 

TGF-β, IFN-α and IFN-β for monomeric forms or IFN-γ, IL-16 for comparison between IgA 

isoforms (Bio-Rad Laboratories, Hercules, Calif). Dosages were performed as specified by the 

manufacturer on pure supernatant of activated moDC previously frozen. Cytokine and 

chemokine concentrations were determined with one measure for each condition. IL-16 

secretion in supernatant was determined with an ELISA kit on supernatant in duplicate 

following the specifications of the manufacturer (Abcam, Paris, France).  

 

In vitro priming of antigen-specific CD8+ T-cell precursors 

Naïve precursors specific for the HLA-A2-restricted Melan-A epitope ELA (ELAGIGILTV; 

Melan-A/MART-1 residues 26–35A27L) were primed in vitro using an accelerated dendritic 

cell coculture protocol as previously published [22]. Briefly, thawed PBMCs were resuspended 

in AIM medium, supplemented with FLT3L (50 ng/ml; R&D Systems), and plated out at 

2.5×106 cells/well in a 48-well tissue culture plate. After 24 hours, the ELA-20 peptide was 

added (1 μM) and the maturation of resident dendritic cells was induced using a cocktail of 

cytokines including TNF (1000 U/mL), IL-1β (10 ng/mL), IL-7 (0.5 ng/mL) and prostaglandin 

E2 (PGE2; 1 μM) (R&D Systems). Alternatively, maturation of DC was induced using 

ssRNA40 (0.5 μg/mL; Invivogen) or 12µg of IgA. On day 2, fetal calf serum (FCS) was added 

to 10% by volume per well. Fresh RPMI-1640 (Gibco) enriched with 10% FCS was used to 
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replace the medium every 3 days. ELA-specific CD8+ T-cell frequency and phenotype were 

determined on day 10 by flow cytometry. 

Directly conjugated mAbs were purchased from commercial sources as follows: 1) anti–CD8-

APC-Cy7, anti–CCR7-PE-Cy7, and anti–granzyme-BV450 (BD Biosciences); 2) anti–CD27-

AlexaFluor 700 (BioLegend); 3) anti–CD45RA-PercP Cy5.5, anti–T-bet-Alexa Fluor 647, 

Eomes PE-eFluor 610, anti–perforin-FITC (eBiosciences). The amine-reactive viability dye 

Aqua (Life Technologies) was used to eliminate dead cells from the analysis. Intracellular 

staining for T-bet and Eomes was performed using the Transcription Factor Buffer Set (BD 

Biosciences), according to the manufacturer’s instructions. Intracellular staining for granzyme 

B and perforin was compatible with this procedure. Staining with all other reagents was 

conducted according to standard protocols. Data were acquired using an LSR Fortessa flow 

cytometer (BD Biosciences) and analyzed with FlowJo software version 9.3.7 (Tree Star). 

Statistical analysis 

All statistical analyses were performed with InStat software (version 5.02; GraphPad Software, 

La Jolla, Calif). The normality was tested for each data set with both Shapiro-Wilk and Agostino-

Pearson tests. When data could be modeled by a normal distribution, the following tests were 

performed depending on the comparison: Student t-test (two means comparison), one-way 

ANOVA (multiple mean comparisons) with Bonferroni correction (comparison of all pair of data 

sets) or Dunnet’s correction (comparison to a control group). Alternatively, non-parametric tests 

were performed: Mann-Whitney test (two means comparison), Kruskal-Wallis (multiple mean 

comparison) with or without Dunn’s correction (comparison of all pair of data sets). In case of 

comparison of two independent variables, a two-way ANOVA test was done. Results were 

represented as Mean ± SEM. P values of less than 0.05(*), less than 0.01(**), and less than 

0.001(***) were considered significant. Statistically significant differences between groups are 
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emphasized by bars connecting the relevant columns. If not, the comparison was automatically 

with the control group (NS).  
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Figure legends 

Table 1. Effect of different forms of IgA on the expression of activation markers by moDC. 

Relative modifications of the expression of activation markers induced independently by IgA1 

and IgA2 isoforms were compared by flow cytometry analysis. Datas are obtained from four 

experiments with 3-5 donors per experiment performed in triplicate. Total number of donors 

was 17 for IgA1 and 8 for IgA2.  Arrows represent the increase (up arrows) or decrease (down 

arrows) tendencies in relative markers expression on either CD1a+ or CD1a- cells 24hrs after 

stimulation with 12µg of IgA. Two-way ANOVA with Bonferroni’s post-hoc test was used to 

determine the significance of mean differences. (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. 

MFI= Mean fluorescent Intensity. 

 

 
 mIgA1  mIgA2  

dIgA1 ↑ CD1a
+
 

CD80 
↑ dIgA2 

SIgA1 ↑ ↑ SIgA2 
dIgA1 ↓ CD1a

-
 

CD80 
↓ dIgA2 

SIgA1 ↓ ↓ SIgA2 
dIgA1 ↑ (**) CD1a

+
 

CD86 
↑ dIgA2 

SIgA1 ↑ (**) ↑ SIgA2 
dIgA1 ↑ (*) CD1a

-
 

CD86 
↑ dIgA2 

SIgA1 ↑ (*) ↑ SIgA2 
dIgA1 ↑ (**) CD1a

+
 

HLA-DR 
↑ (*) dIgA2 

SIgA1 ↑ (**) ↑ SIgA2 
dIgA1 ↑ CD1a

-
 

HLA-DR 
↑ (*) dIgA2 

SIgA1 ↑ ↑ (**) SIgA2 
dIgA1 ↑ (**) CD1a

+
 

CD40 
↑ (*) dIgA2 

SIgA1 ↑ (***) ↑ (**) SIgA2 
dIgA1 ↑ (***) CD1a

-
 

CD40 
↑ dIgA2 

SIgA1 ↑ (***) ↑ SIgA2 
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Figure 1. Different binding of IgA isotypes and isoforms to IgA receptors on moDC.  (A) 

Confocal microscopy of IgA receptors on monocytes-derived dendritic cells (moDC) upon 

treatment with 12µg of mIgA1/2, dIgA1/2 (dIgA1 from myeloma & dIgA2 from HF2 

hybridoma) or SIgA1/2 (prepared with dIgA1 from myeloma & dIgA2 from HF2 hybridoma). 

Surface and intracellular Fc RI, Dectin-1, DC-SIGN and CD71 were stained (green) on moDC 

after IgA treatment. Colocalizations (yellow) between receptors and IgA (red) were evaluated 

on live cells stained for their nucleus with Draq 5 (blue). Pictures are representative from two 

experiments with 3 different donors (total=6). Magnification (x60) Scale bar 10µm. (B) 

Quantification of binding intensities (Arbitrary Units) of the same IgAs on Fc RI, Dectin-1, 

DC-SIGN and CD71. Intensity of co-labeling was estimated on 50 different cells per condition 

(two experiments with 3 donors performed in triplicate, n=6) and compared with anti-IgA alone. 

Relative binding intensities were compared with a two-way ANOVA with Dunnett's multiple 

comparison test (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. Datas are shown as median +/- SD. 

(C) After 24hrs of incubation with IgA, moDC were separated depending on the number of 

IgA-receptors expressed on their surface (Fc RI, DC-SIGN, Dectin-1 and CD71) by flow 

cytometry. Data are from three experiments with 2-3 donors per experiment, performed in 

triplicate (n=8). Kruskal-Wallis with Dunn's multiple comparison test was performed. Datas are 

shown as median +/- SD (D-G) Thermopheresis analysis of IgA binding to the different 

receptors. Histidine-tagged receptors were coupled with a fluorochrome and the delay of 

fluorescence recovery after warming was measured after binding with several concentrations 

of monomeric IgA1 (red line), IgA2 (green line) or dIgA1 (purple line) or dIgA2 (blue line) to 

DC-SIGN (D), CD71 (E), Fc RI (F) and Dectin-1 (G). Measures at each ligand concentration 

are displayed as mean +/- s.d. of 3 different experiments in duplicate (n=6).  
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Figure 2. Relation between receptors expression on moDC and IgA internalization. (A-D) 

Mean Fluorescence Intensity (MFI) of CD71 (A), FcRI (B), Dectin-1 (C), DC-SIGN (D) 

receptor expression on IgA+ moDCs. Expression was analyzed by flow cytometry after 24hrs 

with an activation cocktail (Cytokines: IL-1β, IL-6, TNF-α) or IgA1/IgA2 isoforms. Measures 

were normalized relatively to non-stimulated (NS) moDC to reduce intra-donors biases. Data 

are obtained from 8 donors and experiments were realized in triplicate. Relative expression 

means were compared with each other thanks to a two-way ANOVA with Dunnett's multiple 

comparison test. (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. Datas are shown as median +/- 

SD. 
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Figure 3. moDC activation by IgA1 and IgA2 isoforms. (A-D) Flow cytometry analysis of 

the relative expression of activation markers (CD80, CD40, CD86, HLA-DR) by moDC were 

obtained by comparing the MFI after 24h of IgA stimulation (12µg/mL) to non-stimulated 

moDC (NS). A stimulated positive control (Cytokines: IL-1β, IL-6, TNF-α) was used. The 

increase/decrease of marker expression between them was normalized (percentages displayed 

on pie chart). Data are from five experiments with 3-5 donors per experiment, performed in 

triplicate (n=19 for IgA1 and 8 for IgA2). Relative expression means were compared with a 

two-way ANOVA with with Dunnett's multiple comparison test. (*) p≤0.05, (**) p≤0.01 and 

(***) p≤0.001. Datas are shown as median +/- SD. 

 

Figure 4. Transcriptomic and cytokine profiles of moDC activated by the various IgA 

isoforms and isotypes. (A-B-C) RNA expression of moDC from 3 different donors (n=3) 

stimulated with either mIgA1/mIgA2 isoforms (A), dimeric IgA1/IgA2 isoforms (dIgA1 from 

myeloma & dIgA2 from HF2 hybridoma) (B) or secretory IgA1/IgA2 (prepared with dIgA1 

from myeloma & dIgA2 from HF2 hybridoma) (C). RNA expression was compared to non-

stimulated moDC. Analysis of qRT-PCR results was performed with the help of the Qiagen 

Data Analysis Center in order to determine the correspondence between Ct and genes fold-

regulation. Genes displaying 2-fold up- or down-regulated expressions were considered as 

affected by IgA stimulation. (D-E-F) Cytokine concentrations in the culture supernatant of 

stimulated moDC with IgA1 isoforms (D) or IgA2 isoforms (E) or stimulated moDCs with 

dIgA1 or dIgA2 (F) were determined by Luminex or ELISA assays. A one-way ANOVA with 

Dunnett's multiple comparison test or Kruskal-Wallis with Dunn's multiple comparison test 

depending on results of normality tests (Shapiro-Wilk and Agostino-Pearson) was used. 

Cytokine profiles are shown as radar charts; each axis displays the mean quantity (in pg/mL) 

of each cytokine/chemokine 24hrs after moDC stimulation. Data are from four experiments 
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with 3-5 donors per experiment, performed in triplicate (n=14). The scale of each axis being 

different, the values of both minimum and maximum were indicated into brackets [min: max]. 

(*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. 

 

Figure 5. Activation of cytotoxic CD8 T cells in the presence of mIgA1 or mIgA2. (A, B) 

Flow cytometry analysis of the activation of CD4+ (A) or CD8+ (B) CD25+ T cells in a mixed 

lymphocytes reaction with moDC primed with mIgA1 or mIgA2 . Non-stimulated moDC was 

used as negative control (illustrated by the line at 100%). A Kruskal-Wallis with Dunn's 

multiple comparison tests was performed. Data are from two experiments with 2-3 donors per 

experiment, performed in duplicate (n=5). (C, D, E, F, G) Frequencies of MelanA-specific CD8 

T cells (C), together with expression of transcription factors T-bet and Emoes (D, E) and 

Granzym B and Perforin (F, G) were determined by flow cytometry after in vitro priming with 

mIgA1 or mIgA2-stimulated moDC. Data are normalized compared to non-stimulated 

conditions. We performed a one-way ANOVA with Dunnett's multiple comparison test. Data 

are from three experiments with 3 donors per experiment, performed in duplicate (n=9). s.d. are 

indicated on the graphs (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. 
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Supplementary document  

 

Supplemental methods 

Monocyte derived dendritic cells (moDC) preparation 

Human peripheral blood mononuclear cells (PBMCs) were obtained from buffy coats of healthy 

volunteers (EFS Auvergne-Rhône-Alpes) by density gradient centrifugation over a lymphocyte 

separation medium (Eurobio; Abcys, Courtaboeuf France). Monocytes (CD14+) were positively 

sorted from PBMC with magnetic beads according to manufacturer’s instructions (Miltenyi 

Biotec, Paris France). Differentiation of moDC was induced by culture of monocytes with 

complete RPMI medium (RPMI 1640, 10% FBS, 1% penicilline/streptomycine) supplemented 

with 100ng/mL of human granulocyte macrophage colony-stimulating factor (GM-CSF) 

(Miltenyi Biotec) and 50ng/mL of human interleukin (IL)-4 (Miltenyi Biotec) for 6 days with 

addition of fresh medium at day 3. The monocyte differentiation into moDC (CD14-, CD11b+, 

DC-SIGN+ and CD207-) was checked by flow cytometry. 

moDC maturation 

moDC were cultured at 1x106 cells/mL in 24 wells plates in complete RPMI medium. A 

treatment with 50µg/mL of polymyxin B (InvivoGen) was done except for comparison between 

mIgA1 and mIgA2 (Fig. 2 and 3). Reagents were then added at indicated concentrations for 

moDC stimulation during 24hrs: 500ng/mL of Lipopolysaccharides from E. coli (Sigma), 

cytokines activator cocktail composed by 25ng/mL of human IL-1β (Miltenyi), 100ng/mL of 

human IL-6 (Miltenyi) and 50ng/mL of human Tumor Necrosis Factor (TNF)-α (Miltenyi), the 

various IgA at 12µg/mL. 

 

Human intestinal biopsies 

With the patient’s agreement, ileum and colon biopsies were sampled. Samples were chopped 

with a scalpel in a petri dish containing complete RPMI medium. After the mechanic digestion, 

enzymatic digestion was performed with 10 U/mL of collagenase and 1/500 DNase (Sigma 

Aldrich, St Quentin Fallavier, France) for 20min at 37°C under agitation. Samples were ground 

in Medicon (BD Biosciences, Erembodegem, Belgium) and 30µm filtered (BD Biosciences) 

after 3 washes. Cells were centrifuged at 200g for 5min and resuspended into hyper complete 

RPMI medium (RPMI 1640, 10% FBS, 1% penicilline/streptomycine, 2mM L-glutamine, 1% 

non-essential amino acids, 10mM Hepes, 1mM sodium pyruvate). 

Mixed lymphocyte reaction (MLR) 
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Negative cells recovered after CD14 sorting of PBMC were cultured in complete RPMI 

medium with 2,5ng/mL (50 UI/mL) of recombinant human IL-2 (rIL-2, R&D system). The 

medium was changed every 3 days until the differentiation and activation of moDC. Before 

incubation with IgA-primed moDC (24h with 12 µg of IgA), cells were assessed to be mostly 

live T cells (CD3+CD8+ or CD3+CD4+) by flow cytometry. In a 96-wells plate, 1x105 activated 

moDC were cocultured with 5x105 allogenic T cells in complete RPMI medium supplemented 

with rIL-2. A positive control was performed with T cell incubated without moDC in medium 

supplemented with phytohemagglutinin (PHA) at 5µg/mL (Sigma Aldrich, L8754). Five days 

after T cell stimulation, surface CD3, CD4, CD8 and CD25 staining were performed and cells 

were fixed and permeabilized (BD). A Ki-67 BV421 staining was performed in order to check 

the proliferation of T cells. 
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Supplementary Figure 1: Different binding of IgA isotypes and isoforms to IgA receptors 

on HELA-transfected cells. Confocal microscopy of IgA receptors on HELA-transfected cell 

lines with pcDNA3-FcR (generous gift from Pr R. Monteiro), pcDNA3-CD71, pcDNA3-

DCSIGN and pcDNA3-Dectin1 upon treatment with 12µg of monomeric (mIgA), dimeric 

(dIgA) or secretory (SIgA) IgA1 or IgA2. Three dimeric IgA1 (purified from myeloma (A) or 

BT1/BT2 hybridomas (B and C)) and three dimeric IgA2 (purified from HF2-4 hybridomas) 

were compared. From top to bottom: surface and intracellular FcRI, Dectin-1, DC-SIGN and 

CD71 were stained (green) on HELA-transfected cell lines after one hour of incubation with 

IgA. Colocalizations (yellow) between receptors and IgA (red) were evaluated on live cells 

stained for their nucleus with Draq 5 (blue) thanks to merged pictures. Pictures are 

representative from three experiments with 3 different donors (total =9). Experiments were 

performed in triplicate. Magnification (x60). 
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Supplementary Figure 2: Analysis of IgA binding to receptors by in vitro imaging and 

ELISA measurement of IgA affinity to the different receptors. (A) Area containing two 

moDC after binding with IgA1 (1h) and stained for human IgA (red) and for FCRI (green). 

While one DC displayed a double staining, another cell (white dotted square) was stained for 

IgA but not for the FCRI (x60). This picture is representative of 3 independent experiments 

in duplicate (n=6) also performed with DC-SIGN, Dectin-1 and CD71. (B, C, D, E) ELISA 

assays were performed to compare the binding of mIgA1 (continuous red line) and mIgA2 

(continuous green line) with dIgA1 (purified from myeloma, dotted red line) and dIgA2 

(purified from HF2 hybridoma, dotted green line) to FcRI, Dectin-1, DC-SIGN and CD71. 

Decreasing concentrations of receptors were used with a stable amount of IgA with either a 

coating with receptors (B and C) or with IgA (D and E). A one site binding site model was 

determined from two experiments performed in duplicate (n=4) for each receptors/IgA 

combination using GraphPad® software. s.d. are indicated on the graphs. (*) p≤0.05, (**) 

p≤0.01 and (***) p≤0.001. 
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Supplementary Figure 3: IgA modified the expression of their receptors on the surface of 

CD1a- and CD1a+ moDC.  (A) Uptake/Binding of mIgA1 or mIgA2, dIgA1 or dIgA2 

(myeloma and HF2), SIgA1 or SIgA2 were analyzed on different moDCs populations CD71+, 

FcαRI+(CD89), CD71+/FcαRI+(CD89), Dectin-1+(CD369); DC-SIGN+(CD209) and Dectin-

1+(CD369)/DC-SIGN+(CD209) by flow cytometry. After 6 days of differentiation, moDCs 

were incubated with 6 µg of IgA during 24h. Datas are from two experiments with 4 donors per 

experiment, performed in triplicate and so the total number of donors is 8. (B) Upregulation of 

CD71, FcRI, DC-SIGN and Dectin-1 receptors on CD1a+ or CD1a- moDCs after IgA 

stimulation during 24h. MFI obtained for all the conditions were normalized relatively to the 

non-stimulated condition. Data are from two experiments with 4 donors per experiment, 

performed in triplicate and so the total number of donors is 8. Relative expression means were 

compared with a two-way ANOVA with with Dunnett's multiple comparison test. s.d. are 

indicated on the graphs (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. (C) The mean fluorescence 

intensity (MFI) of CD71, FcRI, DC-SIGN and Dectin-1 expressed on the surface of CD1a+ 

and CD1a- moDC was measured by flow cytometry. Normality and Mann-Whitney tests were 

used to compare the two means obtained. Data are from two experiments with 4 donors per 

experiment, performed in triplicate and so the total number of donors is 8. Relative expression 

means were compared with a two-way ANOVA with with Dunnett's multiple comparison test. 

s.d. are indicated on the graphs (*) p≤0.05, (**) p≤0.01 and (***) p≤0.001.  
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Supplementary Figure 4: Effect of IgA stimulation on mucosal human DCs. DC from gut 

surgeries of Crohn’s disease patients were stimulated 24hrs with 12 µg of dimeric IgA1 

(purified from myeloma) or dimeric IgA2 (purified from HF2 hybridoma). Expression of the 

CD86, HLA-DR, CD40 and CD80 activation markers was measured by flow cytometry and 

compared/normalized relatively to the non-stimulated (NS) condition (threshold at 100%). 

Analysis of activation markers were performed on CD1a+ (A-B) or CD1a- (C) human mucosal 

DCs. Analysis of mucosal DCs are from five experiments with 2 patients per experiment, 

performed in triplicate and so the total number of donors is 10. Either one-way ANOVA with 

Dunnett's multiple comparison test or Kruskal-Wallis with Dunn's multiple comparison test 

depending on results of normality tests (Shapiro-Wilk and Agostino-Pearson) were performed. 

(*) p≤0.05, (**) p≤0.01 and (***) p≤0.001. 
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Supplementary Figure 5: Activation of cytotoxic CD8 T cells in the presence of IgA1 or 

IgA2 isotypes and isoforms. Flow cytometry analysis of the frequencies of Melan-A-specific 

CD8 T cells, and expression of transcription factors (Tbet) and cytotoxins (Granzyme B or 

Perforin) after in vitro priming in the presence of a cytokine activation cocktail, a TLR8 ligand 

or mIgA1, mIgA2, dIgA1 (myeloma) or dIgA2 (HF2) in the presence of polymyxin B . These 

data show results obtained from one representative donor (n=1).  
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2- Conclusions et perspectives 

Nous montrons que les IgA, en particulier les formes dimériques, favorisent 

l’augmentation de l’expression de leurs propres récepteurs, avec un effet particulièrement 

prononcé pour Dectin-1 et DC-SIGN. L’affinité des IgA1 dimériques (dIgA1) pour les 

récepteurs FcRI est particulièrement intéressante : l’IgA1 et l’IgA2 monomériques signalent 

chacune selon des cascades différentes suite à cette liaison 128. L’activation de processus pro-

inflammatoires par l’association IgA-FcRI est concomitante à l’activation des voie 

intracellulaire Erk et Syk, et est observée majoritairement lors de la liaison IgA2-FcRI128. Il 

serait intéressant d’étudier ce différentiel de réponse, corrélé à une importante sialylation des 

IgA1 et a un faible niveau de sialylation des IgA2. De plus, au vu de la polarisation des réponses 

muqueuse par les bactéries de la flore commensale, il serait important d’évaluer l’impact de la 

liaison à des antigènes commensaux ou du soi comparée à celle des pathogènes (i) sur ces 

mêmes cascades intracellulaires, (ii) sur le phénotype des moDC et leurs expressions des 

récepteurs aux IgA. Une étude transcriptomique tout le long du tube digestif, comme cela a déjà 

été fait pour caractériser la nature des cellules et la diversité épithéliales11, permettrait d’établir 

une carte de l’expression des différents récepteurs aux IgA. Un second niveau d’analyse isolant 

spécifiquement les DCs des différentes sections du tube digestif (par tri cellulaire, par exemple) 

définirait les populations les plus promptes à fixer les IgA1 ou IgA2 selon le profil d’expression 

de ces récepteurs. Ce genre d’étude, réalisable chez la souris, reste néanmoins complexe au vu 

du petit nombre de cellules disponibles. 

Nous montrons également que les formes dimériques, en particulier l’IgA2 dimérique, 

induisent plus fortement la maturation des moDC. De nouveau, il faudra approfondir ces 

résultats par l’étude du phénotype de ces DC face à des complexes Ig-antigènes. Pour 

rapprocher ces résultats de l’environnement muqueux, l’impact des complexes et les DC 

conditionnées par ceux-ci peut être testé directement sur des organoïdes intestinaux. La 

sécrétion d’IL-33, d’IL-21, de TNF-, ou encore de PPAR est susceptible d’être activée 

suivant le type de complexes. Moins ambitieusement, le tri cellulaire sur biopsies et la co-

culture des populations T, B, et macrophages avec ces DC permettrait d’établir un profil immun 

complet associé à un isoforme, une sous-classe, et un complexe formé par les IgA. La 

production d’IgA elle-même sera affectée par l’ensemble de ces réponses, en particulier du fait 

que nous montrons une augmentation de l’expression de CD40 dans les moDC. L’utilisation 

d’ELISPOT, dans lesquels seraient co-cultivés LB (d’hybridomes, par exemple) et ces moDC, 

ou bien des lysats de PP confirmerait l’importance de la nature de l’Ig dans l’entretien de la 
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sécrétion des IgA muqueuses. À cet effet, l’expression de BAFF et APRIL devra être monitorée, 

au vu de leur rôle primordial dans la commutation de classe, ainsi que la maturation, et le 

maintien, des lymphocytes B.  

Notre analyse transcriptomique montre que si les mIgA augmentent la transcription des gènes 

de l’immunité, celle des dIgA2 induit l’activation de gènes d’activation cellulaire et de 

chimiotactisme (particulièrement pour les LT, macrophages et neutrophiles) tandis que les 

dIgA1, par contre, en diminuent l’expression. L’importante production cytokinique par les 

moDC stimulées par les dIgA2, et notamment celle du TNF- et de l’IL-6, par rapport aux 

dIgA1, confirme les résultats précédemment obtenus par d’autres, qui présentent l’IgA2 comme 

plus inflammatoire que l’IgA1128,220. En l’état, cependant, ils ne confirment pas que ce 

recrutement cellulaire a lieu, aussi il est envisagée de co-cultiver d’une part les IgA (de sous-

classe et d’isoforme différente, complexées ou non) avec des neutrophiles et des macrophages 

humains pour en étudier la réponse cytokinique. D’autre part, ces mêmes macrophage et 

neutrophiles seront co-cultivés avec des DC conditionnées par ces mêmes Ig. Ce modèle 

permettrait d’inférer sur l’inflammation muqueuse en réponse aux signaux exogènes 

intestinaux, par exemple. Pour aller plus loin dans ce sens, reproduire ces conditionnements sur 

des DC murines, co-cultivées avec des lysats de PP par exemple, permettrait d’avoir une vue in 

vivo de l’impact de ce conditionnement dans la muqueuse. 

De plus, les IgA2 induisent une forte activation des LT CD8+ et orientent la réponse 

immune vers un phénotype Th1. Il serait donc intéressant de caractériser la réponse IgA et la 

réponse cytotoxique dans les maladies inflammatoires orientées vers un profil Th1, comme c’est 

le cas pour la maladie de Crohn. L’utilisation d’IgA muqueuses, purifiées chez des patients par 

exemple, sur notre modèle de moDC serait un bon travail préliminaire dans ce sens.  

De manière plus générale, notre étude bénéficierait à être reproduite avec des IgA de même 

spécificité, tests qui élimineraient la possibilité d’une interaction privilégiée. Les IgA n’étant 

pas les seules Ig sécrétoires ou même polymériques, nous souhaitons étendre l’étude aux IgM, 

qui existent sous forme monomérique (membranaire), pentamérique, sécrétoire, et 

hexamèrique. Le conditionnement des DC par ces différentes formes, le profil cytokinique et 

transcriptomique, ainsi que l’orientation de la réponse immune, sont ainsi peu décrits, en 

particulier au niveau des muqueuses. 
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B- Article 2 : Dynamique de transport des SIgM et nouvelles stratégies d’immunisation 

1- Article et résumé 

L’immunité muqueuse est assurée en première ligne par les IgA sécrétoires, notamment dans 

l’induction de la tolérance envers la flore commensale. Pour la réponse aux pathogènes, les IgA 

de haute affinité ciblent les bactéries de la lumière intestinale. Ces complexes immuns sont pris 

en charge au niveau de la PP par les cellules M du FAE. À la suite de cette reconnaissance par 

Dectin-1, les complexes SIgA-bactéries sont retro-transportés vers les DC insérées dans la 

poche de la cellule M pour induire des réponses inflammatoires appropriées. Cependant, le 

caractère sécrétoire n’appartient pas qu’aux IgA, les IgM possèdent des caractéristiques 

semblables, à savoir la liaison à la chaîne J et à la pièce sécrétoire, la multimérisation et la 

sécrétion dans la lumière intestinale via la transcytose.  

 Non montrons ainsi que le récepteur TOSO (FcR) est exprimé par les cellules M 

murines et humaines et qu’il médie le transport de l’IgM in vitro et dans des expériences de 

ligatures intestinales chez la souris. De plus, nous démontrons l’immunogénicité de complexes 

IgM-p24 lorsqu’ils sont injectés au niveau de la muqueuse nasale et intestinale validant leur 

capacité fonctionnelle à délivrer des antigènes par transcytose inverse.  
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 12 

Abstract 13 

Mucosal immunity is thought to rely mostly on secretory IgA as a first line of defense. They 14 

indeed represent the bulk of Ig secretion at mucosal surfaces and can travel to and from the 15 

lumen, where they transport antigen to subepithelial dendritic cells DC-SIGN+ (DC). However, 16 

they are not the only secretory Ig, as IgM can also multimerize into functional, J-chain- and 17 

secretory component (SC)-bound antibodies. While it is already known that both SIgA and 18 

SIgM undergo polymeric Ig receptor (pIgR)-mediated transcytosis to be secreted at the mucosal 19 

surface, only SIgA has been shown to perform the return trip in receptor-dependent manner 20 

through microfold (M) cell of the Peyer’s patch (PP). Here we investigated whether SIgM could 21 

also be uptaken by M cell in a similar manner. We show that this transport is mediated by TOSO 22 

binding at the apical membrane of M cells. We then demonstrated that it can be exploited by 23 

SIgM-p24 complexes during immunization experiment in the nasal- or gut-associated lymphoid 24 

tissues (NALT, GALT) and confers efficient humoral and cellular recall responses against p24. 25 

 26 

Keywords: IgM / secretory IgA / retrograde transport / Microfold cells / TOSO 27 
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Introduction 29 

The concept of local or mucosal immunity has expanded dramatically over the past decades. 30 

The mucosal wall is equipped with a tightly regulated defense system. The intestinal mucosa 31 

contains more than 80% of all immunoglobulin producing cells in the human body. Gut-32 

associated lymphoid tissues (GALT) are the primary inductive sites for secretory 33 

immunoglobulin, of which secretory IgA (SIgA) is the dominant entity. SIgA has long been 34 

recognized as the first line of defense in protecting the intestinal epithelium from enteric 35 

pathogens and toxins. It is generally assumed that SIgA acts primarily through receptor 36 

blockade, steric hindrance, and / or immune exclusion. Evidence has emerged indicating that 37 

SIgA promotes the uptake and delivery of antigens (Ag) from the intestinal lumen to DC subsets 38 

located in GALTs. It thusly influences inflammatory responses normally associated with the 39 

uptake of highly pathogenic bacteria and potentially allergenic Ags. This particular feature of 40 

SIgA, called reverse transcytosis, is mediated by epithelial M cells1. Our and previous data have 41 

shown that SIgA selectively binds Dectin-1 and Siglec-5 receptors at the apical membrane of 42 

Peyer’s patches (PP) M cells. This triggers SIgA transport across the epithelium towards 43 

underlying DCs of the subepithelial dome (SED) region, inducing their maturation and 44 

migration to the interfollicular areas 1. We also demonstrated that both the C1 region and 45 

glycosylation, particularly sialic acid residues, are involved in M cell–mediated reverse 46 

transcytosis. Finally, oral and nasal administration of an SIgA-bound p24 antigen vaccine 47 

candidate was shown to elicit antigen-specific immune responses in both mucosal and systemic 48 

compartments, ensureing protection against a recombinant vaccinia virus expressing the gag 49 

antigen 2,3. Although considerable emphasis has been devoted to the role of IgA because of its 50 

relative abundance in digestive tract secretions, mucosal functions of SIgM have been 51 

comparatively neglected. 52 

Human secreted IgM (SIgM) is the first antibody to be produced during an immune response. 53 

Bearing five N-linked glycosylation sites on each μ chain4, SIgM is a J chain-bound pentamer. 54 

It is secreted at mucosal surfaces through polymeric Ig receptor (pIgR)-mediated transcytosis, 55 

similarly to SIgA5,6. To date, two additional Fc receptors, FcμR and Fcα/μR, have been shown 56 

to bind to IgM 7 in addition to the pIgR 8. Both Fcα/μR and pIgR can bind both to IgA and IgM 57 

with intermediate affinity. FcμR (TOSO/FAIM3) has been identified the latest as a highly 58 

specific receptor for IgM and data suggest that it may serve as an uptake receptor for IgM-59 

opsonized antigens by B cells 9. 60 

Given that SIgA is accepted as the predominant gut antibody, little discussion has been spared 61 

for SIgM. However it represents up to 20% of mucosal antibodies in humans 10. Gut IgM+  B 62 
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cell have been shown to recall efficient anti-commensal recall response via SIgM secretion and 63 

IgA class-switch recombination (CSR)11. Studies in SIgA-deficient patients (SIgAd) show 64 

partial functional redundancy between IgA- and IgM-coated commensal bacteria12,13, thought 65 

to limit the induction of dysbiosis. Though it does not recapitulates all typical SIgA functions, 66 

human SIgM binds a broader set of commensals than that of SIgA12,13, activates complement14 67 

and extensive anti-glycan IgM repertoires protect the neonatal mucosa15 during early bacterial 68 

colonisation. Moreover, SIgM -deficient mice and humans have increased sensitivity to viral, 69 

bacterial and protozoal infection16. As these studies suggest IgM samples bacterial antigens in 70 

the intestinal mucosa, we sought to study whether M cell also transport SIgM from the intestinal 71 

lumen to PPs through receptor-specific processes. We demonstrate that SIgM were able to 72 

perform reverse transcytosis via M cells both in human in vitro models and in vivo in mice. We 73 

were then able to demonstrate that this relied on to the ability of SIgM to bind TOSO/FAIM3 74 

on M cells. We then showed that SIgM-bound p24, were uptaken by M cells in vivo the murine 75 

GALT and NALT. Finally, we were able to show that this vaccine formulation was 76 

immunogenic. 77 

 78 

Methods 79 

Reagents. Pullulan from Aureobasidium pullulans, mannan from Saccharomyces cerevisiae, 80 

Lactose, L-fructose, glycogen from bovine liver, sucrose, curdlan from Alcaligenes faecalis, 81 

laminarin from Laminaria digitata and zymosan from Saccharomyces cerevisiae were all 82 

purchased from Sigma-Aldrich.  Anti-human Dectin-1/CLEC 7A polyclonal Ab (pAb) (goat 83 

IgG), anti-human pIgR Ab (goat IgG) and anti-human CD170 mAb (Siglec-5) (mouse IgG1) 84 

were purchased from R&D Systems. Anti-human CD206 mAb (mouse IgG1) (mannose 85 

receptor) was purchased from Ozyme. Anti-human CD71 mAb (mouse IgG1) was purchased 86 

from Cliniscience. Anti-FAIM3 Ab (mouse IgG2b) and Anti-CD351 antibody were purchased 87 

from Abcam. All were blocking antibodies and were used according to manufacturers’ 88 

instructions.  89 

Cell culture. Both the human intestinal cell line Caco-2 cell (clone 1) (obtained from Dr. Maria 90 

Rescigno, University of Milan-Bicocca, Milan, Italy)17 and CHO cells were cultured in 91 

Dulbecco's modified Eagle's medium (DMEM) (PAA) supplemented with 10% (v/v) fetal 92 

bovine serum (FBS, Thermo-Fisher), 1% (v/v) non-essential amino-acids (PAA), and 1% (v/v) 93 

penicillin-streptomycin (PAA). The human Burkitt's lymphoma cell line Raji B (American 94 

Type Culture Collection) was cultured in RPMI 1640 supplemented with 10% (v/v) FBS, 1% 95 

(v/v) non-essential amino-acids, 1% (v/v) L-glutamine and 1% (v/v) penicillin-streptomycin. 96 
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Inverted in vitro model of the human FAE. The inverted FAE model has been previously 97 

published 1,18. Inverted Transwell® polycarbonate inserts (12 wells, pore diameter of 3.0 μm, 98 

Corning) were coated with Matrigel™ (BD Biosciences) prepared in pure DMEM to a final 99 

protein concentration of 100 μg/mL for 1 h at room temperature (RT). The coating solution was 100 

removed and inverted inserts washed with 300 μL of DMEM. Caco-2 cells (3 x 105), 101 

resuspended in 300 μL of supplemented DMEM, were seeded on the lower insert side and 102 

cultured overnight. The inserts were then inverted and placed in a 12-well culture dish and kept 103 

for 9 days. Raji B cells (5 x 105), were resuspended in supplemented DMEM and then added 104 

to the basolateral compartment of the Caco-2 cells, and co-cultures are maintained for 5 days. 105 

Mono-cultures of Caco-2 cells, cultivated as above but without the Raji B cells, were used as 106 

controls. Both co- and mono-cultures, is controlled by measurement of TEER using an 107 

EndohmTM tissue resistance chamber (Endohm-12, World Precision Instruments) connected 108 

to a Millicell®-ERS Ohmmeter (Millipore). The resistance of medium alone (9 Ω x cm2) was 109 

considered as background resistance and subtracted from each TEER value. Finally, the inserts 110 

were inverted in 6-well plates, and a piece of silicon tubing (14 x 20 mm, Labomoderne) was 111 

placed on the basolateral side of each insert.  112 

Immunolabelling of in vitro model of the human follicle-associated epithelium (FAE). 113 

Inserts were washed in HBSS to eliminate residual medium, incubated in 4% paraformaldehyde 114 

for 30 min, permeabilized with 0.1% Triton X- 100 (Sigma-Aldrich), and blocked with PBS 115 

containing 5% FBS for 15 min at room temperature. Immunolabeling was performed using a 116 

combination of PE-IgM, FITC-IgM, anti-human GP2 mAb (MBL), Anti-FAIM3 Ab (Abcam), 117 

and mouse anti-human CA19.9 (Dako). Each reagent was diluted to 1/100, and incubated for 2 118 

h at RT. 1/200 dilutions of secondary antibodies labeled with a fluorochrome were incubated 119 

for 1 h at room temperature. After two washes, inserts were air-dried, mounted with Fluoprep 120 

(BioMerieux), and observed by epifluorescence microscopy (Eclipse Ti, Nikon). 121 

Measure of reverse transcytosis in vitro. Transport experiments were performed in HBSS at 122 

37°C for 90 min with 10 mg of IgM (Sigma). Basolateral solutions were then recovered and the 123 

number of retro-transcytosed Ab measured by ELISA. Ninety-six-well Maxisorp plates were 124 

coated overnight with 50 µL of anti-human IgM (Abliance) (10 µg/mL in sterile PBS). 125 

Transported IgM were detected by means of incubation (for 1 hour at 37°C) with horseradish 126 

peroxidase–conjugated goat anti-human IgM (Oaris) for 1 hour at 37°C. Results are presented 127 

as mean +/- SEM concentrations.  128 



122 

 

Inhibition experiments. Cell monolayers were first pre-incubated apically with 5 mg of 129 

inhibitor in HBSS for 90 min at 37°C, and washed with HBSS, before adding the IgM 130 

suspension. All transport experiments were carried out in triplicate. 131 

SiRNA assays. ON-TARGETplus SMARTpool siRNAs (Dharmacon) were transfected at final 132 

concentration 5 nM using Silentfect reagent (Bio-Rad) in the inverted in vitro model of FAE 133 

according to the procedure provided by the manufacturer. The genes targeted in this study were 134 

Toso/FAIM3 (L-004451-00-0005), Dectin-1 (L-021476-00-0005), Siglec-5 (L-019522-02-135 

0005), EEA-1 (L-004012-00-0005), pIgR (L-017729-00-0005), Rab5 (L-004009-00-0005), 136 

Rab7 (L-010388-00-0005), Rab9 (L-004177-00-0005), Rab11 (L-004726-00-0005), Rab17 (L-137 

006474-00-0005), Rab25 (L-010366-00-0005) (Dharmacon)  138 

Mice. Mouse strains used in this study consisted of 8-week-old female BALB/c mice (Charles 139 

River). All animals were housed at the Unité hospitalo-universitaire d’expérimentation animale 140 

(Saint-Etienne, France). The protocol was approved by the Ethics Committee of CREEA 141 

(Permit number: No. 69387487). 142 

Production of p24–SIgM complexes. Polymeric IgM from the IgMHF5 hybridoma was 143 

obtained from culture in CELLline flasks (Integra, 900010) in RPMI 1640) medium 144 

supplemented with 10% fetal bovine serum (SVF), 1% streptomycin/penicillin, 2mM L-145 

glutamine (Sigma, G7513), 1% non-essential amino acids (Sigma, M7145), 10 mM Hepes 146 

(Sigma, H0887), and 1mM sodium pyruvate (Sigma, S8636). Supernatant containing IgM was 147 

purified on a  PORO CaptureSelect IgM Affinity Matrix resin (Invitrogen) every week. Purified 148 

free human SC was produced in Chinese hamster ovary cells 19. SIgM were obtained by 149 

combining pIgM molecules in PBS with a twofold excess of human SC for 1 h at room 150 

temperature as previously described 20. SIgM complexes were then purified before being 151 

covalently linked to p24 at equimolar ratio. p24 antigen was produced in CHO cells (Px 152 

Therapeutics, Lyon, France). Covalent association between p24 and SIgM was carried out with 153 

the heterobifunctional crosslinker Sulfo-KMUS according to the protocol provided by the 154 

manufacturer (Thermo Scientific, Waltham, MA, USA).  155 

IgM Administration into Ligated Loops and NALT. For ileal loop preparation, mice were 156 

anesthetized by intraperitoneal injection of a mix of ketamine and xylazine. A total of 100 μL 157 

of a 1 mg/mL solution of SIgM diluted in PBS was administered into a 1.5-cm ileal loop 158 

containing a PP. Upon completion of the experiment, mice were sacrificed, the loop was 159 

removed, embedded in optimal cutting tissue solution and placed on microscope slides.  160 

An identical SIgM solution was administered intranasally and NALT dissection was performed 161 

as previously described 2. Processed tissue was embedded in OCT solution and placed on 162 
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microscope slides. Seven micrometer sections (Leica cryostat model CM1950; Leica 163 

Microsystem, Wetzlar, Germany) were placed on Ultra Superfrost microscope slides (VWR 164 

International, Radnor, Pa). Slides were washed in PBS to eliminate residual OCT and blocked 165 

with PBS containing 5% FBS for 30 minutes at room temperature. Immunolabeling was 166 

performed with the following primary antibodies (1:200 dilution): anti-human DC-SIGN and 167 

anti–Ulex europaeus agglutinin 1 (UEA-1), both were fluorescein isothiocyanate conjugated. 168 

Slides were examined by means of immunofluorescence microscopy (Eclipse; Nikon, Tokyo, 169 

Japan). 170 

Immunization with p24–SIgM complexes. Mouse oral and nasal immunizations were 171 

performed as previously described 2,3. Immunizations consisted of three administrations of 100 172 

μL each at 1-week intervals, followed by a last boosting immunization 3 weeks later. Groups 173 

of five mice were immunized with either PBS, 50 μg of p24 or 50 μg of p24–SIgM at each time 174 

point.  175 

Recovery of blood, feces, and vaginal lavages. Biological fluids were recovered prior to- and 176 

1 week after each- immunization to examine their Ab content. Sera were collected by 177 

centrifugation at 16,000 × g and stored at −20°C until use. Feces, vaginal lavages, and saliva 178 

were incubated with HaltTM protease inhibitor cocktail (Thermo Scientific), centrifuged at 179 

16,000 × g and stored at −20°C until use.  180 

Quantification of p24-specific IgG and IgA. Abs in biological fluids p24-specific IgG/IgA in 181 

serum, vaginal lavages, feces and saliva samples were measured by quantitative ELISA. 96-182 

well Maxisorp R plates were coated with 50 μL of p24 antigen solution (5 μg/mL in sterile PBS). 183 

Bound or captured Igs were detected by incubation (1 h, 37°C) with HRP-conjugated goat anti-184 

mouse IgG, and bound IgA was detected with biotinylated goat anti mouse IgA followed by 185 

streptavidin- HRP. Results are given as the means of concentrations ± SEM and background 186 

Ab concentration measured on preimmune samples was subtracted for each animal. 187 

Detection of p24-specific Th1 response by ELISPOT. Mice were sacrificed by cervical 188 

dislocation under anesthesia 1 week after the booster immunization. ELISPOT assays were 189 

performed with cells isolated from spleen of mice as described21,22. ELISPOT assays were 190 

performed with the ELISPOTplus kit for mouse IFN-γ according to the procedure provided by 191 

the manufacturer (Mabtech, Cincinnati, OH, USA).  192 

Statistical analysis. All statistical analyses were performed with the InStat version 5.02 193 

software from GraphPad Software. A nonparametric Mann–Whitney U-test or one-way 194 

ANOVA followed by Bonferroni post hoc test was used where appropriate 23,24. The p values 195 

less than 0.05 (marked by *), or less than 0.01 (**), or less than 0.005 (***) were considered 196 
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as significant. Statistically significant differences between groups are emphasized by bars 197 

connecting the relevant columns. 198 

 199 

Results 200 

SIgM are efficiently uptaken and transported by human M cells in oral and nasal mucosae 201 

One feature of M cells is their ability to transport a broad range of materials including Abs from 202 

the lumen to the underlying follicles. Specific retro-transport of IgM was evaluated in an in 203 

vitro model of human FAE containing M-like cells as previously described 25. A significant 204 

transport of the IgM across the cell monolayer harboring M-like cells was observed (Fig. 1a). 205 

No transport was detected in the absence of M cells. Similar results were obtained with either 206 

recombinant CD20- or TNF-specific IgM (Fig. 1a). Association with human SC did not increase 207 

IgM uptake by M-like cells. Uptake of IgM by M-like cells was also confirmed by colocalizing 208 

IgM with CA19-9 and GP2 M-cell markers (Fig. 1b). Specificity of IgM reverse transcytosis 209 

was further confirmed in vivo after fluorescent IgM administration in ligated murine intestinal 210 

loop experiments (Fig. 1c). The number of IgM+ cells were 8 times more abundant than that of 211 

IgG+- cells in PPs, thus indicating increased transport of IgM trough the FAE (Fig. 1e). The 212 

nasal-associated lymphoid tissue (NALT), is separated from the nasal cavity by an epithelium 213 

containing M cells 26. This anatomic similarity with the gastrointestinal tract led us to evaluate 214 

the specific retro-transport of IgM after nasal administration in mice (Fig. 1d). Intranasal 215 

administration of fluorescent IgM showed colocalization between IgM and UEA-1, a typical 216 

murine M-cell marker27. The number of IgM+ cells were 10 times more abundant than that of 217 

IgG+ cells in the NALT (Fig. 1e). These results demonstrate that IgM is uptaken by M cells of 218 

the GALT and of the NALT before being retro-transported into lymphoid tissues. 219 

 220 

IgM reverse transcytosis is glycosylation-independent.  221 

Influence of N-glycosylation on the uptake of IgA2 by M-like cells has been previously 222 

described25. To determine whether IgM N-glycosylations could influence their uptake and 223 

transport by M-like cells, the in vitro reverse transcytosis of enzymatically digested IgM by 224 

PNGase and Neuraminidase was tested. First, SDS-PAGE performed under reducing conditions 225 

confirmed the expected molecular weight for the light and heavy chains of deglycosylated IgM 226 

(Supplementary Fig. 1a). Surprisingly, the efficiency of IgM reverse transcytosis was not 227 

dependent on its glycosylation motifs in vitro. No decrease of the retro-transport was detected 228 

in the presence of M cells either under PNGase or Neuraminidase treatment (Supplementary 229 

Fig. 1b), and no binding on M cells were detected by epifluorescence (Supplementary Fig. 1c). 230 
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To further explore the possible involvement of glycans in IgM trafficking, blocking 231 

experiments were performed using -glucans, mono- or disaccharides, and sialic acids 232 

(Supplementary Fig. 1d). In contrast with IgA2 1, any inhibition was observed with all sugar 233 

family tested, independently of the concentration used.  234 

 235 

TOSO is a new M-like cells receptor which bind IgM  236 

To further explore the uptake of IgM in M cells, Abs directed against IgA or IgM receptors that 237 

have been described as being involved in their transport were used in blocking experiments 238 

(Fig. 2a). In contrast to IgA21, the use of an anti-Dectin-1 and anti-Siglec-5 mAb did not 239 

influence IgM retro-transport. Similarly, targeting of the human myeloid IgA Fc receptor 240 

(CD89) with a specific mAb, or the mannose receptor with an anti-CD206 mAb, did not block 241 

the transport of IgM through M-like cells. Other receptors described as being involved in IgA 242 

transport such as transferrin receptor (CD71), poly immunoglobulin receptor (PIgR) and Fcα/μ 243 

receptor (CD351) showed similar results. The use of an anti-Toso mAb, a novel IgM receptor, 244 

led to an almost complete inhibition of IgM reverse transcytosis. Consistently, the binding of 245 

IgM on TOSO and the its presence on M-like cells in vitro was observed by epifluorescence 246 

microscopy (Fig. 2b) and flow cytometry (Fig. 2c). These figures show colocalisation of GP2+ 247 

and Toso+ cells and IgM+ and Toso+ cells only on cocultures, suggesting TOSO might be up-248 

regulated upon M-cell differentiation. To confirm these in vitro results, TOSO expression was 249 

also analyzed in vivo in the murine FAE (Fig. 2d) and ex vivo in the human FAE (Fig. 2e). Both 250 

panels show colocalization between Toso and M cells markers. Moreover, a significant 9-fold 251 

decrease in IgM transport when cells were treated with TOSO siRNA in vitro confirms its 252 

implication in reverse-transcytosis (Fig 2f), as background levels of IgM retrotransport were 253 

not affected after transfection with siRNA knockdown. Indeed, either with or without M-like 254 

cells in the polarized monolayer, IgM retrotransport is comparable to that in Fig. 1a (lanes 255 

control and random oligoNT). In additional control experiments, both the decrease in the level 256 

of targeted proteins and the monolayer integrity (TEER) were systematically monitored after 257 

siRNA transfection (Supplementary Fig. 2a and 2b). No significant modifications between 258 

controls, knockdown and stimulated cells were observed.  259 

Traditional transport (transcytosis) across polarized epithelial of serosal polymeric Ig into 260 

secretions requires polymeric Ig receptor and a plethora of evolutionary well-conserved 261 

intracellular proteins including EEA-1, Rab-5, Rab-9, Rab-11, Rab-17, Rab-2528–30. As such, 262 

Figure 2d shows that EEA-1, Rab-5, Rab-17 siRNA knockdown led to a significant decrease of 263 

IgM transport relative to controls.  264 
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 265 

Reverse-transcytosed SIgM target DC-specific receptors in Vivo and in Vitro 266 

To measure IgM transport from the intestinal lumen to DCs located in the SED region, we took 267 

advantage of previous data showing that SIgA is recognized by DCs via DC-SIGN receptor 268 

after their transport through M cells 1–3,31. IgM uptake by DCs was assessed in vivo in an 269 

intestinal ligated loop model and in the nasal cavity from wt mice using an anti-DC-SIGN-270 

(FITC) and IgM-(PE) specific immunostaining. IgM transported in the GALT and NALT were 271 

found in close association with murine DC-SIGN+ DCs (Fig. 3a and 3b). In parallel, HeLa 272 

transfectants stably expressing human DC-SIGN added to the basolateral chamber in Caco-2 273 

cells co-cultures were used as surrogates to human DCs populating the SED region of PPs 32. 274 

Control of DC-SIGN expression was demonstrated by the inhibition of gp120 binding on HeLa-275 

DC-SIGN+ cells by specific blocking mAbs (unpublished data). The binding of IgM that had 276 

previously crossed the monolayer containing M-like cells was observed by immunostaining of 277 

HeLa-DC-SIGN (Fig. 3c), but not with wt HeLa cells. The sum of these data sheds light on the 278 

biochemical partners involved in reverse transcytosis of IgM. SIgM is first taken up by M cells 279 

via the Toso receptor, and is subsequently targeted to DC-SIGN+ DCs located in the SED 280 

region. Such characteristics prompted us to investigate whether oral and nasal immunization 281 

with p24-SIgM complexes could induce subsequent p24-specific immune responses. 282 

 283 

Oral and nasal administration of p24-SIgM complexes via M cells is highly immunogenic 284 

BALB/c mice were immunized as described in the Methods section. Mucosal and systemic p24-285 

specific humoral immune responses were measured by ELISA in serum and various mucosal 286 

compartments, including feces and vaginal lavage samples collected 1 week after the last 287 

immunization (Fig. 4a). Immunization with p24-SIgM induced significantly higher p24-288 

specific IgG and IgA titers in serum and feces samples after oral administration compared to 289 

p24 alone. p24-IgG and IgA titers were also significantly higher than for p24 alone in vaginal 290 

lavages after nasal administration (Fig. 4a). Splenic B lymphocytes recovered from immunized 291 

mice were co-cultured with p24 in ELISpot assays. In both oral or nasal immunization routes, 292 

B cell populations included significantly higher levels of IgA- and IgG-secreting plasma cells 293 

than p24 control samples, indicating specific activation and migration of locally primed cells to 294 

distant effector sites (Fig. 4b). 295 

Induction of IFN- secreting Th1 cells in the process of fighting mucosal infections, in 296 

particular viral infections, is highly relevant. To assess this response, splenocytes from 297 

immunized mice were co-cultured with p24 in ELISpot assays. Nasal and oral immunizations 298 
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with p24-SIgM both promoted significantly more elevated IFN- production in response to p24 299 

(Fig. 4b). Altogether, these results highlight the potential of IgM as a functional and potent 300 

vaccine carrier in promotin both humoral and cellular immunity in vivo. 301 

 302 

  303 
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Discussion 304 

M cells possess a high transcytosis capacity, allowing for a wide range of materials to be 305 

transported into the mucosa, including particulate Ags, soluble macromolecules, and pathogens. 306 

The latter are delivered from the intestinal lumen to inductive sites of the mucosal immune 307 

system. M cells are also the primary route through which SIgA promote GALT immunity. We 308 

previously found that SIgA bound Dectin-1 on M cells and that the ensuing transport of SIgA-309 

bound antigen into nasal and intestinal lymphoid tissue targeted DC-SIGN+ DCs. In the current 310 

study, we investigated the transport of SIgM across the murine GALT and NALT. We provide 311 

evidence that IgM is uptaken by TOSO+ M cells of both the GALT and the NALT. We also 312 

demonstrate that it is then retro-transported towards DC-SIGN+ DC from lymphoid tissues. 313 

Finally, we validate these in vitro results using in vivo analyses of murine tissues, ultimately 314 

demonstrating that TOSO-mediated uptake of SIgM-based complexes results in productive 315 

mucosal and systemic antigen-specific Ab responses. 316 

We initially studied reverse transcytosis of IgM across human M-like cells using a cell culture 317 

model that reproduces features of the FAE tissue. We confirmed that human IgM, with or 318 

without SC, selectively bound the apical surface of in vitro-differentiated human M-like cells. 319 

Oppositely to IgA1, IgM glycosylation does not appear to impact this retro transport. This 320 

difference can be explained by the involvement of another receptor for IgM than that of IgA 321 

reverse transcytosis. A recent study shows that IgM-TOSO interaction is critically dependent 322 

on the C 4 domain, and specifically on the glutamine at position 510. Although glutamines 323 

can be glycosylated, N-glycosylation of IgM are borne by asparagines and regulate post-324 

traductional protein folding33. There is, however evidences of atypical glutamine N-325 

glycosylation in human IgG2 that suggest further caracterization of SIgM N-glycans might be 326 

required34.  Sialic acids and SC-borne glycosylation are also involved in SIgA binding to Siglec-327 

5, a co-receptor for reverse transcytosis25,35. Siglecs are abundantly expressed at the apical 328 

membrane of M cells27, and may also serve as co-receptor for SIgM transport. Amongst them, 329 

CD22 is a likely candidate, as it has already been characterized as an IgM receptor 36. Its 330 

expression by M cells, however, has not been verified.  331 

Our work evidences TOSO expression by M-like cells, together with its involvement in the 332 

reverse transcytosis of SIgM. Of note, TOSO holds a critical role IgM homeostasis, B cell 333 

survival and humoral responses : it is expressed by CD19+ cells, T cells (CD4+ and CD8+) and 334 

CD56+ CD3- NK cells in human 37,38, murine B cell 39, and is rapidly internalized upon IgM 335 

binding 40,41, suggesting enhanced responsiveness of the mucosa that is yet to be demonstrated.  336 
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Transcytosis across M cells is known to enable the selective transport of particulate antigens in 337 

the absence of any assessable damage 42,43. This holds true for soluble SIgM, as the transcytosed 338 

Ab released by M cells in the human in vitro and murine in vivo models was still able to 339 

specifically target cells expressing DC-SIGN in the basolateral environment (Figure 3a and 3b). 340 

In mucosal tissues such as the rectum, uterus, and cervix, DC-SIGN is abundantly expressed 341 

by DCs of the lamina propria and PPs, further substantiating the importance of the localization 342 

of DC-SIGN+ DCs as a first line of defense against viruses and pathogens. Moreover, DC-343 

SIGN, by binding to ICAM-3, favors the generation of antigen-specific suppressive CD4+ T 344 

cells, which produce IL-10 44, a regulatory cytokine that intervenes in both intestinal 345 

homeostasis and the production of local secretory Ig to promote commensal mutualism. 346 

Delivery in the form of SIgM-based immune complexes may thus promote both antigen-347 

specific responses host-microbe interactions. 348 
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 456 

Figure 1: IgM are able to cross through human and murine epithelium via M cells. (a) 457 

Mono- and co-cultures were incubated for 90 min at 37°C with IgM from murine hybridoma 458 

with or without SC and human recombinant TNF or CD20-specific IgM. Transported IgM was 459 

evaluated by ELISA (n=4). Vertical bars show the mean value +/- SEM. One-way ANOVA 460 

followed by Bonferroni post hoc test was used (p values: ** p < 0.01; *** p < 0.005). (b) Co-461 

localization evaluated by immunofluorescence microscopy of CA19.9-PE or GP2-PE and IgM-462 

GFP indicates binding of the Ab to M-like cells (top view). Mouse SIgM-Cy3 incubated for 60 463 

min in a ligated intestinal loop containing a PP (c) or in NALT (d) was taken up by M cells. 464 

Co-localization was observed with both UEA-1-FITC (a1) and SIgM-Cy3. Dotted lines 465 

delineate the interface between the intestinal lumen and tissue (side view). (e) Graph shows the 466 

number of SIgM- and IgG2a positive cells per lymphoid tissues. One-way ANOVA followed 467 

by Bonferroni post hoc test was used. Vertical bars show the mean value ± SEM (** p < 0.01). 468 

  469 
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 470 

 471 

Figure 2: TOSO receptor is involved in IgM reverse transcytosis. (a) Mono- and co-cultures 472 

were pre-incubated apically with 10 mg of blocking Abs directed against potential receptors 473 

prior to addition of various IgM for 90 min at 37°C. The concentration of transported IgM was 474 

evaluated by ELISA (n=4). Vertical bars show the mean value +/- SEM. One-way ANOVA 475 

followed by Bonferroni post hoc test was used. Detection of Toso on M-like cells in vitro 476 

assessed by immunofluorescence (top view) (b) and flow cytometry (c). Tissue section showing 477 

a PP obtained from an intestine in mice (d), and from patient biopsy samples taken from 478 

terminal ileum (e). Tissue were immunolabeled with PE-UEA-1 and FITC-TOSO (d) and with 479 

human PE-GP2 and FITC-TOSO (e) at RT for 2 h. Conspicuous co-localizations between GP2 480 

or UEA-1 with TOSO were observed (n = 2). On all pictures, dotted lines delineate the FAE 481 

separating the intestinal lumen and the lymphoid tissue (side view). (f) After siRNA 482 

knockdown, IgM transport were quantified in the inverted in vitro model of FAE and 483 

transported IgM was evaluated by ELISA. Vertical bars show the mean value +/- SEM. n=3 484 

independent experiments. One-way ANOVA followed by Bonferroni post hoc test was used (p 485 

values: *** p < 0.005).  486 
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 487 
Figure 3: Specific uptake and transport of IgM across murine GALT and NALT. (a) 488 

Mouse sIgM incubated for 60 min in a ligated intestinal loop containing a PP was taken up by 489 

M cells and DCs in the SED region. (n = 3). (b) Mouse sIgM was intranasally administered and 490 

incubated for 60 minutes in the nasal cavity. Co-localization was observed with both UEA-1-491 

FITC (a, b) and DC-Sign-FITC (a, b). (c) HeLa cells expressing DC-SIGN bound GFP-IgM 492 

having previously crossed the monolayer containing M-like cells in vitro. 493 

  494 
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 495 
Figure 4: p24-specific IgA, IgG responses after oral and nasal administration of p24-SIgM 496 

complexes. (a), Mice were immunized with PBS (white bar), p24 (grey bar), and p24-SIgM 497 

(black bar). (a) Serum, feces and vaginal lavage samples were isolated at day 42. (b) Spleens 498 

were isolated after 42 days, and ELISpot assays were performed on IgG and IgA antibody-499 

secreting cells (ASC) and IFN-–producing cells. Data are shown as means +/- SEMs. ANOVA 500 

followed by the Bonferroni post hoc test were performed. *P < 0.05, **P < 0.01, and ***P < 501 

0.005. Data from 2 independent experiments consisting of 5 mice per group showing very close 502 

results have been pooled (total n=10). 503 

 504 

  505 
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 506 

Supplementary figure 1: Influence of glycosylation and sialylation on the uptake of IgM 507 

by M-like cells. (a) IgM deglycosylation and desialylation was monitored by SDS-PAGE under 508 

reducing conditions and stained with Coomassie blue. (b) Mono- and co-cultures were 509 

incubated for 90 min at 37°C with enzymatically deglycosylated IgM, and transported IgM was 510 

evaluated by ELISA (n = 4). PNGase, Peptide N:glycosidase; Neura, neuraminidase. (c) 511 

Detection of deglycosylated IgM on TOSO+ or GP2+ M-like cells in vitro assessed by 512 

immunofluorescence (top view). (d) Mono- and co-cultures were pre-incubated apically with 5 513 

mg of different mono/polysaccharides and sialic acid, prior to addition of IgM constructs for 514 

90 min at 37°C. The concentration of transported IgM was evaluated by ELISA (n=4). Data are 515 

shown as means +/- SEMs. ANOVA followed by the Bonferroni post hoc test were performed. 516 
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 517 

Supplementary figure 2: Confirmation of the effect of siRNA transfection in the inverted 518 

in vitro model of human FAE. (a) Western Blot show decrease of the amount of proteins 519 

between control “-“ (no target knockdown) and knocked down cells “+”. (b) TEER is measured 520 

to detect the monolayer integrity and M cell conversion. No statistical changes between control 521 

and knockdown cells have been observed.522 
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2- Conclusions et perspectives 

Pour la première fois, nous démontrons le rétrotransport des IgM à travers les cellules 

M in vitro et in vivo, transport indépendant de la SC. Cela pose la question de l’importance de 

la SC pour les SIgM muqueuses : est-ce, comme pour les IgA, un moyen de reconnaissance 

non-conventionnel des bactéries commensales, par exemple par des interactions glycans-

glycans ? Pour répondre à cette question, différentes constructions d’IgM, sécrétoires ou non, 

muqueuses (fécales) ou circulantes, liées à la SC ou non, seront placées en présence de souches 

bactériennes commensales ou pathogènes dans des expériences d’agglutination bactérienne. 

L’expérience sera reproduite avec la SC seule, dans un premier temps, puis avec des IgM issues 

d’hybridomes réalisés à partir de résection chirurgicale chez des patients Crohn. Avec ces 

dernières nous évaluerons l’effet d’IgM produites en conditions inflammatoires muqueuses, 

fonction qui n’est pas décrite à ce jour.   

Le dynamisme de ce transport sera également à évaluer : comme pour l’article précédent, la 

question des complexes Ig-antigènes se pose. Puisque le co-récepteur Siglec-5 est recruté pour 

la RT des SIgA, il serait vraisemblable que d’autres Siglecs, abondants à la membrane apicale 

des cellules M puissent être impliqués, en particulier pour la reconnaissance de complexes 

immuns. Les modalités de la RT des SIgM seront donc réévaluées lorsque celles-ci sont liées à 

différents types d’antigènes (soi, non-soi, commensal, pathogène), et des expériences de co-

immunoprécipitation seront également mise en place, en recherchant spécifiquement des 

protéines de la famille des Siglecs. Pour ceci, CD22, est l’un de nos candidats phare, puisqu’il 

est déjà impliqué dans la reconnaissance des IgM grâce à laquelle il limite l’engagement du 

BCR 388. Il serait également intéressant, comme nous l’avons déjà fait pour le récepteur Dectin-

1 de développer un modèle murin TOSO KO et d’y mesurer la RT des IgM in vivo, ainsi que 

l’impact que l’absence de la signalisation TOSO-IgM a sur l’immunité muqueuse. Nous 

n’avons, jusqu’ici, pas réussi à obtenir de telles souris.  

 Nous confirmons l’utilisation de ce transport rétrograde des IgM lors d’expérience in 

vivo dans la muqueuse intestinale et la muqueuse nasale murines, et que, comme les SIgA elles 

peuvent être adressées au récepteur DC-SIGN. Reste donc à caractériser les réponses immunes 

que cette interaction entraîne : pour cela, il serait intéressant de cultiver des lysats de PP murines 

avec ces même IgM (complexées ou non) pour évaluer la sécrétion cytokinique et l’état 

d’activation des différents effecteurs immuns par cytométrie en flux. De plus, directement sur 

le modèle in vitro de FAE, il est possible de récolter les cellules de la monocouche pour en 

extraire les ARN et analyser les profils transcriptomiques engagés.  De plus, nous avons 
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précédemment montré que les SIgA peuvent être utilisées comme vecteur vaccinal 

muqueux389,390. Au vu de la valence des SIgM et du présent constat qu’elles effectuent la RT, 

un travail similaire est à envisager, et permettrait l’élaboration de formules vaccinales 

multivalentes.  

 Nous faisons le constat surprenant que les glycosylations des SIgM sont dispensables 

pour la RT, leur rôle reste donc à éclaircir. La production d’IgM augmente de manière 

compensatoire chez les patients présentant des déficits en IgA (SIgAd)209,391. Étudier la 

structure, et notamment les glycosylations, de ces IgM dans les compartiments sanguins et 

fécaux, en la comparant à celle d’individu sain permettrait de répondre en partie à cette question. 

Également, la purification chez des souris SIgAd et l’injection de ces IgM dans des anses 

intestinales permettraient d’élucider les dynamiques de transport des IgM en conditions 

physiologiques et en conditions pathologiques. De même, le rôle des SIgM en contexte 

inflammatoire muqueux, reste inconnu. Une étude similaire chez des patients atteints de MICI 

et dans des modèles murins de colite est à envisager à la suite de ces premiers résultats. Nous 

souhaiterions illustrer la fonction de l’IgM comme une alternative, lorsque la fonction des IgA 

est altérée ou que celles-ci sont absentes.  

 La RT des IgM est un phénomène récepteur-dépendant, qui requiert la liaison à TOSO 

(FcR). Pour caractériser les conséquences de cette liaison et ses modalités, il nous faudra 

étudier les cascades de signalisation intracellulaire engagées par TOSO pour le recrutement des 

protéines vésiculaires, par l’utilisation d’inhibiteurs spécifiques des voies canonique 

intracellulaires. À l’image du FcRI, pour la liaison duquel IgA1 et IgA2 engagent différentes 

voies intracellulaires, nous voulons montrer que suivant la forme d’IgM et le complexes 

immuns, ce recrutement est régulé différemment.  

 Il nous restera enfin à caractériser les capacités neutralisantes des IgA et IgG produites 

en réponse à l’immunisation par des complexes IgM-antigènes, et à évaluer la persistance de 

cette immunité protectrice sur le plus long terme.  

 

Ces travaux mettent en lumière le rôle fondamental des Ig sécrétoires dans la polarisation des 

réponses immunitaires muqueuses, en conditionnant les DC vers un profil plus ou moins 

inflammatoire, et en leur acheminant des antigènes via la RT. Nous pensons donc que ces 

mécanismes régulateurs sont affectés par la mise en place de l’inflammation chronique au cours 

de MICI, et contribuent au maintien de cette inflammation dans la muqueuse.  
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Chapitre 2 – Rôle pathogénique des IgA 

sécrétoires 
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A- Introduction 

Les MICI sont des pathologies chroniques du tube digestif auxquelles appartiennent la 

maladie de Crohn (MC) et la rectocolite hémorragique (RCH). Elles se caractérisent par une 

inflammation chronique et la perte de la diversité commensale. Cette dernière se traduit par une 

diminution du ratio Firmicutes/Bacteroidetes341,342. Les espèces de la flore ont, en conditions 

saines, pour fonction d’assurer la digestion et la protection de la muqueuse par compétition avec 

des espèces pathogènes. Elles produisent des métabolites, les SCFA, qui sont essentiels à la 

cicatrisation, l’énergie, la promotion de la tolérance immune et au renouvellement du mucus 

72,81,96,392,393. Dans les MICI, ces espèces se raréfient, en particulier Faecalibacterium 

prausnitzii76,394, et les espèces Roseburia, Blautia, Ruminococcus et Bifidobacterium306. En 

contrepartie, des espèces normalement rares comme les bactéries SFB et des espèces oro-

pharyngées comme Streptococcus salivarius colonisent la muqueuse13. Parmi les nombreuses 

associations génétiques connues pour les MICI, les polymorphismes sur le gène PRR 

intracellulaire NOD2 sont associés au développement de la MC et représentent la plus forte 

association génétique connue. NOD2 est un senseur bactérien inné impliqué dans la régulation 

de la voie NF-B. Ce rôle central dans la détection de pathogènes intracellulaire le place en 

première ligne dans la réponse à l’invasion des tissus : son inactivation pourrait donc contribuer 

à la rupture de la barrière intestinale au cours de la MC.  

Les SIgA et les SIgM ont pour rôle la sélection du microbiote commensal et la 

ségrégation des espèces pathogènes232. Parmi les deux sous-classes d’IgA humaine, IgA1 et 

IgA2, seulement l’IgA2 possède la capacité, une fois secrétée et liée à une cible antigénique, 

d’être transportée depuis la lumière intestinale vers la muqueuse43. Ce mécanisme, RT, n’est 

possible qu’au niveau des cellules M du dôme sous-épithélial après reconnaissance des 

glycosylations des IgA2 par Dectin-1 et Siglec-543. Le transport de complexe-immuns selon ce 

mode permet l’activation rapide des DC CD11c+ enchâssées dans la poche de la cellule M et la 

polarisation de réponses inflammatoires43,68,200. Ces sous-classes d’IgA se distinguent 

structurellement : les IgA1 ont une plus longue région charnière très O-glycosylée et deux sites 

de N-glycosylation 126, alors que les IgA2 ont une région charnière plus courte et sont 

majoritairement N-glycosylées 230. Bien qu’il semble que l’IgA1 occupe une fonction plutôt 

anti-inflammatoire, et que son niveau de sialylation régule cette fonction128,220, l’impact de la 

structure et de la sous-classe d’IgA sur l’orientation de la réponse muqueuse ou sur la dysbiose 

est encore peu défini. Une forte opsonisation des bactéries par ces IgA est associée à un 

amoindrissement de la diversité commensale dans la MC302. D’autre part, les premières lésions 
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liées à l’inflammation de la MC sont observées au niveau du FAE de la PP395. Ici, nous 

supposons que cette inflammation est entretenue par une augmentation du transport de ces 

complexes IgA-bactéries au niveau des cellules M. Nous évaluons également la possibilité que 

ce transport soit régulé par NOD2. En parallèle, nous avons souhaité étudier le microbiote 

spécifiquement associé aux IgA1 et les IgA2 intestinales dans les MICI.  

   

A l’aide de biopsies de PP de patients avec et sans polymorphisme NOD2, nous 

montrons une augmentation du transport d’IgA. Plus encore, il apparait que NOD2 régule 

négativement l’expression membranaire de Dectin-1 et Siglec-5 sur la cellule M. Ces résultats 

inédits suggèrent que NOD2, au-delà de son rôle de senseur, occupe également un rôle crucial 

dans la régulation des réponses envers le microbiote intestinal, en tempérant les réponses innées 

envers la flore. De plus, nous montrons que la MC est caractérisée par une sélection accrue par 

les IgA1 d’espèces bénéfiques, dont Faecalibacterium qui pourrait être à l’origine de la 

disparition de ces espèces dans le microbiote des patients. Ce défaut s’accompagne d’une 

propension des IgA1 à effectuer la RT selon un mode Dectin1-dépendant, processus 

normalement réservé aux IgA2.  La RCH est caractérisée par une perte de fonction des SIgA : 

ni les SIgA1 ni les SIgA2 ne peuvent effectuer la RT, malgré une diversité microbienne dans 

les fractions IgA+ similaires au groupe contrôle. Elles ont, de plus, perdu significativement leur 

réactivité contre les glycans communs du soi et de la flore qui caractérisent les réponses IgA 

muqueuses anti-inflammatoire en conditions saines. 
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B- Article 3 : Rôle des polymorphismes NOD2 dans la régulation de la transcytose inverse des IgA 

dans la maladie de Crohn . 

NOD2-dependent influence of secretory IgA complexes in inducing GALT 1 

inflammation in Crohn’s disease (Sous presse, Nature Communication) 2 
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 16 

Abstract 17 

 Intestinal microfold cells (M cells) are the primary pathway for translocation of secretory IgA 18 

(SIgA)-pathogen complexes to gut-associated lymphoid tissue (GALT). Uptake of secretory 19 

IgA/commensals complexes is important for priming adaptive immunity in the mucosa. This 20 

study aims to explore the effect of SIgA retrograde transport of immune complexes in Crohn’s 21 

disease (CD). A significant increase of SIgA transport in CD patients with NOD2-mutation 22 

compared to CD patients without NOD2 mutation and/or healthy individuals has been observed. 23 

NOD2 has a direct effect in the IgA transport through human and mouse M cells by 24 

downregulating Dectin-1 and Siglec-5 expression, two receptors involved in retrograde 25 

transport. These findings define a new mechanism of NOD2-mediated regulation of mucosal 26 

responses to intestinal microbiota, which is involved in CD intestinal inflammation and 27 

dysbiosis.  28 

 29 

Keywords: Crohn’s disease, secretory IgA, retrograde transport, Microfold cells, NOD2 30 
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Introduction 31 

The ability of the host immune system to discriminate between pathogens and commensals is 32 

essential to maintain mucosal homeostasis 1,2. The critical importance of maintaining a mucosal 33 

homeostatic mechanism in the intestine is highlighted when functional or genetic deficiencies 34 

exist. An example of such failure in maintaining finely balanced immune response is the 35 

development of chronic intestinal inflammation, such as Crohn’s disease (CD). CD is an 36 

idiopathic, chronic regional enteritis that most commonly affects the terminal ileum but has the 37 

potential to affect any part of the gastrointestinal tract from mouth to anus. CD is thought to 38 

occur as a result of breakdown in self-recognition of commensal bacteria together with mucosal 39 

barrier dysfunction in individuals with a given genetic background 3–5. The most strongly 40 

associated genetic risk factor for CD in Western populations remains NOD2, an intracellular 41 

pattern recognition receptor important in immune defense against intracellular microbes 6–8. 42 

NOD2 is known to regulate the intestinal barrier function, limiting the transcellular 43 

permeability and bacterial translocation 9,10. The CD-associated mutation in NOD2 44 

(Leu1007fsinsC, Gly908Arg, and Arg702Trp) 10, located within the LRR region of the protein, 45 

results in loss of NF-B activation in response to muramyl dipeptide (MDP).  However, the 46 

reasons why inactivation of NOD2 can result in chronic colitis remain largely speculative. 47 

Secretory IgA (SIgA), the most abundantly secreted antibody isotype in mammals, has long 48 

been recognized as a first line of defense in protecting the intestinal epithelium from enteric 49 

pathogens and toxins 11–16. Recognition of enteric pathogens by the intestinal immune system 50 

results in the production of high affinity, T-cell-dependent, pathogen-specific IgA, which is 51 

“transcytosed” into the intestinal lumen. In recent years, evidence has emerged indicating that 52 

SIgA2, promotes the uptake and delivery of antigens (Ags) from the intestinal lumen to 53 

dendritic cell (DC) subsets located in gut-associated lymphoid tissues (GALTs), and influences 54 

inflammatory responses normally associated with the uptake of highly pathogenic bacteria and 55 
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potentially allergenic Ags 17. This particular feature of SIgA, called retrograde transport (or 56 

reverse transcytosis), is mediated by epithelial M cells 18–21. Both the C1 domain of SIgA2 57 

and its associated Sialic acid (Sia) residue glycosylation are involved in M-like cell-mediated 58 

reverse transcytosis. Dectin-1 and Siglec-5 have been identified as essential receptors for SIgA 59 

uptake on M-cells 19. Finally, Dectin-1/Siglec 5-mediated uptake of SIgA-based complexes 60 

results in productive mucosal and systemic Ags-specific Ab responses 19. However, although 61 

the potentially useful properties of M cells on SIgA uptake are now well known, the regulation 62 

and pathway(s) whereby SIgA is transported across M cells remains elusive.   63 

Increase of the intestinal permeability has for many years been recognized as a pathogenic 64 

factor in CD. An abundance of clinical, epidemiologic, and animal model studies have assessed 65 

the impact of various commensal and potentially pathogenic enteric bacteria that may trigger 66 

or exacerbate IBD 22,23. In a population-based cohort study, an increased risk of IBD was 67 

demonstrated in individuals notified in laboratory registries with an episode of Salmonella 68 

gastroenteritis 24. This finding promotes the concept that pathogens that cause acute intestinal 69 

inflammation may predispose individuals to later development of CD, perhaps by causing initial 70 

intestinal inflammation or alterations of the intestinal microbiota to promote the formation of 71 

colitogenic microbes. We hypothesized that the mucosal inflammation observed in CD patient 72 

could be due to an increasing transport of IgA-pathogen complexes from lumen to Peyer’s 73 

patches (PP) immune cells through M cells. Indeed, after reverse transcytosis, bacteria-IgA 74 

complexes are taken up by CD11c+ DCs, and can induce inflammatory responses 18,19. 75 

Moreover, intestinal bacteria selected on the basis of high coating with IgA is associated with 76 

reduced gut microbial diversity in human 25 and conferred dramatic susceptibility to colitis in 77 

germfree mice 12,26. The earliest observable CD lesions are reported to occur in the follicle 78 

associated epithelium (FAE), where M cells are abundant 27, where the PPs are more numerous, 79 

and where IgA2 predominates 28. NOD2 mutations associated with CD primarily predispose to 80 
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the development of lesions in the ileal compartment 29, indicating that disease susceptibility is 81 

increased by altering signaling interactions between intestinal microbiota and the mucosal 82 

innate immunity. Hence, we next hypothesized that NOD2 regulates IgA retrograde transport 83 

might explain the dysregulation observed in patients with NOD2 mutations.  84 

We observe an increasing transport of IgA in human PP biopsies obtained from CD patients 85 

with or NOD2 mutations. We demonstrate that NOD2 has a regulatory effect in the IgA 86 

transport through human and mouse M cells by decreasing the Dectin-1 and Siglec-5 expression 87 

on M cells, already identified to act as co-receptors in this process. Our findings define a new 88 

mechanism of NOD2-mediated regulation of innate immune responses to intestinal microbiota 89 

which is involved in the initiation and/or perpetuation of the mucosal inflammation observed 90 

in CD patients. 91 

 92 

Results 93 

NOD2 mutation significantly increases SIgA reverse transcytosis in Crohn’s disease 94 

patients 95 

We initially examined whether the transport of SIgA was modified as a consequence of the 96 

disease, and second refined the analysis to samples collected from CD patients with or lacking 97 

NOD2 mutations. To address this question, we first determined NOD2 genotypes from PP 98 

biopsies in the terminal ileum from healthy (n=8) or CD (n=20) followed by quantification of 99 

SIgA-positive cell numbers. The mean fold-increase of SIgA-positive cells per PP was 2.8 in 100 

CD patients expressing NOD2 frameshift polymorphisms (n=10) compared to healthy 101 

individuals (n=8) and CD patients expressing wild type (WT) NOD2 (n=10). A first, 102 

colocalization (Fig. 1b) with anti-IgA Ab and anti-secretory component (SC) Ab confirm that 103 

IgA was not enriched from inside (interstitial fluids) but from the lumen (retrotranslocation of 104 

SIgA from the lumen to the Peyer’s patches). Colocalization IgA+/SC+ was observed in all 105 
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tested biopsies (healthy n=8; CD patients with NOD2 frameshift polymorphisms n=10; CD 106 

patients with WT NOD2 n=10). A second colocalization IgA2+/DC-SIGN+ (Fig. 1b) indicate 107 

that counted SIgA+ cells derived from the retrograde transport of SIgA through M cells followed 108 

by their DC uptake. Increase of SIgA retrotransport is not observed in segments of the intestine 109 

lacking PPs (Fig. 1a and b). Weak differences in numbers of SIgA+ cells were measured in 110 

patients with NOD2 polymorphisms R702W (n=4) or FS1007insC (n=3) or R702W/G908R 111 

(n=3) (Fig. 1a). The sum of the data demonstrates an increase in PP-associated SIgA in the 112 

subset of CD patients displaying mutated NOD2 gene solely. 113 

  114 

NOD2 deficiency significantly increases IgA retrograde transport in murine Peyer’s 115 

patches 116 

In the absence of NOD2, PPs present a higher level of CD4+ T cells and M cells in the FAE 117 

and increased levels of Th1 (IFN-γ, TNF-α and IL-12) and Th2 (IL-4) cytokines. These immune 118 

alterations are associated with an increase of paracellular permeability and yeast/bacterial 119 

translocation 30,31. Hence, we next hypothesized that at steady-state, the dysregulation observed 120 

in CD patients with NOD2 mutations may favor SIgA reverse transcytosis, and ultimately lead 121 

to excessive uptake of bacteria-SIgA complexes. 122 

To this aim, we sought to determine whether the loss of NOD2 expression affected transport of 123 

SIgA in a NOD2 knock-out (KO) mouse model. Transport of fluorescently labeled SIgA was 124 

compared between NOD2 KO mice and WT mice by examining the fate of the antibody 125 

molecule after administration into a ligated intestinal loop containing a PP. As observed in 126 

human gut biopsies obtained from patients with NOD2 polymorphisms, the mean fold-increase 127 

(2.3) of SIgA transport from lumen into the PP in NOD2 KO mice (112.4 ± 14.5) was 128 

significantly different when compared to WT mice (49.4 ± 7.6).  This significant increase of 129 

IgA transport, together with a significant decrease after MDP-PAM treatment demonstrate the 130 
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implication of NOD2 in the process of transcytosis (Fig. 2a). Cy3 administered per se in the 131 

ligated intestinal loop did not yield any fluorescent signal in tissue sections (data not shown). 132 

Finally, we did not observed any retrotranscytosis of negative controls as BSA or an irrelevant 133 

mouse IgG using a ligated intestinal loop model suggesting that the effect is SIgA-dependant 134 

(Fig. 2a).  135 

Oral administration of HIV p24 in association with SIgA to littermate WT mice leads to the 136 

generation of a robust immune response against the viral antigen. In this experimental setting, 137 

SIgA serves as a delivery system carrying an intact HIV p24 antigen into intestinal M cells in 138 

PPs 20. We thus speculated that the increased retro-transport of SIgA observed in NOD2 KO 139 

mice would result in improved p24-specific reactivity after oral immunization as compared to 140 

littermate WT mice. First, we confirmed the same ability of IgA to bind to the same microbiota 141 

pattern in littermate or NOD2 KO mice, as previously described 33 (Fig 2c).  It was also 142 

confirmed by quantification of IgA+ bacteria with flow cytometry (Fig 2b). As oral 143 

immunization is well known to induce both systemic and mucosal responses, antigen-specific 144 

response was measured in both serum and feces samples 1 week after the last immunization. 145 

Systemic p24-specific IgG and fecal IgA titers were significantly increased in NOD2 KO mice 146 

as compared to littermate WT mice (Fig. 2d and 2e). Oral delivery of an equivalent amount of 147 

p24 alone was not sufficient to induce a specific Ab responses in either KO or littermate WT 148 

animals (Fig. 2d and 2e). Because the local tissue-dependent nature of immune responses relies 149 

highly on the controlled production of cytokines, a panel of them was measured by Luminex in 150 

serum and feces obtained 24 h after the last immunization. In comparison with p24 alone, p24-151 

SIgA was a potent inducer of all the tested cytokines in serum but also TNF-, INF- and IL-152 

17 measured in feces of NOD2 KO mice (Fig. 2f). Immunization with SIgA alone has no effect 153 

on the production of cytokines. Except for IL-10, no difference in cytokine secretion was 154 

observed between littermate WT and NOD2 KO mice. The increase of IL-10 in serum after 155 
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immunization with p24-SIgA in the NOD2 KO mice may indicate regulation of the systemic 156 

inflammatory process following initial priming of the specific Th cell response. Taken together, 157 

these results indicate that transport of p24-SIgA complexes is dependent on functional NOD2 158 

and results in the regulated passage of the hooked Ag, which is subsequently processed to 159 

trigger the onset of mucosal and systemic antibody and cytokine responses. 160 

  161 

SIgA-Salmonella immune complexes amplify Salmonella-induced colitis in mice. 162 

The demonstration that SIgA reverse transcytosis in NOD2 KO mice favors the transport of a 163 

bound Ag, as reflected by the detection of specific immune responses, suggests that such a 164 

mechanism may be involved in the pathogenesis of chronic colitis. To address this hypothesis, 165 

KO mice displaying opposed effects on intestinal SIgA retrograde transport (i.e. NOD2 KO 166 

mice identified as promoting intestinal retrograde transport (this study), and Dectin-1 KO mice 167 

known to abrogate reverse transcytosis 19) were used and compared with WT littermate animals. 168 

The disease condition was triggered upon administration of dextran sodium sulfate (DSS) in 169 

drinking water (positive control), or after oral delivery of Salmonella Typhimurium alone 170 

(Salmonella-induced colitis model) or in association with murine Salmonella-specific SIgASal4 171 

(working hypothesis). In control experiments, oral administration of the Dectin-1 antagonist 172 

laminarin, known to suppress the development of DSS-colitis 34, was used to further verify the 173 

impact of SIgA retrograde transport inhibition. 174 

In comparison with the PBS control group, oral administration of Salmonella alone in littermate 175 

WT mice resulted in a significant increase of inflammation severity, as determined by the 176 

measurement of the Disease Activity Index (DAI) (Fig. 3a). Oral delivery of Salmonella-177 

SIgASal4 complexes led to a weak, yet statistically significant further increase in DAI at day 5 178 

(Fig. 3a). DSS-treated littermate WT mice showed the highest signs of disease. Blocking of 179 

Dectin-1, and thus reduction of SIgA reverse transcytosis by addition of laminarin in the 180 
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drinking water, markedly decreased the severity of colitis. In support of our working hypothesis, 181 

NOD2 KO mice with increased SIgA reverse transcytosis and thus higher intestinal transport 182 

of Salmonella exhibited a DAI resembling that of DSS-treated animals (Fig. 3a), well above 183 

the index observed in the Salmonella alone condition. Such a colitis-preventing effect was 184 

impaired upon delivery of laminarin to mice (Fig. 3a). The “clinical” progression of colitis was 185 

also confirmed by quantifying neutrophil infiltration in the lamina propria (Fig. 3b), according 186 

to the Nancy histological score (Fig. 3c), by measuring weight loss (Supplementary Fig. 1a), 187 

serum IL-6, CRP and Lipopolysaccharide (LPS) (Supplementary Fig. 1b). The high level of 188 

blood LPS in Salmonella-IgA treated mice reflect the IgA-based retrotranscytosis of Salmonella 189 

through the intestinal epithelium. This seems to demonstrate the inability of Sal4 IgA to 190 

neutralize Salmonella under our experimental conditions as previously described  35. To confirm 191 

this point, we measured the aggregation of Salmonella Typhimurium after SIgASal4 binding 192 

35. We did not observed in vitro a significant increase in Salmonella aggregates after SIgA 193 

binding (Supplementary Fig. 1c). The absence of aggregates confirms the non-neutralizing 194 

character of Sal4 IgA in our experimental conditions. This could indicate that these aggregates 195 

are only capable of forming in vivo and do not alter the retrotranscytosis ability of IgA. 196 

SIgA-Salmonella treated mice without laminarin have been isolated, plotted and significantly 197 

highlighted by comparing littermate WT and Nod2KO mice (Supplementary Fig. 1d). The 198 

significative difference of DAI at day 5 after SIgA-Salmonella administration clearly confirms 199 

the role of Nod2 in SIgA-Salmonella transport. This statement was also observed using a 200 

Salmonella-GFP bound with SIgA administered into a ligated intestinal loop containing a PP 201 

in NOD2 KO mice and WT littermate mice (Supplementary Fig 1e). Results obtained by 202 

blocking Dectin-1 by addition of laminarin in the drinking water were similar by using Dectin-203 

1 KO mice (Supplementary Fig. 1f) and are consistent with previous reports 34. Thus, SIgA 204 
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reverse transcytosis seems to play a role in colitis induction by a NOD2-mediated increased 205 

transport of pathogens. 206 

 207 

NOD2 modulates the expression of Dectin-1 and Siglec-5 receptors involved in IgA reverse 208 

transcytosis 209 

In the mouse intestine, selective IgA reverse transcytosis across the epithelium has been shown 210 

to depend on the expression of Dectin-1 and to a lesser extent Siglec-5 on M cells 19. IgA reverse 211 

transcytosis can be recapitulated in the in vitro model of FAE comprising human polarized 212 

Caco-2 cells and M-like cells. Traditional transport (transcytosis) across polarized epithelial of 213 

serosal polymeric IgA into secretions requires polymeric Ig receptor and a plethora of 214 

evolutionary well-conserved intracellular proteins including EEA-1, Rab-5, Rab-9, Rab-11, 215 

Rab-17, Rab-25. Because the regulation of vesicle trafficking along the retro-transcytotic 216 

pathway is unknown, we found it important to determine whether NOD2 may somehow 217 

contribute to fine-tune the expression of either one of the two receptors and/or the putative 218 

organelle-specific proteins. 219 

In order to address the nature of possibly involved proteins, we took advantage of the in vitro 220 

model of FAE. In the absence of M-like cell conversion, the plain Caco-2 cell polarized 221 

monolayer (mono-culture) allowed weak retrotranscytosis of the reporter IgA-luciferase fusion 222 

protein (IgA-Luc), in agreement with previous data 19. This background level was not affected 223 

after transfection with siRNA targeting a selection of extra- and intracellular proteins, as 224 

indicated in Fig. 4a. In the presence of interspersed M-like cells in the polarized monolayer (co-225 

culture), SIgA reverse transcytosis of IgA-Luc was increased by a factor of 4 (Fig. 4a, lanes 226 

control and random non targeting oligo). Among the assayed candidates, the targeting of EEA-227 

1, Rab-5, Rab-17, as well as SYK and TAK1 proteins involved in Dectin-1 signaling pathway 228 

led to a significant 3-fold decrease of SIgA-Luc transport, as compared to controls (Fig 4a). 229 
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This decrease compares with that resulting from the targeting of Dectin-1 and Siglec-5 used as 230 

positive controls. A significant 2-fold increase of IgA transport in cells treated with NOD2 231 

siRNA, together with a significant 3-fold decrease after MDP-PAM treatment confirm the 232 

implication of NOD2 in the process of transcytosis, and indirectly validates the results obtained 233 

via the FAE model (Fig 4a). Western Blot (Supplementary Fig. 2a) or quantitative RT-PCR 234 

was performed to correlate the decrease of mRNA level and its expected increase after 235 

MDP/PAM treatment, (Supplementary Fig. 2b). In additional control experiments, both the 236 

decrease in the level of targeted proteins and the monolayer integrity (TEER) were 237 

systematically monitored after siRNA transfection (Supplementary Fig. 2c). No significant 238 

modifications between controls, knockdown and stimulated cells were observed. Staining of 239 

tight junctions using ZO-1 detection confirmed the monolayer integrity after siRNA 240 

transfection (Supplementary Fig. 2d). Finally, the retrotransport of cholera toxin (CT), which 241 

is known to use the Rab-5 pathway 36, has been use as a positive apical-to-basal transport control 242 

to test the efficacy of siRNA knockdown on either monoculture or coculture conditions 243 

(Supplementary Fig. 2e). After Rab-5 siRNA knockdown, CT transport is significantly reduced 244 

in our inverted in vitro model, confirming the role of Rab-5 in CT transport and the efficacy of 245 

siRNA knockdown. 246 

To identify if EEA-1, Rab-5, Rab-17, Dectin-1 and Siglec-5 as key partners in IgA reverse 247 

transcytosis, IgA2 was added apically in the in vitro model of FAE for 30 or 60 min, and IgA2-248 

associated proteins complexes were recovered after immunoprecipitation with protein M-249 

agarose beads. Association between IgA2 and EEA-1, Rab-5, Rab-17, Dectin-1 and Siglec-5 250 

was revealed by immunodetection with a battery of specific antibodies (Fig. 4b). Specific 251 

colocalizations IgA+/EEA-1+, IgA+/Rab-5+, and IgA+/Rab-17+ were also confirmed by 252 

immunofluorescence. No colocalization was observed with Rab-7, Rab-9, Rab-11, Rab-25 and 253 

pIgR with IgA (Fig. 4c). 254 
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The role of NOD2 in modulation of protein expression associated with SIgA reverse 255 

transcytosis was investigated next. The in vitro model containing M-like cells (co-culture) or 256 

not (mono-culture) was used as such, or following of NOD2 knockdown with siRNA. Proteins 257 

were recovered from whole cell lysates and their relative abundance was assessed by Western 258 

blot (Fig. 5a). The expression of Dectin-1 and Siglec-5 was significantly increased after NOD2 259 

knockdown, whereas no relevant changes were observed upon analysis of the endosomal 260 

proteins tested. MDP-PAM treatment led to a decrease of expression of the two IgA receptors 261 

(Fig. 5b). When examining specifically the expression of Dectin-1 and Siglec-5 in GP2+ M-like 262 

cells, as tested by flow cytometry, a consistent 3-fold increase of either receptor occurred in 263 

NOD2 knockdown cells was confirmed as compared to unconverted cells with an enterocyte 264 

phenotype (Fig. 5c). In support of data in Fig. 5b, MDP-PAM treatment did not result in any 265 

significant changes in expression of either receptor.  Dectin-1 and/or Siglec-5 expression has 266 

not been detected on enterocytes. This observation has been confirmed in NOD2 KO mice 267 

where Dectin-1 expression is increased on Peyer’s patches M cells compared to WT mice (Fig. 268 

5d). Finally, we investigate the involvement of NOD2 in other stages of the mucosal IgA 269 

pathway, such as production. Figure 5e clearly shows no significant difference in IgA 270 

concentration observed in serum or feces between NOD2KO mice and littermate WT mice. The 271 

sum of the data implicates NOD2 in M-like cells as the plausible player involved in Dectin-1 272 

and Siglec-5-mediated facilitated retrograde transport of IgA across a tight epithelial mimic. 273 

 274 

Discussion 275 

So far, the mechanisms involved in the loss-of-function polymorphisms on downstream NOD2 276 

signaling and the pathogenesis of CD remain largely unknown. A commonly recognized finding 277 

is that defects in NOD2 result in a constitutively weak inflammatory response that can lead to 278 

increased intestinal bacterial load and with time to chronic intestinal inflammation observed in 279 
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CD 8,37. Here we demonstrate for the first time that the mucosal inflammation observed in CD 280 

patients is could be due to an increased transport through M cells of IgA-bacteria complexes 281 

from the lumen to immune cells present in the PP. First, we found that IgA reverse transcytosis 282 

was significantly increased through human (Figure 1) and mouse (Figure 2) M cells when 283 

NOD2 is mutated or absent. At steady state, NOD2 seems to down-regulate the IgA retrograde 284 

transcytosis through M cells. In CD or colitis mouse models, the absence of NOD2 could 285 

increase the transport of IgA-bacteria complexes inducing mucosal inflammation. It is well 286 

established that polymorphism of the NOD2 gene is a major risk factor in CD. However, a 287 

molecular explanation of how such loss of function leads to increased susceptibility to CD 288 

remains unclear. Hedl et al. have shown that NOD2 signaling activates the mTOR pathway 289 

which induce the upregulation of anti-inflammatory mediators and simultaneously the 290 

downregulation of pro-inflammatory cytokines 38. These data support the idea that NOD2 291 

modulates innate immune responses to intestinal microflora and thus suggest that the absence 292 

of such regulation leads to increased susceptibility to CD. 293 

The role of the IgA reverse transcytosis in the pathogenesis of chronic colitis was identified in 294 

Dectin-1 KO mice and littermate WT mice using the well-known Salmonella colitis model 39,40. 295 

Dectin-1 signalling has been described to regulate intestinal inflammation by controlling 296 

commensal Lactobacillus-mediated colonic regulatory T cells 34. It seems that the transport of 297 

IgA-bacteria complexes through M cells via Dectin-1 receptor 19 induces intestinal 298 

inflammation, suggesting some degrees of the correlation between the abundance of M cells 299 

and chronic intestinal inflammation. In this respect, Bennet et al. found that in both the dextran 300 

sodium sulfate and Citrobacter rodentium models of colitis, significantly increased numbers of 301 

PP M cells were induced at the peak of inflammation in the colonic epithelium 41. Using KO 302 

mice, we demonstrate that NOD2 acts as an immune regulator of IgA reverse transcytosis. 303 

Indeed, NOD2 KO mice administered with Salmonella-IgA complexes exhibit an increase of 304 
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the inflammation’s severity as compared to littermate WT mice. This observation is supported 305 

by studies showing that NOD2 can modulate inflammation and mediate efficient clearance of 306 

bacteria from the mucosal tissue during Salmonella colitis 42,43. 307 

We next investigated the molecular mechanisms which could explain how NOD2 modulates 308 

IgA retrograde transport. Using specific siRNA knockdown approach in the in vitro model 309 

containing M-like cells, the involvement of NOD2 as a regulator of IgA transport was 310 

confirmed. The role of endosomal proteins already known to be involved in the IgA transport 311 

through enterocytes was also studied 44. Our data reveal that IgA reverse transcytosis through 312 

M cells seems to be mediated by EEA-1, Rab-5 and Rab-17 endosomal proteins as it has been 313 

previously described for epithelial IgA transcytosis. The role of Dectin-1 and Siglec-5 in IgA 314 

reverse transcytosis was also confirmed 19. NOD2 has also been shown to influence MHC cross-315 

presentation 29, autophagy induction and resistance to intracellular bacterial infection 45,46. 316 

Thus, while principally well-known for its acute signaling effects, NOD2 activation causes a 317 

variety of cellular changes in vivo that are also likely important for immune homeostasis. SYK 318 

and TAK1 proteins from the Dectin-1 signaling pathway are also involved in the blocking of 319 

IgA reverse transcytosis. The role of NOD2 interaction with TAK1 through its leucine-rich 320 

repeat (LRR) region to exert its inhibitory effect on TAK1-induced NF-B activation has been 321 

published 47. This suggests that NOD2 inhibits TAK1-induced NF-B activation, which results 322 

in the downregulation of IgA transport. A significant decrease of Dectin-1 and Siglec-5 323 

expression after NOD2 knockdown in M cells is observed in the current study, suggesting that 324 

NOD2 contributes to regulate the expression of these two receptors for SIgA (graphical 325 

abstract). Of interest in the more global context of intestinal diseases, NOD2 has been identified 326 

as a negative regulator of TLR2 48 and of TLR4 in necrotising enterocolitis 49.  327 

Our finding should be interpreted with caution, as the etiology of CD involves a combination 328 

of genetic, environmental, and microbial factors 37. Hence, we find it fair to underline that the 329 
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SIgA-dependent route identified in the study is likely to be one among other mechanism that 330 

eventually initiates and/or perpetuates mucosal inflammation observed in CD. In any case, our 331 

data confirm and extend the knowledge that the NOD2 genotype status is currently the strongest 332 

genetic marker associated with a severe CD course. In figure 1, NOD2 mutations of the studied 333 

population (R702W, 1007fs and R702W/G908R) were compared and no differences were 334 

observed in IgA-positive cells distribution in PP. These results are consistent with the study of 335 

Hugot et al, which provided strong evidence that the penetrance of the most at-risk genotypes 336 

is low. They found no clear relationship between mutation frequencies and the disease incidence 337 

in their studied populations and no significant deficit of double-dose mutation carriers among 338 

healthy controls 50. However, another study predict an 8% increase in the risk for complicated 339 

disease with presence of a single NOD2 mutation, and a 41% increase with 2 mutations 51. 340 

Nevertheless, these two studies confirm that CARD15/NOD2 acts in interaction with other 341 

unknown risk cofactors. 342 

A newly developed theory proposes that antibodies generated in response to microbial 343 

colonization of the intestine shape the microbiota composition to benefit the health of the host 344 

through a process called antibody mediated immunoselection (AMIS) 52. Immunoselection 345 

refers to a process of natural selection within a host organism that is mediated by the immune 346 

system to influence microbial fitness and hence microbial ecology and evolution. A significant 347 

fraction of commensal bacteria is heavily coated with IgAs 26,53,54. However, such coating seems 348 

to be non-specific, as there is a significant overlap of bacterial species between IgA-coated and 349 

non-coated fractions. Under such conditions the bacteria diversity was significantly reduced. 350 

Thus, it seems that reduced affinity maturation of IgAs is associated with reduced diversity and 351 

skewed microbiota and abundant coating of bacteria with natural IgAs. A recent paper goes 352 

further by saying that bacteria recognized by human SIgM were dually coated by SIgA and 353 

showed increased richness and diversity compared to IgA-only-coated or uncoated bacteria 55. 354 
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This bacterial selection mechanism could be a causal agent for CD development or other IgA-355 

based diseases where IgA reverse transcytosis could play a role. Indeed, CD patients have 356 

several features in common with IgA nephropathy and celiac disease. Increased small intestinal 357 

mucosal permeability has been demonstrated in these pathologies 56,57. In IgA nephropathy, this 358 

may allow the influx of food and bacterial Ags resulting in immune complex formation and 359 

deposition. In celiac disease, the alteration of para- and transcellular pathways has been 360 

proposed to explain the retrograde transport of intact peptides, and notably the apico-to-basal 361 

translocation of SIgA ensured by the transferrin receptor 58.  362 

The better understanding of molecular mechanisms driving chronic gut inflammation has led 363 

over the past two decades to novel therapeutic strategies with major impacts for the current 364 

management of IBD 59,60. However, despite spectacular successes mainly attributable to the 365 

anti-TNF therapy, not all patients respond to the newer drugs and about one third of the 366 

responders relapse within a short period of time. Further works are therefore needed to identify 367 

novel therapeutic molecules in IBD. In the present study, we demonstrated that IgA retro-368 

transport is involved in promoting inflammation in CD by acting on the transport of IgA-369 

bacteria immune complexes in the PP through M cells. Novel therapeutic strategies aiming at 370 

blocking IgA reverse transcytosis during acute phase of CD may be considered to design new 371 

efficient immunotherapeutic strategies. 372 

  373 
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Methods 374 

Immunolabeling of human Peyer’s patches ex vivo. Informed and consenting CD patients or 375 

healthy individuals who had undergone lower endoscopy for routine diagnostic purposes with 376 

normal intestinal mucosa provided two biopsy samples from the terminal ileum. Biopsies were 377 

fixed for 2 h in 3% paraformaldehyde and included in OCT embedding solution, before being 378 

cryosectioned using a Leica cryostat model CM1950. 7-µm sections were captured on Ultra+ 379 

Superfrost microscope slides and stained for M cells. Slides were washed in PBS to eliminate 380 

residual OCT embedding solution, and blocked with PBS containing 5% FBS for 30 min at 381 

room temperature. Immunolabeling was performed using a combination of GFP-IgA2 382 

(Invivogen), anti-human PE-GP2 mAb (MBL), anti-human PE-DC-SIGN mAb (ThermoFisher 383 

scientific), and mouse anti-IgA secretory component Ab (Abcam) followed by goat anti-mouse 384 

PE-IgG (Abcam) diluted to 20 µg/ml for 2 h at room temperature. The slides were then washed 385 

in PBS, air-dried and mounted with Fluoprep (Biomérieux). Slides were observed by 386 

immunofluorescence microscopy (Eclipse, Nikon).  387 

Oligonucleotide Sequences for NOD2 Polymorphism PCR. NOD2 genotyping has been 388 

previously reported 61, PCR of NOD2 polymorphisms (R702W, G908R, FS1007insC) were 389 

performed on DNA extracted from human biospies with a commercial extraction kit (QIAamp 390 

DNA mini kit, Qiagen, Hilden, Deutschland). The following primers were used to identify 391 

specific mutations: R702W: forward, 5’-GAA TTC CTT CAC ATC ACT TTC CAG T -3’ and 392 

reverse, 5’- GTC AAC TTG AGG TGC CCA ACA TT -3’; G908R: forward, 5’- CCC AGC 393 

TCC TCC CTC TTC -3’ and reverse, 5’- AAG TCT GTA ATG TAA AGC CAC -3’; 394 

FS1007insC: forward, 5’- CTG AGC CTT TGT TGA TGA GC -3’ and reverse, 5’- TCT TCA 395 

ACC ACA TCC CCA TT -3’. We purified PCR products with a PCR purification kit (Qiagen) 396 

before sequencing (Eurofins). 397 
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Mice. NOD2 KO mice were obtained from Gabriel Nunez (University of Michigan, USA). 398 

Dectin-1 KO mice were obtained from Gordon D. Brown (University of Aberdeen, UK). 399 

Littermate mice were obtained from Nod2-heterozygous crosses. All mice were hosted at the 400 

University Hospital Unit for animal testing (Saint-Etienne, France) in the same conditions. The 401 

experimental procedures followed the protocol of the Ethics Committee of CREEA (Permit 402 

Number No. 69387487). 403 

SIgA administration into ligated loops. For ileal loop preparation, mice were starved 404 

overnight, anesthetized by intra-peritoneal injection of a mix of ketamine and xylazine (100 and 405 

10 mg/kg animal weight, respectively) and kept warm at 37°C throughout the surgical 406 

procedure. 100 l of a 1 mg/ml solution of SIgA-Cy3 diluted in PBS or Salmonella(GFP)-407 

SIgASal4 immune complexes (see model of mouse colitis), BSA (Sigma), or mouse IgG (anti-408 

human TAK1 mAb (R&D System) were administered into a 1.5-cm ileal loop containing a PP. 409 

Salmonella enterica subsp. enterica serovar Typhimurium GFP were obtained from ATCC® 410 

(14028GFP™). Upon completion of the experiment, the mice were sacrificed by cervical 411 

dislocation and the piece of intestine was removed, extensively washed with PBS, fixed for 2 h 412 

in 3% paraformaldehyde, and included in optimal cutting tissue (OCT) embedding solution. 7-413 

µm sections (Leica cryostat model CM1950, Leica Microsystems) were captured on Ultra+ 414 

superfrost microscope slides (VWR International). Slides were observed by 415 

immunofluorescence microscopy (Eclipse, Nikon). The protocol followed the guidance of the 416 

regional Ethics Committee for animal testing, CREEA (Permit number: No. 69387487). 417 

Mice stimulated by MDP-PAM were administered with MDP-PAM in the ligated loop, two 418 

hours before SIgA-Cy3 administration. 419 

To measure mouse SIgA retrotranscytosis, a polymeric IgA Ab (clone IgAC5 specific to S. 420 

flexneri serotype 5a LPS 62) was obtained as previously described 63. Purified free human SC 421 

was produced in Chinese Hamster Ovary cells 64. SIgA were obtained by mixing in PBS pIgA 422 
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molecules with a 2-fold excess of human SC for 2 h at room temperature according to the 423 

conditions described previously 65. Cy3-SIgA complexes were obtained by conjugation with 424 

indocarbocyanine (Cy3) using the FluoroLink mAb Cy3 labeling kit (Amersham Biosciences). 425 

Study of IgA/fecal microbiota interactions. The ability of fecal IgA to bind gut microbiota 426 

has been measured by western blot as previously reported 33. Shortly, lysed bacteria were used 427 

as the target antigens in a western blot assay. Serum or fecal supernatant from WT or Nod2KO 428 

mice were used as primary antibody and anti-IgA-HRP as secondary antibody. This experiment 429 

was repeated on 4 mice per group. The quantity of IgA already bound with fecal bacteria were 430 

also quantified by flow cytometry. Fecal supernatant from WT and Nod2KO mice were stained 431 

with anti-IgA-FITC and the MFI were calculated on IgA-bacteria. This experiment was 432 

analysed using 4 mice per group. 433 

Immunization with p24-SIgA complexes. Mouse oral immunizations, recovery of blood and 434 

feces, and quantification of p24-specific IgG, IgA, cytokines and chemokines were performed 435 

as previously described 20. 436 

In Vivo Delivery of HIVp24-SIgA and measurement of p24-Specific Abs. Immunization 437 

with HIVp24-SIgA complexes and measurement of HIVp24-specific IgG and IgA Abs in serum 438 

and feces has been already described as well as the measure of cytokine panels 19–21. 439 

Model of mouse colitis. The virulent streptomycin resistant Salmonella enterica serovar 440 

Typhimurium strain SL1344 was cultured in LB (LB Broth, Sigma) supplemented with 441 

90µg/ml of streptomycin (LB-St). A day before infection, a SL1344 colony was cultured 442 

overnight at 37°C, 100rpm in 3 ml of LB-St. Mouse IgASal4, specific for Salmonella 443 

Typhimurium surface carbohydrates was produced as described previously and used to treat 444 

mice with SigA-Salmonella complexes. In other experiments, colitis was also induced by giving 445 

5% dextran sodium sulfate solution in drinking water ad libitum for 7 days as previously 446 

described 66. Body weight and disease activity index were monitored each days. 447 
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NOD2 KO (n=5), Dectin-1 KO (n=5) and littermate WT (n=5) mice were given either 448 

Salmonella-SigASal4 complexes or Salmonella alone (i.g., 106 CFU/mouse) in 100 µl PBS by 449 

orogastric intubation with polyethylene tubing under light anesthesia with isoflurane 450 

(Halocarbon Laboratories). Mice were not pre-treated with streptomycin as we would like to 451 

measure the role of SigA reverse transcytosis in the context of a normal microbiota. Infectivity 452 

and dissemination of Salmonella SL1344 were fist tested at different doses.  A dose of 1.106 453 

CFU/mouse was used as it was not lethal but induce strong inflammation.  454 

Induction of colitis were compared in NOD2 KO (n=5), Dectin-1 KO (n=5) and littermate WT 455 

(n=5) mice after adding 5% laminarin in drinking water for 3 days before colitis induction as 456 

previously described 34. 457 

Assessment of colitis severity 458 

- Disease activity index (DAI). During the duration of the experiment, the DAI score was 459 

monitored daily to evaluate the clinical progression of colitis 67. The DAI score combines read-460 

outs including: weight loss compared to initial weight, stool consistency, and rectal bleeding. 461 

Scores were defined as follows: weight loss: 0 (no loss), 1 (1-5%), 2 (5-10%), 3 (10-20%), and 462 

4 (>20%); stool consistency: 0 (normal), 2 (loose stool), and 4 (diarrhoea); and rectal bleeding: 463 

0 (no blood), 2 (visual pellet bleeding), and 4 (gross bleeding, blood around anus). The 464 

experimental endpoint was reached when mice exhibited weight loss greater than 20% of initial 465 

weight with dehydration and diarrhoea had to be euthanized by cervical dislocation following 466 

inhalation of isoflurane. 467 

- Histology. To evaluate histological damages reflecting colitis severity, a small fragment (0.5 468 

cm) of the colon was cut, embedded in OCT, and frozen in isopentane cooled with liquid 469 

nitrogen. 7-µm sections were prepared as previously described and stained with 470 

hematoxylin/eosin using the published procedures 68. Scoring of neutrophil infiltration was 471 



163 

 

performed using a standard microscope, based on the method described previously 69. Nancy 472 

histological score has been also evaluated by a blinded pathologist.  473 

- Serum IL-6, LPS and CRP Assays. Mice were bled 5 days after treatment through retro-474 

orbital plexus. The presence of IL-6, LPS and CRP in sera was assessed by ELISA (Mouse IL-475 

6 ELISA MAX, Biolegend, San Diego, CA; Mouse Lipopolysaccharide ELISA Kit, 476 

ELISAgenie, London, UK; Mouse C-Reactive Protein/CRP DuoSet ELISA, R&D system, 477 

USA).  478 

IgA-Salmonella agglutination assay. Salmonella aggregates formed by IgASal4 has been 479 

quantified before oral challenge as previously described 35.To test the in vitro agglutination of 480 

S. typhimurium by IgASal4 antibodies, 0.1 ml of hybridoma culture supernatants (1 µg) was 481 

added to 0.1 ml of an overnight culture of bacteria and incubated in round-bottom ELISA plates. 482 

Unrelated IgA hybridoma supernatant (anti-V. cholera70) or fresh culture medium was used as 483 

a control. Agglutination was measured by flow cytometry after 3h at 23°C.  484 

Cell culture. The human intestinal cell line Caco-2 (clone 1) (obtained from Dr. Maria 485 

Rescigno, University of Milan-Bicocca, Milan, Italy) 71 was cultured in Dulbecco's modified 486 

Eagle's medium (DMEM) (PAA) supplemented with 10% (v/v) fetal bovine serum (FBS, 487 

Thermo-Fisher), 1% (v/v) non-essential amino-acids (PAA), and 1% (v/v) penicillin-488 

streptomycin (PAA), referred to as complete DMEM. The human Burkitt's lymphoma cell line 489 

Raji B (American Type Culture Collection), was cultured in RPMI 1640 supplemented with 490 

10% (v/v) FBS, 1% (v/v) non-essential amino-acids, 1% (v/v) L-glutamine and 1% (v/v) 491 

penicillin-streptomycin. 492 

Inverted in vitro model of the human FAE. The inverted FAE model has been previously 493 

reported 19,72. Inverted Transwell® polycarbonate inserts (12 wells, pore diameter of 3.0 μm, 494 

Corning) were coated with Matrigel™, a basement membrane matrix (BD Biosciences) 495 

prepared in pure DMEM to a final protein concentration of 100 μg/mL for 1 h at room 496 
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temperature. The coating solution was removed and inverted inserts were washed with 300 μl 497 

of DMEM. Caco-2 cells (3 x 105), suspended in 300 μL of complete DMEM, were seeded on 498 

the lower insert side and cultured overnight. The inserts were then inverted and placed in a 12-499 

well culture dish and kept for 9 days. Raji B cells (5 x 105) were resuspended in complete 500 

DMEM and then added to the basolateral compartment of the Caco-2 cells, and co-cultures 501 

were maintained for 5 days. Mono-cultures of Caco-2 cells, cultivated as above but without 502 

back-addition of Raji B cells, were used as controls. Establishment of polarized co- and mono-503 

cultures was controlled by measurement of TEER using an EndohmTM tissue resistance 504 

chamber (Endohm-12, World Precision Instruments) connected to a Millicell®-ERS Ohmmeter 505 

(Millipore). The mean TEER value of medium alone (9 Ω per cm2) was subtracted from each 506 

measurement. In random samples, the barrier integrity of the tight junctions was confirmed by 507 

zonula occludens-1 (ZO-1) immunolabeling 73. For transcytosis analyses, inserts were inverted 508 

prior to incubation in a 6-well plate, and a piece of silicon tubing (14 (height) x 20 (diameter) 509 

mm, Labomoderne) serving as a medium reservoir was placed on the surface facing the 510 

basolateral pole of the cell monolayer.  511 

Gene inhibition by small interfering (si) RNA. Cells in the inverted in vitro model of FAE 512 

were transfected at a final concentration of 5 nM with ON-TARGETplus SMARTpool siRNAs 513 

(Dharmacon) using Silentfect reagent (Bio-Rad) according to the procedure provided by the 514 

manufacturer. The reference numbers for gene targeting were as follows: Dectin-1: L-021476-515 

00-0005; Siglec-5: L-019522-02-0005; EEA-1: L-004012-00-0005; pIgR: L-017729-00-0005; 516 

Rab-5: L-004009-00-0005; Rab-7: L-010388-00-0005; Rab-9: L-004177-00-0005; Rab-11: L-517 

004726-00-0005; Rab-25: L-010366-00-0005; Syk: L-003176-00-0005; NOD2: L-003464-00-518 

0005. TAK-1 was silenced by using sequence 6317S (Cell Signaling Technology). 519 
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Treatment with muramyl dipeptide - Pam3Cys (MDP-PAM). In order to specifically 520 

activate NOD2, the inverted in vitro model of FAE was exposed to 1 μg/ml muramyl dipeptide 521 

and 1 μg/ml Pam3Cys-Ser-(Lys)4 hydrochloride (Invivogen) for 24 h. 522 

Immunoprecipitation and Western Blot. 10 g of IgA2 (Invivogen) were added to the apical 523 

compartment of the in vitro model of FAE. And the cells were incubated for 30 or 60 min at 524 

37°C. After two washes with PBS, the cells were lysed with Mammalian Protein Extraction 525 

Reagent (Thermo Scientific). The lysate was cleared by centrifugation and the protein 526 

concentration was brought to 5 g/ml. IgA2 (and bound proteins) were concentrated by 527 

immunoprecipitation with protein M-agarose beads (Invivogen). Post washes, elution was 528 

performed with 0,1 m glycine (pH 3.0), with immediate neutralization by 1 M Tris buffer (pH 529 

8.0). The eluted material was subjected to SDS-PAGE followed by transfer onto a hybond ECL 530 

nitrocellulose membrane (GE Healthcare Life Science). Immunodetection of targeted proteins 531 

was performed with a selection of Abs/antisera including: Goat anti-human Dectin-1/CLEC 7A 532 

serum, anti-human CD170 (Siglec-5) mAb (mouse IgG1, Clone #194128), sheep anti-human 533 

EEA-1 serum, anti-human pIgR mAb (Mouse IgG3, Clone # 825724), anti-human SYK mAb 534 

(mouse IgG1, Clone # 720402), anti-human TAK1 mAb (mouse IgG1, Clone # 491840) were 535 

purchased from R&D System, and rabbit anti-human Rab-5 serum, anti-human Rab-7 mAb 536 

(mouse IgG2b, Clone # Rab-7-117), anti-human Rab-9 mAb (mouse IgG1, Clone # Mab9), 537 

rabbit anti-human Rab-11 serum, anti-human Rab-25 mAb (Rabbit IgG, Clone EPR18353) 538 

were obtained from Abcam. Appropriate HRP-coupled secondary Abs were used for detection 539 

with the “Clarity Western ECL Substrate” (Biorad). 540 

Immunofluorescence staining. 10 g of IgA2 (Invivogen) were added to the apical 541 

compartment of the in vitro model of FAE. The cells were incubated for 60 min at 37°C. Inserts 542 

were washed in HBSS to eliminate residual medium, incubated in 4% paraformaldehyde for 30 543 

min, permeabilized with 0.1% Triton X-100 (Sigma-Aldrich), and blocked with PBS containing 544 
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5% FBS for 15 min at room temperature. Immunolabeling was performed using a combination 545 

of same anti-rabs and anti-EEA-1 mAbs described in the previous section. Each reagent was 546 

diluted to 1/100, and incubated for 2 h at room temperature. A corresponding secondary 547 

antibodiy labeled with a PE were incubated for 1 h at room temperature. After two washes, 548 

inserts were air-dried, mounted with Fluoprep (BioMerieux), and observed by 549 

Immunofluorescence microscopy (Eclipse Ti, Nikon). 550 

NOD2 RT-qPCR. NOD2 RT-qPCR has been previously reported 74. Briefly, total RNA was 551 

extracted using TRIZOL (Invitrogen). Reverse transcription was performed using the 552 

PrimeScript® RT reagent kit (TaKaRa Biotechnology, Dalian, PRC). The SYBR® Premix Ex 553 

Taq™ II kit (TaKaRa Biotechnology) was used to amplify GAPDH and NOD2 gene products. 554 

The oligonucleotide primers used were as follows: NOD2: forward, 5′- CTG AAG AAT GCC 555 

CGC AAG GT -3′ and reverse, 5′- GTC TCT TGG AGC AGG CGG ATG -3′ ; GAPDH: 556 

forward, 5’- TGC ACC ACC AAC TGC TTA GC -3’ and reverse, 5’- GGC ATG GAC TGT 557 

GGT CAT GAG -3’. The double standard curve method was used to analyze the relative gene 558 

expression 75. 559 

IgA RT experiment. After 48 h of siRNA mediated gene knockdown or 24h of MDP-PAM 560 

stimulation, 10 µg of Ab conjugated with luciferase (Luc) or colostrum IgA or 1 µg of CT from 561 

V. cholerae (sigma) were added to the apical side of the in vitro model of FAE at 37°C for 90 562 

min, as previously described 19. Basolateral solutions were then recovered and the number of 563 

retro-transcytosed Ab-Luc measured by luminometry using the Gaussia Luc Assay Kit (Biolux) 564 

according to the procedure provided by the manufacturer. Transported colostrum IgA and CT 565 

was detected by ELISA using respectively biotinylated goat anti-human IgA (Southern Biotech) 566 

and biotinylated rabbit anti-CT pAb (Invitrogen) followed by streptavidin-HRP (Amersham).  567 

Statistical Analysis. Statistical analyses were performed using the InStat version 2.01 from the 568 

GraphPad Software. A nonparametric Mann-Whitney U-test or one-way ANOVA followed by 569 
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Bonferroni post hoc test was used where appropriate 76,77. The limit of significance for p values 570 

was set at 0.05 (marked by * in the plot); ** indicates p values ≤ 0.01, and *** stands for p 571 

values ≤ 0.005.  Statistically significant differences between groups are emphasized by bars 572 

connecting the relevant columns under comparison.  573 
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Figure and legends 776 

 777 
Figure 1: NOD2 mutation significantly increases SIgA reverse transcytosis in Crohn’s 778 

disease patients. (a) The two first graph compares frequency of IgA-positive cells between 779 

healthy donors, CD WT NOD2 patients and CD patients expressing NOD2 polymorphisms in 780 

PP and in villi. The 3rd graph shows the number of IgA positive PP cells in patients expressing 781 

different NOD2 polymorphisms. NOD2 polymorphisms (R702W, G908R, FS1007insC) were 782 

determined by qPCR and sequencing. The last graph show the ratio PP/villi. Vertical bars show 783 

the mean value ± SEM (** p < 0.01*** p < 0.005). (b) Images obtained from patient biopsy 784 

samples taken from the terminal ileum. Biopsies were labeled with anti-human GFP-IgA2 and 785 

PE-GP2 to label M cells or PE-DC-SIGN or PE anti-human SC at room temperature for 2 h. 786 

The left panels show representative images from CD patients expressing NOD2 polymorphism, 787 

the middle panels, CD patients with WT NOD2, and the right panels depict images from healthy 788 

donors. Bars: 200 µm. On all pictures, dotted lines delineate the follicle–associated epithelium 789 

(FAE) separating the intestinal lumen and the lymphoid tissue (side view). Source data are 790 

provided as a Source Data file. 791 

792 
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 793 
 794 

Figure 2: NOD2 deficiency significantly increases IgA retrograde transport in murine 795 

Peyer’s patches. (a) Tissue section showing a PP obtained from a ligated intestinal loop WT , 796 

NOD2 KO or WT mice after MDP-PAM stimulation following exposure  to SIgA-Cy3 for 60 797 

min. Mouse IgG and the BSA were used as negative controls. Graph shows the number of SIgA-798 

positive cells per PP. This experiment was repeated on 6 mice per group and the average of 3 799 

PP per mouse was done. (b) Fecal bacteria from WT or Nod2KO mice were stained with anti-800 

IgA-FITC and the MFI were calculated on IgA-bacteria. This experiment was repeated on 4 801 

mice per group. (c) Lysed bacteria were used as the target antigens in a western blot, using 802 

serum (S) or fecal (F) supernatant from WT or NOD2 KO mice as primary antibody and anti–803 

IgA-HRP as secondary antibody. This experiment was repeated on 4 mice per group. NOD2 804 

KO and littermate WT mice were immunized orally with p24-SIgA. (d) Levels of Ag specific 805 

mucosal IgA and (e) levels of serum IgG in littermate WT or NOD2 KO mice were shown. 806 

Samples were collected 1 week after the last immunization and Ab production was measured 807 

by ELISA. Vertical bars show the mean value +/- SEM. (f) Cytokine concentrations in serum 808 

and feces were determined in duplicate by Luminex-multiplex cytokine assay. Cytokine 809 

profiles are shown as radar charts; each axis displays the mean quantity (pg/ml) of each cytokine 810 

after immunization with p24-SIgA, p24 and PBS. The values of each axis were joined to form 811 

the central polygon area, which represents the overall cytokine balance. Increasing or 812 

decreasing central polygon areas reflect higher or lower expression of the protein under 813 

analysis. The experiment was repeated twice with 3 mice for each group showing similar 814 

results.  P values have been calculated by comparing the p24-SIgA group with the p24 group; 815 

* p < 0.05. Source data are provided as a Source Data file. 816 
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 818 

 819 

Figure 3: SIgA-Salmonella immune complexes amplify Salmonella-induced colitis in mice. 820 

Mice were challenged orally either with DSS, PBS, Salmonella Typhimurium or Salmonella 821 

Typhimurium bound with murine IgA. They were left untreated or treated with 5% laminarin 822 

in drinking water for 3 days prior to colitis challenge. (a) Disease activity index (DAI) score 823 

was undertaken daily to evaluate the clinical progression of colitis. The DAI was the combined 824 

score of weight loss compared to initial weight, stool consistency, and bleeding. Vertical bars 825 

show the mean value +/- SEM (* p < 0.05; *** p < 0.005). (b) Sections from colon of mice 826 

showing neutrophil infiltrates in the lamina propria. (c) Nancy histological score (61) applied 827 

in each colon section for littermate and NOD2 KO mice. Source data are provided as a Source 828 

Data file. 829 
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 831 
 832 

Figure 4: IgA reverse transcytosis after protein inhibition or stimulation. After siRNA 833 

knockdown or muramyl dipeptide - Pam3Cys (MDP-PAM) stimulation, IgA2 conjugated with 834 

luciferase (a) transport were quantified in the inverted in vitro model of FAE. (b) 835 

Immunoprecipitation made 30 or 60 min after IgA incubation. (c) Immunofluorescence staining 836 

after IgA incubation (60 min), with FITC anti-human IgA and anti-Rabs mAbs or anti-EEA-1 837 

mAbs followed by corresponding PE secondary Abs. Colocalization between IgA and 838 

endosomal proteins resulted in yellow dots present in EEA-1, Rab-5 and Rab-17 images. 839 

Vertical bars show the mean value +/- SEM (** p < 0.01; *** p < 0.005). Source data are 840 

provided as a Source Data file. 841 
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 843 
 844 

Figure 5: NOD2 modulates the expression of Dectin-1 and Siglec-5 receptors involved in 845 

IgA reverse transcytosis. Western blot showing the expression of proteins in an in vitro model 846 

containing (co-culture) or not (mono-culture) M like cells before “-” or after “+” NOD2 847 

blocking of transcription with siRNA knockdown (a) or NOD2 stimulation with MDP-PAM 848 

treatment (b). Flow cytometry was used to examine the role of NOD2 on Dectin-1 and Siglec-849 

5 expression in M like cells in vitro (c) and in vivo (d). (e) Total IgA concentration were 850 

determined by ELISA in serum and faeces of NOD2KO mice and littermate WT mice. Vertical 851 

bars show the mean value ± SEM (* p < 0.05;*** p < 0.005). kd: knockdown; stim: stimulation. 852 

Source data are provided as a Source Data file. 853 
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Abstract 21 

Secretory immunoglobulins A (SIgA) play a critical in sampling the commensal flora and 22 

identifying pathogens. They transport antigens below the sub-epithelial dome of Peyer Patches 23 

through M cells of the follicle-associated epithelium (FAE), a process termed ‘reverse 24 

transcytosis’ (RT). Of the two human SIgA1 et SIgA2 subtypes, only SIgA2 can undergo RT 25 

in a Dectin-1-dependant manner. Current knowledge on IgA1 and IgA2 suggest IgA1 tends to 26 

be tolerogenic, notably through IL-10 induction, while IgA2 selects a broader spectrum of 27 

commensal bacteria and induces potent T cell responses against pathogens and opportunistic 28 

bacteria.  29 

Inflammatory Bowel Diseases (IBD) are characterized by a loss of commensal tolerance 30 

through pathways that are still poorly described. Patients display severe dysbiosis concurrent 31 

with extensive activation of inflammatory pathways. The role of SIgA in the establishment of 32 

such remains largely unknown at the subclass level. Here we show that IgA1 select beneficial 33 

strains in Crohn’s disease (CD), has increased reactivity towards common glycans, and gains 34 

the ability to undergo RT. In ulcerative colitis (UC) we observed complete loss of IgA transport 35 

through M cell and extensive loss of reactivity towards self and commensal glycans.  36 

 37 

Keywords : SIgA, mucosal, immunity, Crohn’s disease, Ulcerative colitis,  38 
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Introduction 40 

Mutualism between host immunity and microbial communities at the gut mucosal surface is 41 

critical for the education of the immune system and the processing of digested foods. To that 42 

end, the mucosa integrates a multitude of signals that converge towards commensal selection 43 

and pathogen elimination. In this regard, epithelial cells secrete anti-microbial peptides, mucus, 44 

and favor the transcytosis of secretory IgA (SIgA) to promote the maintenance of beneficial 45 

taxa. In response, microbes signal through the production of metabolites that induce regulatory 46 

T cells (Treg) expansion (1), dampen B cell class-switch recombination and high affinity 47 

maturation, and promote the growth of other beneficial species.  48 

SIgA promotes the establishment of bacterial networks (2,3) through both glycan-glycan 49 

interactions (4,5) and Fab binding (6), a process known as antibody-mediated immune selection 50 

(AMIS). SIg are characterized by J-chain-mediated multimerization and secretory component 51 

(SC) binding, enabling their efficient trafficking to and from the mucosal surface (7). 52 

Commensal selection is thought to rely on TI-induced low affinity SIgA and requires ILC 53 

intervention and TLR signaling. Oppositely, high affinity TD-produced SIgA selectively 54 

identifies fast-replicating bacteria as pathogenic and drives clump formation. SIgA are heavily 55 

glycosylated themselves, which favors mucus entrapment of SIgA-bound bacteria. However, 56 

the two human IgA subclasses, IgA1 and IgA2, have distinct patterns of glycosylation wherein 57 

IgA1 is mostly O-glycosylated (8,9), and IgA2 is mostly N-glycosylated (10). That affects their 58 

trafficking, as SIgA2 is the only of the two than can perform reverse-transcytosis (RT), a 59 

process by which antigen-bound SIgA travel from the lumen towards the subepithelial dome of 60 

Peyer Patches by binding Dectin-1 receptors on M-cells (11). They share two sites of N-61 

glycosylation, on which sialylation of IgA1 dampens its pro-inflammatory effects (10). 62 

Moreover, anti-commensal IgA1 signaling tends to elicit tolerogenic signals such as Treg 63 

induction and IL-10 secretion (6). In mice, highly glycosylated IgA coating of mucus-resident 64 

bacteria lowers susceptibility to chemically induced colitis, and promotes symbiotic Firmicute 65 

growth (12). In humans, despite IgA1 binding to bacteria usually being concomitant to that of 66 

IgA2, IgA1 displays a preference towards Actinobacteria selection while IgA2 identification 67 

favors Bacteroidetes selection (6), suggesting dual contributions to microbiome diversity. 68 

A ‘healthy’ microbiome can be defined by its propensity to use and produce beneficial 69 

metabolites (13). The production and metabolism of short-chain fatty acids (SCFA) is amongst 70 

the most sought out by commensal microbes, such as members of the Faecalibacterium (14), 71 

Roseburia (15), Blautia or Oscillospira species. Optimal composition of the commensal 72 

microbiota may be measured by the Firmicutes/Bacteroidetes ratio, the two main phyla in 73 
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which, at the mucosal surface, SCFA producers dominate.Strong evidence support that 74 

dysbiosis within the intestinal microbiota – that is the alteration of resident commensal 75 

ecosystems in favor of non-beneficial communities – is responsible for Inflammatory Bowel 76 

Diseases (IBD) defects(16,17). In both Crohn’s disease (CD) and ulcerative colitis (UC), Treg 77 

tend to be decreased, anergized, or absent (18) and the Firmicutes/Bacteroidetes ratio decreases 78 

(19–22). In CD this is mostly attributed to reduced diversity amongst Firmicutes, the resurgence 79 

of atypical species such as segmented filamentous bacteria (SFB) and the colonization of the 80 

mucosa by oropharyngeal species (23,24). A such, CD has been strongly and extensively 81 

associated to the loss of SCFA producers such as Faecalibacterium prausnitzii (25), 82 

Eubacterium rectale (23) , Blautia faecis, Roseburia inulinovorans and Ruminococcus torque 83 

(26,27). Faecalibacterium, Blautia and Ruminococcaceae abundance are also significantly 84 

associated to functional defects of the mucosa, in that they correlate with pathogenic Paneth 85 

cells profiles (28). Dysbiosis in UC is associated to the reduction of both Firmicutes and 86 

Bacteroidetes abundance, despite a higher diversity than in CD (26). Reduction in Roseburia 87 

and Faecalibacterium(29) abundance correlates with disease occurrence(30). A noticeably 88 

lower representation of the phylum Verrucomicrobia, of which are Akkermansia species, was 89 

also evidenced in UC patients compared to healthy controls (31–33). Akkermansia species are 90 

mucolytic bacteria that would be involved in the maintenance of an optimal gut barrier health. 91 

Coincidentally, IBD patients’ stools show increased levels of IgA-bound bacteria (24), either 92 

commensal or opportunistic, and shift from dimeric IgA secretion towards monomeric IgA 93 

secretion. 94 

 95 

It is very likely that SIgA repertoires are affected over the course of IBD, resulting in aberrant 96 

responses to normally tolerated strains that leave room for opportunistic species to colonize 97 

niches they do not normally have access to. There is, however, little to no information on how 98 

IgA1 or IgA2 interactions with the gut microbiota affect their functional dynamics in a chronic 99 

inflammatory context. We have previously shown that SIgA2 requires optimal sialylation and 100 

N-glycosylation to undergo RT (11) as it is critical for Dectin-1 recognition, and that CD 101 

patients tend to have higher levels of RT (NR). Here, we investigate the functional abilities of 102 

human secretory IgA1 and IgA2 in terms of receptor binding, trafficking and microbiota 103 

association in CD and UC. We have thus purified IgA1 and IgA2 from IBD and non-IBD 104 

patients stool and performed sequencing of the 16S rDNA genes of IgA1- of IgA2-associated 105 

bacteria. We show that these SIgA are abnormally reactive to self and commensal glycans> 106 

This is combined observations of specific IgA1-associated and IgA2-associated microbial 107 
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profile in both CD and UC. Moreover, the loss of beneficial taxa in CD appears to originate 108 

from extensive IgA1 selection in CD, while UC IgA1 and IgA2 display a striking loss in both 109 

functionality and reactivity.  110 

 111 

Materials and methods 112 

Stool samples 113 

Stool from either CD, UC or healthy individuals were collected prospectively from informed 114 

and consenting non-IBD, CD, and UC patients (Centre National Informatique et Liberte CNIL, 115 

approbation number: 1849323; Ethic committee of the CHU Saint-Etienne, Terre 116 

d’Ethique)then transferred to our facility. Briefly, samples were homogenized in Phosphate-117 

Buffer Saline (PBS)-Tween 0,5% at a 0.1g/mL concentration then centrifuged at 1500g at 4°C 118 

for 20 min. Supernatant was collected then centrifuged at 10 000g at 4°C for 10 min. 119 

Supernatant was again collected, aliquoted, then stored at -20°C. Pellets were resuspended in 120 

3mL of PBS-Tween 0.5% and stored at -20°C for magnetic cell separation. 121 

 122 

 123 

IgA1 and IgA2 purification 124 

IgA purification were performed as described by Moor, et al.(34). Briefly, a 10mL aliquot of 125 

homogenized stool was thawed, filtered on a 20m filter and loaded on a peristaltic pump 126 

connected to a Peptide-M-Agarose (Invivogen) filled column (ref C10/10, GE Healthcare) and 127 

left running on a closed loop at 4°C overnight. Bound IgA was eluted on an AktaSTART HPLC 128 

(GE Healthcare) with pH 2-3 0,1M Glycine. The resulting eluate was neutralized with pH 7.5 129 

Tris-HCl 1M, then placed to run on a Jacalin-Agarose (Pierce) column. Elution was carried out 130 

using -D-Galactose, 1M (Sigma). Samples were then loaded onto 50kDa Amicon 131 

(ThermoFisher) and buffer-exchanged in PBS 1X for storage at -20°C in low retention tubes 132 

(ThermoFisher). 133 

 134 

IgA and SC ELISAs 135 

Nunc Maxisorp 96 well plates (Fisher) were coated with either anti-human IgA (Sigma I1261), 136 

antibodies or mouse anti-hSC (courtesy of B. Corthésy) in carbonate buffer (pH 9,6). Plates 137 

were sealed and incubated overnight at 4°C. Wells were saturated with BSA 1% in PBS-tween 138 

0.05% (PBST) at room temperature (RT) for 90 min, then washed 3 times with PBST; stool 139 

samples were added at a 1/100 first dilution and incubated at RT for 1h30. Plates were then 140 

washed with PBST, then rabbit anti-human SC (courtesy of B. Corthésy), or biotinylated anti-141 
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human IgA1 (Southern Biotech, 9130-08) or anti-human IgA2 (Southern Biotech, 9140-08)  142 

were incubated at RT for 1h30. After washing in PBST, streptavidin-HRP (BD, 554066) or 143 

anti-rabbit IgG-HRP (ThermoFisher, G-21234) were added for 1h. Revelation through addition 144 

of TMB in wells for 3 to 10 minutes was stopped with 1N HCl. Plates optical density (OD) 145 

were read at 450 nm (Sunrise TECAN microplate reader). 146 

 147 

IgA binding assay to Dectin-1  148 

Recombinant Fc-Dectin-1 (R&D Systems) was coated overnight at room temperature in Nunc 149 

Maxisorp 96 wells plates (Fisher). Concentrations were adjusted so that purified IgA could be 150 

used at 10 receptors per 1 IgA ratio later on. Wells were washed 3 times with PBST, and stool-151 

purified IgA was added to the wells and incubated two hours with slight agitation at RT. After 152 

three washes with PBST, wells were incubated with biotinylated anti-human IgA1 (Southern 153 

Biotech, 9130-08) or anti-human IgA2 (Southern Biotech, 9140-08) diluted at 1/2500 and 154 

incubated at RT for 90 min. After washing in PBST, streptavidin-HRP (BD, 554066) was added 155 

for 60 min nb. Revelation through addition of TMB in wells for 10 to 20 minutes was stopped 156 

with 1N HCl. Plates optical density (OD) were read at 450 nm (Sunrise TECAN microplate 157 

reader). 158 

 159 

In vitro model of human FAE and reverse-transcytosis assay 160 

The model was set-up as previously published by our team (REF). Briefly, transwells inserts 161 

(Corning, 1402) were reversed and 300L of Matrigel-enriched DMEM high-glucose medium 162 

was incubated at 37°C for 30min. After removal of excess liquid, 3,3.105 Caco2 cells were 163 

seeded on the still reversed insert and incubated at 37°C overnight. Inserts were then placed in 164 

12-wells plates and both inside and outside chambers were filled with complete DMEM high 165 

glucose medium and cultured for 7 to 9 days. When trans-epithelial resistance (TER) reached 166 

about 350 Ohms, 1.105 Raji cells were added to the inner chamber and the culture was 167 

monitored for a 100-150 Ohm TER drop over the next 2 to 4 days. Once ready, inserts were 168 

fitted in a silicone tube and both top and bottom chambers were filled with HBSS buffer. 169 

Samples were added to the top chamber and incubated for 90min at 37°C. The bottom chamber 170 

was collected and tested for Ig passage by ELISA. 171 

 172 

MACS purification of SIgA1 and SIgA2 173 

Resuspended pellets from stool homogenization were divided into two 1.5mL fractions. Each 174 

were centrifuged at 10.000g for 6 minutes and washed twice in MACS buffer (Miltenyi). Pellets 175 
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were resuspended in 500L of MACS buffer and incubated with biotinylated anti-IgA1 or anti-176 

IgA2 Abs (Southern Biotech) at 4°C with slight agitation for 40 minutes. after two washes, they 177 

were resuspended in 500L  To which 50L of magnetic streptavidin beads (Miltenyi) were 178 

added, and incubated at 4°C  for 20 minutes. Magnetic separation was then performed on LS 179 

columns with a MACS Magnet (Miltenyi) according to the manufacturer’s instruction. Eluted 180 

fractions were pelleted at 10,000g for 10 minutes, andpellets were stored at -20°C for 16S-181 

sequencing.  182 

 183 

Analysis of the IgA1- and IgA2-coated microbial community using sequencing 184 

Extraction of total bacterial DNA from purified IgA1 and Iga2 was performed using the 185 

QIAamp PowerFecal DNA Kit (Qiagen) and the mechanical bead-beating disruption method 186 

as previously described (35) . The V3-V4 region of the 16S rRNA genes was amplified using 187 

MolTaq (Molzym, Plaisir, France) and primers V3F: TACGGRAGGCAGCAG and V4R: 188 

ATCTTACCAGGGTATCTAATCCT. The purified amplicons were sequenced using Miseq 189 

sequencing technology (Illumina) at the GeT-PLaGe platform (Toulouse, France). Paired-end 190 

reads obtained from MiSeq sequencing were analyzed using the Galaxy-supported FROGS 191 

(Find, Rapidly, OTUs (Operational Taxonomic Units) with Galaxy Solution) pipeline (36). For 192 

preprocessing, reads with length ≥ 380 bp were kept. Clustering and chimera removal steps 193 

followed the FROGS guidelines. Assignation was performed using SILVA 16S. OTUs with 194 

abundances lower than 0.005% of the total read set were removed prior to analysis. Then, 16S 195 

sequencing data were analyzed using the Phyloseq and ggplot2 R packages in addition to 196 

custom scripts as previously described (37).  197 

Analysis of IgA-coated microbiota by flow cytometry 198 

2 mL of stool homogenate were thawed and centrifuged at 10 000g for 6min. Pellets were 199 

washed twice in 1mL FACS buffer (PBS 1X, 2% FBS, 10mM EDTA) then stained with mouse 200 

anti-human IgA1-PE (Southern Biotech, 9130-09) and mouse-anti-human IgA2-AlexaFluor647 201 

(Southern Biotech, 9140-31) at 4°C in the dark for 30 min. Cells were washed in FACS buffer 202 

once, then re-suspended in 300L of FACS buffer. Samples were then analyzed on a BD FACS 203 

Canto II cytometer (BD Bioscience) and resulting data were analyzed using the FlowJo 204 

Software.  205 

 206 

IgA reactivity using glycan arrays 207 
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Glycan arrays (Raybiotech) were used according to the manufacturer’s instruction. Arrays were 208 

blocked for 30 minutes at room temperature, then stool-purified IgA1 or IgA2 were incubated 209 

overnight at 4°C a final concentration of 50g/mL. After washing the slides, biotinylated mouse 210 

anti-human IgA1 or IgA2 (Southern Biotech) diluted 1/500 were incubated at room temperature 211 

under slight agitation for 2 hours. Slides were washed then the Streptavidin-Cy3-equivalent 212 

reagent (Raybiotech) was added for 1 hour, after which slides were washed, air-dried, and 213 

stored at -20°C until Cy3-fluroescence readings could be performed (Tebu-bio).  214 

 215 

Combined FISH-IF staining 216 

Biopsies from 6 active and 4 inactive CD patients were harvested during routine exploratory 217 

colonoscopy and immediately placed in complete cold RPMI medium for transport. They were 218 

fixed in 4% paraformaldehyde overnight then embedded and frozen in OCT. 6 m thick 219 

sections were cut, then rinsed in PBS three times to eliminate OCT. Tissue permeabilization 220 

was performed by incubating slides in 0.6% Triton for 5 min, then incubated in 2X Saline 221 

Sodium Citrate (SSC) buffer for 25 minutes. Slides were washed in DEPC-treated water (10 222 

dips), then in 0.065M trietanolamine (TEA, Sigma) (10 dips), and finally twice in 2X SSC. 223 

Tissues were hybridized with 150Lof 16S-probes (50pM final) (Suppl. Table 1) overnight, at 224 

room temperature. Slides were washed in successive baths of decreasing SSC concentrations 225 

(4X, 2X, 1X, 0,5X, 0,1X) then blocked for one hour in a 1% BSA, 5% FBS, 0.3% Triton-X100 226 

PBS solution. All subsequent washing steps were carried out in PBS. Mouse anti-human IgA2 227 

antibodies (Southern Biotech, 9140-01) were deposited over each section at a 1/500 dilution 228 

and incubated for 2 hours at room temperature. Slides were washed and secondary antibodies 229 

(goat anti-mouse IgG-AF488, abcam) were then added for one hour. Slides were washed in 230 

PBS then distilled water, air-dried, and sealed with Vectashield (Vectra, H1000) for confocal 231 

microscopy.  232 

Statistics  233 

Statistical analyses were performed using the InStat version 2.01 from the GraphPad Software. 234 

A nonparametric Mann-Whitney U-test or Kruskal-Wallis test followed by Dunn’s correction 235 

post hoc test were used where appropriate. The limit of significance for p values was set at 0.05 236 

(marked by * in the plot); ** indicates p values ≤ 0.01, and *** stands for p values ≤ 0.005.  237 

Statistically significant differences between groups are emphasized by bars connecting the 238 

relevant columns under comparison. 239 

240 
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Results  241 

Patients with IBD have altered secretory antibodies levels 242 

Non-IBD, CD and UC stool samples were compared for total IgA, IgA1 and IgA2 243 

concentrations. Interestingly, IgA1 and IgA2 concentrations tended to increase in CD (Fig. 1A, 244 

B). There was, however, a significant decrease in both Ig concentrations in UC compared to 245 

CD patients (Fig. 1C) and a tendency towards lower total Secretory Component (SC) levels as 246 

well (Fig. 1D). Moreover, disease activity at the time of sample collection correlated with IgA2 247 

stool concentrations (Fig. 1E, F). As seen in Fig. 1F, CD IgA2 concentration tended to be 248 

higher in patients with active disease, and a significant decrease in active UC IgA2 stool 249 

concentration was also evidenced. Thus, while overall IgA levels seem unaffected by the 250 

pathology, UC is affected by specific subclass-related alterations while CD IgA2 levels 251 

correlated with disease activity.  252 

 253 

Levels of IgA1 and IgA2-coated microbiota fractions correlate with UC disease status 254 

To evaluate the general level of stool microbiota bound to either IgA1, IgA2 or both, we 255 

performed flow cytometry analysis on stool homogenates. There were no differences in the 256 

levels of total IgA1+-or total IgA+-bound stool microbiota (Fig. 2A, B) between either group of 257 

IBD and non-IBD individuals. That could be attributed to high and low IgA-binding clusters 258 

within the IBD groups (Fig. 2A, B). To explain this clustering, we separated single-Ig-bound 259 

from double-positive bacteria (Fig. 2C). While no differences between CD and non-IBD groups 260 

were evidenced, IgA1- IgA2+-coated bacteria levels were lower in UC than non-IBD patients 261 

(Fig. 2C) suggesting IgA2 coating of microbiota is critically altered in UC patients. Further 262 

segregation according to disease activity at the time of stool collection (Fig. 2 D-F) shows that 263 

active UC tended to higher levels of IgA1- IgA2+- and IgA1+ IgA2+- bound bacteria than 264 

inactive UC (Fig. 2E, F). Inactive CD had higher levels of IgA1+ IgA2+-bound microbiota than 265 

inactive UC patients had, and inactive UC had lower levels than active UC for this fraction 266 

(Fig. 2F), all of which indicates that quiescent CD inflammation does not return to its 267 

homeostatic level of Ig-microbe interaction while that of UC does. 268 

 269 

CD is characterized by IgA1-driven microbiota selection defects 270 

Magnetically separated IgA1- and IgA2-bound fractions of the stool microbiota were analyzed 271 

using 16S sequencing. ChaO1 and Shannon diversity indices were not different in CD, UC and 272 

non-IBD, indicating similar bacterial richness (Fig. 3A). Likewise, principal-coordinate 273 

analysis of the Jaccard distances did not separate CD, UC and non IBD microbial profiles 274 
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indicating similar global community structure (Fig. 3B). Nevertheless, at the phylum level, 275 

composition appeared to be different in CD patients compared to the two other groups, with 276 

higher proportion of Bacteroidetes and lower proportion of Proteobacteria (Fig. 3C). 277 

Interestingly, analysis at the family level showed that reduced Proteobacteria was mainly due 278 

to lower proportion of Enterobacteriaceae (Fig. 3D, Suppl. fig. 2A) which are known to include 279 

pathobionts and opportunistic species like Escherichia, Enterobacter and Shigella species 280 

which are normally present at very low levels in healthy gut microbiota. Their decreased 281 

selection by IgA1 suggests they might be allowed to expend which coincides with previous 282 

findings that Proteobacteria abundance generally increases in CD. Concurrently, the increase 283 

in Bacteroidetes was mainly due to the family Bacteroidaceae (Fig. 3D, Suppl. Fig 2B) which 284 

includes commensal species normally found in healthy microbiota. 285 

13 species were found differentially abundant between CD and Non-IBD groups, and included 286 

Bacteroides, Lachnoclostridium, Anaerostipes, Blautia, and Bifidobacterium species (Table 1). 287 

More importantly, they included butyrate producers (two Ruminococcus species, 288 

Butyricicoccus and Faecalibacterium), and one oropharyngeal species, Streptococcus 289 

salivarius. Butyrate producers and opportunistic bacteria alike are thus highly selected by IgA1 290 

in CD. When we assessed the impact of the most abundant species within these 13 species, two 291 

unknown Bacteroides, an Anaerostipes, a Bifidobacterium and a Faecalibacterium species 292 

were significantly more abundant in the IgA1+ fraction of CD patients’ microbiota relative to 293 

non-IBD (Fig. 3E). In contrast, no specific enrichment was observed in the IgA1+ fraction of 294 

UC patients’ microbiota compared to either Non-IBD individuals. The UC IgA1+ fraction was, 295 

however, enriched in three Ruminicoccaceae species, two unknown Aerotruncus and 296 

Ruminiclostridium species and Massilioclostridium coli compared to CD patients but these 297 

species did not pass our statistical abundance filters (data not shown).. Taken together, these 298 

results suggest that IgA1 binding mostly affects CD dysbiosis, possibly through the elimination 299 

of beneficial SCFA-producing species.  300 

 301 

IgA2-coated microbiota is partially preserved in IBD 302 

We next performed a similar analysis in the IgA2+ fraction of non-IBD and IBD microbiota. 303 

Similar to IgA1, ChaO1 and Shannon diversity indices of the IgA2+ fraction were not different 304 

in CD, UC and non-IBD (Fig. 4A). Moreover, no clustering of the different groups was obtained 305 

by principal-coordinate analysis of the Jaccard distances (Fig. 4B).  At the phylum level, IgA2+ 306 

fraction microbial profiles were close to that of the IgA1+ fraction and were also characterized 307 



191 

 

by a higher proportion of Bacteroidetes and lower proportion of Proteobacteria in CD patients 308 

(Fig. 4C). 309 

Contrary to IgA1, there was no significantly enriched taxa in the IgA2+ fraction of the stool 310 

microbiota in CD patients compared to non-IBD individuals. One unknown species of 311 

Bacteroides was enriched in the IgA2+ fraction of UC compared to that of non-IBD individuals 312 

(Fig. 4D). Moreover, one Lachnospiraceae species was also more abundant in UC IgA2+ 313 

fraction relative to CD individuals (Fig. 4E). IgA2 might thus tends to deplete beneficial 314 

commensals. However, despite these alterations affecting taxa known to include SCFA 315 

producers, IgA2 selection of the microbiota appears to be more robustly maintained in IBD than 316 

that of IgA1.  317 

 318 

In CD, IgA2-coated  species correlate with disease activity 319 

The surprising absence of altered abundance in the IgA2-bound fraction of the microbiota, 320 

given the major role IgA2 plays in antigen sampling under homeostatic conditions, led us to 321 

hypothesize that IgA2-induced microbial alterations might trigger flares but not participate in 322 

the overall maintenance of the inflammation. As IgA2 levels tended to follow disease activity 323 

in CD patients (Fig. 1F), we evaluated its patterns of selection in situ by co-staining colonic 324 

biopsies from patients with either active or quiescent disease with a panel of ten 16S rRNA 325 

probes and anti-IgA2 fluorescent antibodies (Fig. 5A). Due to the extreme friability of their 326 

colonic mucosa, no biopsies could be obtained from UC patients. Quantitative analysis of the 327 

images acquired from CD patients’ biopsies showed significant changes in two groups : the 328 

total abundance Collinsella aerofaciens was lower, and that of Prevotella species was higher, 329 

in patients with quiescent disease compared to those with active disease (Fig. 5B). Co-330 

occurrence analysis between 16S probes and IgA2 staining did not recapitulate these differences 331 

but showed that quiescent disease was associated to lower IgA2 binding of Bifidobacteria (Fig. 332 

5C). Hence, IgA2 binding, while overall not displaying significantly altered selection of the 333 

microbiota in CD, still has altered patterns of selection in active disease.  334 

 335 

Modification of SIgAs functions in IBD   336 

As SIgA1 and SIgA2 from IBD patients displayed significantly altered selectivity trends 337 

compared to non-IBD individuals, we asked whether their trafficking dynamics might also be 338 

dysregulated. Purification of stool IgA1 and IgA2 via two consecutive HPLC steps (10,34) lead 339 

to the efficient segregation between the two isotypes. Using a previously described in vitro 340 

model of FAE (11), we evaluated the reverse transcytosis (RT) potential separately for IgA1 341 
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and IgA2. In non-IBD patients, we confirm that only IgA2 could perform RT (Fig. 5B), as IgA1 342 

RT activity was negligible (Fig. 6A). Interestingly, purified CD IgA1 but not UC IgA1 was also 343 

able to undergo RT (Fig. 6A). Moreover, UC IgA2 did not behave as expected, as no RT could 344 

be evidenced in those samples (Fig. 6B). As RT activity is associated to IgA2 binding to Dectin-345 

1, we evaluated the Dectin-1-IgA interaction with patients-purified IgA. IgA1 could bind 346 

Dectin-1 in all groups without apparent discrepancy in its binding levels between groups (Fig. 347 

6C). IgA2 from UC patients, however, had a significantly lower affinity for Dectin-1 compared 348 

to both non-IBD and CD individuals (Fig. 6D), suggesting the lower levels of RT observed in 349 

UC could be attributed to defective Dectin-1 recognition. Overall, it appears that IgA gain 350 

functions in CD and loses these functions over the course of UC.  351 

 352 

IgA interactions with Dectin-1 in IBD are altered in Crohn’s disease.  353 

We next asked whether the strength of Dectin-1 binding influenced the levels of RT. In non-354 

IBD patients, IgA2 binding was consistently associated with higher RT percentages compared 355 

to IgA1 (Suppl. fig. 3A). In CD, this remained true for weak binding to Dectin-1 as RT levels 356 

were higher for IgA2 than for IgA1 (Suppl. fig. 3B). However, strong IgA1 binding to Dectin-357 

1 correlated to higher levels of RT than those of strong IgA2 binding (Suppl. fig. 3B). Of note, 358 

weak Dectin-1 IgA1 binders in CD, while not displaying high RT levels, still retained a 359 

significantly higher ability to travel through M cells than non-IBD IgA1 (Fig. 7A). This was 360 

even more pronounced in strong IgA1 binders, as high levels of IgA1 RT still correlated with 361 

high binding affinity to Dectin-1 (Fig. 7B, Suppl. Table 2).Neither non-IBD nor CD IgA2 362 

showed such association (Fig. 7C, 7D, Suppl. Table 2). Moreover, non-IBD and CD IgA2 363 

displayed high levels of RT regardless of the affinity for Dectin-1 (Fig. 7C, D). One major 364 

event thus occurs in CD : IgA1 gains RT ability that is dependent on Dectin-1 binding strength 365 

and is more potent than that of IgA2,  which would potentially contribute to the aggravation of 366 

inflammatory processes. There were no strong IgA1 or IgA2 binders in UC, which further 367 

suggest defective recognition for IgAs in UC (Fig. 7A-D, Suppl. fig. 3C).  368 

 369 

Glycan-reactivity of SIgA from IBD patients is altered.  370 

IgA functionality does not rely solely on antigen transport across mucosal surfaces so we 371 

evaluated SIgA reactivity in IBD by testing purified IgA1 and IgA2 from each group against a 372 

library of 100 commonly-known glycans. As intestinal IgA have a broad but low affinity for 373 

glycosylated bacterial antigens, we meant to correlate structural and functional alterations to 374 

differential patterns of antigen recognition. UC samples clustered separately from CD and 375 
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control in a principal component analysis of glycan micro-arrays for IgA1 and IgA2 combined 376 

(Suppl. Fig.4A). UC and CD did not have similar pattern of glycan recognition, which to our 377 

knowledge has not been evidenced before. Comparison between CD and controls with both 378 

IgA1 and IgA2 combined revealed that one glycan, Neu5Ac-2,3-Gal-1,4-Glc-Sp1, was 379 

significantly less targeted. This glycan is notably expressed by laminins of the epithelial 380 

extracellular matrix of basal membranes and recognized by bacterial lectins (38) (Suppl.table 381 

3). Two others, also sialylated, were significantly more targeted (Suppl.table 3) : SGP and 382 

Neu5Ac-2,3-Gal-1,4-(Fuc-1,3)-Glc-[3-Sialyl-3-fucosyllactose/F-SL]. UC samples presented a 383 

strikingly different profile compared to both control and CD samples with more than 45 glycans 384 

significantly less targeted by UC IgAs (Suppl. Fig 4E).  385 

Separately analysing of IgA1 and IgA2 reactivity showed IgA1 from CD patients tended to a 386 

lower affinity towards one disaccharide, 4-P-GlcNac-1,4-Man-Sp, one -Gal, Gal-1,4-Gal-1,4-387 

Glc, and a higher affinity towards one sialylated oligosaccharide, Gal-1,3-(Neu5Ac-2,6)-388 

GalNac (p<0.1) (Fig. 9A, Suppl. Table 3) when compared to controls. In contrast, UC IgA1 389 

was again leaning towards significantly lower affinity for 34 glycan species (Fig. 9B). More 390 

broadly, CD IgA1 displayed a higher fluorescence intensity for all groups of glycans than non-391 

IBD IgA1 (Fig. 9C), suggesting increased self-recognition that might affect the inflammatory 392 

status of these patients, while UC IgA1 had lower affinity for all glycans. Similar observations 393 

were made for IgA2 in both CD and UC (Fig. 10 A-C) ; CD IgA2 had a general higher affinity 394 

towards commonly targeted glycans (Fig. 10C), with three motifs being significantly 395 

differentially targeted (Suppl. Table 3). Amongst those, the previously mentioned 396 

oligosaccharide Neu5Ac-2,3-Gal-1,4-(Fuc-1,3)-Glc-[3-Sialyl-3-fucosyllactose/F-SL] and 397 

maltotetraose were more targeted. For the former, it suggests that the increased reactivity 398 

observed with both IgA subclasses combined could be attributed to IgA2 reactivity. 399 

Maltotetraose, a common plasma glycopeptide, also characterizes starch-degrading bacteria 400 

(39) and its targeting could participate in the dysregulation of commensal homeostasis. 401 

Oppositely, Neu5Ac-2,3-Gal-1,4-Glc, which was previously significantly less targeted by all 402 

IgA combined in CD, was again less bound by CD IgA2, suggesting this decreased reactivity 403 

could be attributed to IgA2. 404 

On the other hand, UC IgA2 again presented a loss of reactivity towards more that 40 glycans 405 

structures (Fig. 10B, C). Overall, these results highlight distinct reactivity profile for CD and 406 

UC IgA, with the latter displaying a general loss of affinity towards common glycans. 407 

  408 
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Discussion 409 

We aimed at assessing the impact of structural and functional SIgA defects in IBD. We have 410 

previously shown that human SIgA2 but not SIgA1 had different functional abilities (ref), and 411 

notably highlighted that CD patients had higher levels of IgA RT (Papier NR Crohn). The 412 

present study shows distinct SIg profiles for CD and UC. UC patients had lower stool IgA 413 

concentrations, no ability to perform RT and generally targeted less antigens than CD or control 414 

samples, generally arguing for functional losses in UC secretory immunity. To our knowledge, 415 

such alterations have not been described yet. On the other hand, CD stool SIgA seemed to have 416 

gained functions, as both IgA1 and IgA2 underwent high rates of RT, were more reactive to 417 

common glycan motifs, and were generally more N-glycosylated. This is consistent with 418 

preexisting data showing that IgA1, because it is mostly O-glycosylated and not N-419 

glycosylated, cannot bind RT receptors Dectin-1 (11), and thus does not undergo RT in healthy 420 

individuals.  421 

Our results also demonstrate a clear pattern of IgA1-associated selection of the microbiota in 422 

CD that could contribute to the establishment and/or the maintenance of dysbiosis (Fig. 3D, 423 

Table 1). Loss of Faecalibacterium, especially Faecalibacterium prausnitzii, is critically 424 

associated with CD and its severity (16,26,29). Its enrichment in the IgA1+ fraction of CD 425 

patients’ microbiota suggests that IgA1 identification is pathogenic, and could contribute to its 426 

elimination, possibly through neutralization. Anaerostipes, Bifidobacterium, and 427 

Peptostreptococcaceae, which were also enriched in that fraction decreased in treatment naïve 428 

CD patients (40), further suggesting that IgA1 selection contributes to the elimination of 429 

beneficial taxa. Here we also highlight that IgA2, while not displaying an overall altered 430 

microbial profile can influence the onset of flares, as the loss of Bifidobacterium selection was 431 

associated with quiescent disease, suggesting IgA2-binding also has pathogenic potential that 432 

may be drowned in the overall signals when the analysis comprises all patients.  433 

In terms of general in situ abundance, Prevotella specieswere less represented in active disease 434 

biopsies; they areassociated to Th17-oriented diseases (41), which CD also qualifies as,  in that 435 

they promote Th17 inflammation through pathways that are still unclear  (42). Our observation 436 

thus suggests latent pro-inflammatory microbial expansion that might promote flares However, 437 

there was also a decrease in Colinsella abundance in biopsies from quiescent disease patients, 438 

while these species were shown to be decreased in CD (40). These results were obtained from 439 

stool samples, whereas ours were observed directly in the mucosa : Colinsella could be 440 

decreased in stool simply because they retain better adherence to the colonic mucus in CD.  441 
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A caveat of our study is that while we separated IgA1- from IgA2-bound microbiota, flow 442 

cytometry analysis showed that IgA1 was mostly found in dual binding with IgA2, suggesting 443 

a large portion of that IgA1+ fraction may actually be IgA1+ IgA2+. This separation thus at least 444 

gets rid of the IgA1-IgA2+ fraction, and shows that IgA1 binding effectively shifts commensal 445 

selection in CD. On the other hand, IgA2 separation only gets rid of the IgA1+IgA2-, which is 446 

minimal as shown by flow cytometry. In this Ig-bound fraction, few discrepancies were noted 447 

between CD and non-IBD samples, suggesting this lost IgA1+ fraction of the microbiota might 448 

still represent the driving force behind the aforementioned alterations. Previous work on stool 449 

anti-commensal IgA1 and IgA2 in healthy individuals showed that IgA1 and IgA2 dual 450 

opsonization of the microbiota tends to segregate Actinobacteria, whereas IgA2 identification 451 

mostly promotes Bacteroidetes selection (6). In this study, the authors also showed that IgA1 452 

preferentially induce an IL-10 oriented micro-environment suggesting steady state IgA1 453 

secretion in the gut promotes tolerance to commensals. Our own results thus propose that this 454 

property might be abrogated over the course of CD, either as the cause or the consequence of 455 

disorganized commensal selection. Indeed, the elimination of SCFA producers is known to 456 

promote cytokine imbalance that favors inflammatory responses (1). Moreover, the loss of 457 

Proteobacteria selection in both IgA1+ and IgA2+ fractions of CD microbiota suggests that 458 

opportunistic species are no longer controlled by SIgA and might support the maintenance of 459 

dysbiosis. 460 

In UC, Ig-microbiota alterations were less obvious, despite distinct profiles from CD: there was 461 

a differential but not significant enrichment in the IgA1 fraction for three Ruminicoccaceae 462 

species, unknown Anaerotruncus and Ruminiclostridium species and Massilioclostridium coli. 463 

Ruminococcus abundance is generally positively associated to Treg levels (43) but species like 464 

Ruminococcus gnavus produce a pro-inflammatory polysaccharidic capsules, suggesting 465 

glycan reactivity might indeed trigger inflammatory cascades (44), and that IgA1 could lose its 466 

tolerogenic properties by actively targeting these species. Ruminiclostridium colonization was 467 

shown to re-merge after treatment intervention with 5-ASA (45) and generally argues for the 468 

re-emergence of Firmicutes as a positive marker for therapeutic success. Here, IgA1 469 

identification of these taxa once again enforces that the binding becomes pathogenic over the 470 

course of UC.  Moreover, one Bacteroides was also specifically enriched in the IgA2-fraction 471 

of the microbiota, suggesting that IgA2 contributes to Bacteroidetes elimination, and IgA1 to 472 

that of Firmicutes, in UC. Specific functional defects that are directly attributed to SIgA 473 

physiology in the gut in both diseases were also observed. Under homeostatic conditions, only 474 
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IgA2 is able to transport immune complexes within M cells and towards DC of the PP in healthy 475 

individuals. In CD patients, SIgA1 has gained RT abilities, which correlates with the strength 476 

of Dectin-1 binding. As this interaction relies on N-glycosylation and sialic acid enrichment 477 

(11), we believe that CD IgA1 undergoes extensive dysfunctional post-traductional 478 

modifications. Oppositely, all transport, either by IgA1 or IgA2, was inexistent when we tested 479 

UC fecal Igs. To our knowledge, no data exist regarding such alterations in IBD, and they 480 

suggest that CD inflammation might be driven by increased transport of immune complexes, 481 

while UC inflammation might be attributed to their absence. Consequently, IgA1 and IgA2 in 482 

CD had an overall increased reactivity towards common glycans, suggesting autoimmune 483 

features that might be related to other Th17-oriented disease. UC IgAs, on the other hand, 484 

presented a general loss of reactivity, implying defects that impact antigen as well as receptor 485 

recognition. In the absence of IgA-induced tolerogenic signals, immune equilibrium could thus 486 

break resulting in typical Th2 inflammation in UC.  In healthy individuals, IgA2 tends to favor 487 

the selection of terminal Gal and Neu5Ac motifs (6), which was not the case either in the CD 488 

or in the UC cohorts.  489 

Maltotetraose is abnormally elevated in cases of Pompe disease (46), a genetic defect in the 490 

enzyme that converts glycogen into glucose, and its increased targeting by CD IgA2 suggests 491 

IgA2-driven dysregulation of glucose metabolism at the mucosal level. Maltotetraose also 492 

inhibits TNF-α-induced expression of intercellular adhesion molecule-1 (ICAM-1) in mouse 493 

smooth muscle cells (VSMCs) transfected with an ICAM-1 reporter (47). This posits that 494 

neutralization by IgA2 in the gut would amplify TNF- signaling and immune effectors 495 

recruitment, thusly maintaining the inflammatory loop. 496 

Sisomicin sulfate tended to be over selected by CD IgA (Suppl. Table 3); it is an 497 

aminoglycoside antibiotic generally isolated from Micronopora inyoensis, and is effective 498 

against several Klebsiella E. coli, P. aeruginosa, Enterobacter species, and Pseudomonas, all 499 

of which being opportunistic species belonging to Proteobacteria (48,49). IgA targeting of this 500 

regulatory glycan would thus affect the overall ecology of the commensal microbiota. 501 

Moreover, several of the significantly less targeted glycans are found in pathogenic species: the 502 

Gal-1,4-Gal-1,4-Glc motif is borne by H. influenzae glycans and normally recognized by 503 

agglutinins.(50). This suggests inadequate responses towards pathogens.  504 

Most of the differentially targeted glycans were sialylated antigens; increased reactivity towards 505 

these motifs, given they are also recognized by Siglecs at the apical membrane of M cells (11), 506 

could participate in the enhanced reverse-transcytosis observed in CD (Ref NR Crohn). The 507 

rest of these antigens were natural oligosaccharides, blood antigens or milk polysaccharides, 508 
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suggesting both altered self-reactivity and reactivity towards dietary antigens, which could 509 

explain the auto-immune features observed in CD. The loss of reactivity for UC IgA, regardless 510 

of subclass, demonstrates a clear loss in functionality in the mucosal compartment, distinctive 511 

from our observations in CD.  512 

Those results remain preliminary, and would of course benefit from a larger cohort, which we 513 

are currently working on.  514 

 515 

Although CD and UC are classified together as IBD, they not only present very different 516 

physiological features, but also distinct immune responses. In this study, we observe that 517 

dysbiosis in both diseases might also have different causes, namely that CD seems to have 518 

gained inflammatory properties towards the microbiota, whereas UC appears to have lost its 519 

regulatory potential. Both these assumptions could correlate with immune profiles currently 520 

accepted as representative of both diseases: CD is mostly Th1/Th17-oriented whereas UC is 521 

mostly Th2-oriented. Such cellular responses are consistent with these humoral defects and 522 

more investigation on the pathways involved in the communication between these two 523 

compartments of adaptive immunity in IBD should be envisioned. Our observations could also 524 

explain the extreme variability in outcomes after fecal transplants trials in CD.(51,52) In UC 525 

however, fecal transplants seem to get better results(51,53,54). Taking our findings into 526 

account, the lack of immune secretory response to the microbiota could provide a favorable 527 

terrain for engraftment, but correlates with the observation that UC patients do not present 528 

lasting engraftments and will eventually lose beneficial taxa over time. These findings thus 529 

offer new directions on the design of new therapeutic strategies, for example by specifically 530 

blocking IgA RT to lower the inflammatory burden during acute episodes. 531 
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Figure legends 543 

 544 

Figure 1 – Fecal IgA levels distinguish CD from UC but are not affected by disease status 545 

ELISA assay of fecal IgA1 (A), IgA2 (B), total IgA (C), and secretory component (D) levels 546 

from non-IBD (n= 7), CD (n=18), and UC (n=12) patients’ stool. Data were further separated 547 

according to disease activity for IgA1 (E) and IgA2 (F).  548 

All data were analyzed using the Kruskall-Wallis test. * : p-value < 0,05; **: p-value < 0,01. 549 

 550 

Figure 2 – Ig-bound bacteria are mostly IgA1+ IgA2+ in IBD and non-IBD stool. 551 

Flow cytometry analysis of total IgA1-bound (A) and IgA2-bound (B) fecal microbiota. (C) 552 

Flow cytometry analysis of stool IgA1+ IgA2- bacteria (grey dots), IgA1- IgA2+ bacteria (black 553 

dots) and IgA1+ IgA2+ bacteria (empty dots). (D) Flow cytometry analysis of total IgA1+ IgA2- 554 

bound bacteria according to disease status at the time of collection (E) Flow cytometry analysis 555 

of total IgA1- IgA2+ bound bacteria according to disease status at the time of collection. (F) 556 

Flow cytometry analysis of IgA1+ IgA2+ bacteria according to disease status at the time of 557 

collection. Data were analyzed using the Kruskall-Wallis test. * : p-value < 0,05 558 

 Non-IBD : n= 7, CD : n= 18 ; UC : n=12.  559 

 560 

Figure 3 – CD IgA1 displays biased selectivity towards beneficial members of the 561 

commensal microbiota. 562 

(A) Shannon and Chao1 diversity indices of IgA1-bound microbiota in Control, CD and UC. 563 

(B) PCoA plot based on the Jaccard distance between samples. (C) Phylum-level composition 564 

of IgA1-bound microbiota in Control, CD and UC. (D) Boxplots of OTUs whose abundance 565 

was significantly different between Control and CD. OTUs present in less than 25% of samples 566 

or with read count lower than 50 were filtered out. Differential abundance was tested using 567 

negative binomial model implemented in DESeq2 and p-values corrected with False Discovery 568 

Rate (FDR) procedure. 569 

 570 

 Figure 4 – IgA2-driven selection of the microbiota presents less alterations than that of 571 

IgA1 in IBD.  572 

(A) Shannon and Chao1 diversity indices of IgA1-bound microbiota in Control, CD and UC. 573 

(B) PCoA plot based on the Jaccard distance between samples. (C) Phylum-level composition 574 

of IgA1-bound microbiota in Control, CD and UC. (D) Boxplots of OTUs whose abundance 575 

was significantly different between CD and UC, and between Control and UC, respectively.. 576 
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OTUs present in less than 25% of samples or with read count lower than 50 were filtered out. 577 

Differential abundance was tested using negative binomial model implemented in DESeq2 and 578 

p-values corrected with False Discovery Rate (FDR) procedure. 579 

 580 

Figure 5 – CD IgA2 displays biased selectivity in active CD patients. 581 

(A) Combined FISH-IF stainings for each probe. (B) Total fluorescence detected per probe and 582 

per biopsy. (C) Percent of co-occured IgA2 and FISH-bound particles.  583 

* : p-value < 0,05 (Two-Way ANOVA). Active CD : n= 6 ; Inactive CD : n=4.   584 

 585 

Figure 6 – Purified fecal IgA1 and IgA2 from IBD patients have altered functionality.  586 

In vitro assay of Ipurified gA1 (A) and IgA2 (B) reverse-tanscytosis abilities on an inverted 587 

model of FAE from Caco2 and Raji cells co-culture. (C) ELISA assay of IgA1-Dectin-1 588 

binding, at a rate of  one receptor per 10 IgA; (D) ELISA assay of IgA1-Dectin-1 binding, at a 589 

rate of  one receptor per 10 IgA; (E) Immunofluorescent staining of IgA1 (green, AF-488) 590 

binding to Dectin-1 (AF-555, red) on transformed Hela cells ; (F) ELISA assay of IgA2-Dectin-591 

1 binding, at a rate of  one receptor per 10 IgA; Non-IBD : n= 6; CD : n= 8 ; UC : n=5. All data 592 

were analyzed using the Kruskall-Wallis test. * : p-value < 0,05. 593 

 594 

Figure 7 – Strong Dectin-1 binding correlates with increased IgA reverse-transcytosis in 595 

CD.  596 

Percent of IgA1 (A, B) and IgA2 (C, D) reverse-transcytosis for weak (A, C) and strong (B, D) 597 

Dectin-1 binding. Of note, there were no UC IgA1 strong binders. Data were analyzed using 598 

the Kruskall-Wallis test when possible, or the Mann-Whitney test. * : p-value < 0,05. Non-IBD 599 

: n= 6; CD : n= 8 ; UC : n=5.  600 

 601 

Figure 8 – IgA1 and IgA2 from IBD patients have distinct N-glycosylation profiles.  602 

(A) Number of O-glycosylation motifs on IgA1 hinge region (B) ) Number of N-glycosylation 603 

motifs on IgA1 (left) and IgA2 (right) wherein N131/144 and N340/327 overlap (C) 604 

Composition in N-glycosylation motifs on IgA1 at N131/144 and N340/327. (D) Composition 605 

in N-glycosylation motifs on IgA2. Data were analyzed using the Kruskall-Wallis test. * : p-606 

value < 0,05 607 

 CD : n= 5 ; UC : n=3. 608 

 609 

Figure 9 – CD and UC IgA1 have distinct reactivity profiles towards common glycans. 610 



200 

 

CD (A) and UC (B) fold change reactivity compared to non-IBD IgA1. (C) Relative 611 

fluorescence intensity (arbitrary units) over glycan-100 arrays.   612 

* : p-value < 0,05 613 

 Non-IBD : n= 6; CD : n= 6 ; UC : n= 6. 614 

 615 

Figure 10 – IgA2 reactivity to towards common glycan mirrors that of IgA1 in IBD. 616 

CD (A) and UC (B) fold change reactivity compared to non-IBD IgA1. (C) Relative 617 

fluorescence intensity (arbitrary units) over glycan-100 arrays.   618 

* : p-value < 0,05 619 

 Non-IBD : n= 6; CD : n= 6 ; UC : n= 6. 620 

Supp. Fig. 2 – Detailed phylum composition in IgA1+ and IgA2+ fraction of the microbiota 621 

(A) Proteobacteria composition in the IgA1+ fraction, (B) Bacteroidete composition in the 622 

IgA1+ fraction  (C) Proteobacteria composition in the IgA2+ fraction (D) Bacteroidete 623 

composition in the IgA2+ fraction. 624 

 625 

Supp. Fig. 3 – Comparison of weak and strong IgA binders RT within non-IBD and IBD 626 

groups 627 

(A) Percentage of RT in Non-IBD weak (left) and strong (right) IgA1 and IgA2 binders (B) 628 

Percentage of RT in CD weak (left) and strong (right) IgA1 and IgA2 binders (C) Percentage 629 

of RT in UC weak (left) and strong (right) IgA1 and IgA2 binders  630 

 631 

Supp. Fig. 4 – Principal component analysis of IgA reactivity towards common glycans 632 

Principal component analysis on (A) All IgA, (B) IgA1, and (C) IgA2, purified from patients’ 633 

stool and tested for glycan reactivity on glycan micro-arrays. (A-C) Changes in the shape of 634 

data points indicate a different micro-array plate. (D) CD and (E) UC fold change in the 635 

reactivity towards Glycan-100 compared to non-IBD IgA. 636 

  637 



201 

 

References 638 

1.  Bhaskaran N, Quigley C, Paw C, Butala S, Schneider E, Pandiyan P. Role of Short 639 

Chain Fatty Acids in Controlling Tregs and Immunopathology During Mucosal 640 

Infection. Front Microbiol. 2018;9:1995.  641 

2.  Rios D, Wood MB, Li J, Chassaing B, Gewirtz AT, Williams IR. Antigen sampling by 642 

intestinal M cells is the principal pathway initiating mucosal IgA production to 643 

commensal enteric bacteria. Mucosal Immunol. 2016;9(4):907‑16.  644 

3.  Mathias A, Pais B, Favre L, Benyacoub J, Corthésy B. Role of secretory IgA in the 645 

mucosal sensing of commensal bacteria. Gut Microbes. 2014;5(6):688‑95.  646 

4.  Perrier C, Sprenger N, Corthésy B. Glycans on secretory component participate in innate 647 

protection against mucosal pathogens. J Biol Chem. 19 mai 2006;281(20):14280‑7.  648 

5.  Rollenske T, Szijarto V, Lukasiewicz J, Guachalla LM, Stojkovic K, Hartl K, et al. 649 

Cross-specificity of protective human antibodies against Klebsiella pneumoniae LPS O-650 

antigen. Nat Immunol. 2018;19(6):617‑24.  651 

6.  Sterlin D, Fadlallah J, Adams O, Fieschi C, Parizot C, Dorgham K, et al. Human IgA 652 

binds a diverse array of commensal bacteria. J Exp Med. 2 mars 2020;217(3).  653 

7.  Brandtzaeg P. Transport models for secretory IgA and secretory IgM. Clin Exp 654 

Immunol. mai 1981;44(2):221‑32.  655 

8.  Novak J, Julian BA, Mestecky J, Renfrow MB. Glycosylation of IgA1 and pathogenesis 656 

of IgA nephropathy. Semin Immunopathol. mai 2012;34(3):365‑82.  657 

9.  Ohyama Y, Yamaguchi H, Nakajima K, Mizuno T, Fukamachi Y, Yokoi Y, et al. 658 

Analysis of O -glycoforms of the IgA1 hinge region by sequential deglycosylation. Sci 659 

Rep. 20 janv 2020;10(1):1‑11.  660 

10.  Steffen U, Koeleman CA, Sokolova MV, Bang H, Kleyer A, Rech J, et al. IgA 661 

subclasses have different effector functions associated with distinct glycosylation 662 

profiles. Nat Commun. 8 janv 2020;11(1):1‑12.  663 



202 

 

11.  Rochereau N, Drocourt D, Perouzel E, Pavot V, Redelinghuys P, Brown G, et al. Dectin-664 

1 Is Essential for Reverse Transcytosis of Glycosylated SIgA-Antigen Complexes by 665 

Intestinal M Cells. Plos Biol. 2013;11(9):e1001658.  666 

12.  Nakajima A, Vogelzang A, Maruya M, Miyajima M, Murata M, Son A, et al. IgA 667 

regulates the composition and metabolic function of gut microbiota by promoting 668 

symbiosis between bacteria. J Exp Med. 06 2018;215(8):2019‑34.  669 

13.  Wang G, Huang S, Wang Y, Cai S, Yu H, Liu H, et al. Bridging intestinal immunity and 670 

gut microbiota by metabolites. Cell Mol Life Sci CMLS. oct 2019;76(20):3917‑37.  671 

14.  Benus RFJ, van der Werf TS, Welling GW, Judd PA, Taylor MA, Harmsen HJM, et al. 672 

Association between Faecalibacterium prausnitzii and dietary fibre in colonic 673 

fermentation in healthy human subjects. Br J Nutr. sept 2010;104(5):693‑700.  674 

15.  Duncan SH, Hold GL, Barcenilla A, Stewart CS, Flint HJ. Roseburia intestinalis sp. 675 

nov., a novel saccharolytic, butyrate-producing bacterium from human faeces. Int J Syst 676 

Evol Microbiol. sept 2002;52(Pt 5):1615‑20.  677 

16.  Joossens M, Huys G, Cnockaert M, De Preter V, Verbeke K, Rutgeerts P, et al. 678 

Dysbiosis of the faecal microbiota in patients with Crohn’s disease and their unaffected 679 

relatives. Gut. mai 2011;60(5):631‑7.  680 

17.  Ni J, Wu GD, Albenberg L, Tomov VT. Gut microbiota and IBD: causation or 681 

correlation? Nat Rev Gastroenterol Hepatol. oct 2017;14(10):573‑84.  682 

18.  Huibregtse IL, van Lent AU, van Deventer SJH. Immunopathogenesis of IBD: 683 

insufficient suppressor function in the gut? Gut. avr 2007;56(4):584‑92.  684 

19.  Pascal V, Pozuelo M, Borruel N, Casellas F, Campos D, Santiago A, et al. A microbial 685 

signature for Crohn’s disease. Gut. 18 janv 2017;gutjnl-2016-313235.  686 



203 

 

20.  Fuentes S, Rossen NG, van der Spek MJ, Hartman JH, Huuskonen L, Korpela K, et al. 687 

Microbial shifts and signatures of long-term remission in ulcerative colitis after faecal 688 

microbiota transplantation. ISME J. 2017;11(8):1877‑89.  689 

21.  Mariat D, Firmesse O, Levenez F, Guimarăes V, Sokol H, Doré J, et al. The 690 

Firmicutes/Bacteroidetes ratio of the human microbiota changes with age. BMC 691 

Microbiol. 9 juin 2009;9:123.  692 

22.  Ni J, Wu GD, Albenberg L, Tomov VT. Gut microbiota and IBD: causation or 693 

correlation? Nat Rev Gastroenterol Hepatol. oct 2017;14(10):573‑84.  694 

23.  Yamada T, Hino S, Iijima H, Genda T, Aoki R, Nagata R, et al. Mucin O-glycans 695 

facilitate symbiosynthesis to maintain gut immune homeostasis. EBioMedicine. 1 oct 696 

2019;48:513‑25.  697 

24.  Rengarajan S, Vivio EE, Parkes M, Peterson DA, Roberson EDO, Newberry RD, et al. 698 

Dynamic immunoglobulin responses to gut bacteria during inflammatory bowel disease. 699 

Gut Microbes. 16 juin 2019;1‑16.  700 

25.  Quévrain E, Maubert MA, Michon C, Chain F, Marquant R, Tailhades J, et al. 701 

Identification of an anti-inflammatory protein from Faecalibacterium prausnitzii, a 702 

commensal bacterium deficient in Crohn’s disease. Gut. mars 2016;65(3):415‑25.  703 

26.  Yilmaz B, Juillerat P, Øyås O, Ramon C, Bravo FD, Franc Y, et al. Microbial network 704 

disturbances in relapsing refractory Crohn’s disease. Nat Med. févr 2019;25(2):323‑36.  705 

27.  Takahashi K, Nishida A, Fujimoto T, Fujii M, Shioya M, Imaeda H, et al. Reduced 706 

Abundance of Butyrate-Producing Bacteria Species in the Fecal Microbial Community 707 

in Crohn’s Disease. Digestion. 2016;93(1):59‑65.  708 

28.  Liu T-C, Gurram B, Baldridge MT, Head R, Lam V, Luo C, et al. Paneth cell defects in 709 

Crohn’s disease patients promote dysbiosis. JCI Insight. 02 2016;1(8):e86907.  710 



204 

 

29.  Machiels K, Joossens M, Sabino J, De Preter V, Arijs I, Eeckhaut V, et al. A decrease of 711 

the butyrate-producing species Roseburia hominis and Faecalibacterium prausnitzii 712 

defines dysbiosis in patients with ulcerative colitis. Gut. août 2014;63(8):1275‑83.  713 

30.  Mirsepasi-Lauridsen HC, Vrankx K, Engberg J, Friis-Møller A, Brynskov J, Nordgaard-714 

Lassen I, et al. Disease-Specific Enteric Microbiome Dysbiosis in Inflammatory Bowel 715 

Disease. Front Med. 2018;5:304.  716 

31.  Lopez-Siles M, Enrich-Capó N, Aldeguer X, Sabat-Mir M, Duncan SH, Garcia-Gil LJ, 717 

et al. Alterations in the Abundance and Co-occurrence of Akkermansia muciniphila and 718 

Faecalibacterium prausnitzii in the Colonic Mucosa of Inflammatory Bowel Disease 719 

Subjects. Front Cell Infect Microbiol. 2018;8:281.  720 

32.  den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud D-J, Bakker BM. The 721 

role of short-chain fatty acids in the interplay between diet, gut microbiota, and host 722 

energy metabolism. J Lipid Res. sept 2013;54(9):2325‑40.  723 

33.  Moor K, Diard M, Sellin ME, Felmy B, Wotzka SY, Toska A, et al. High-avidity IgA 724 

protects the intestine by enchaining growing bacteria. Nature. avr 725 

2017;544(7651):498‑502.  726 

34.  Moor K, Fadlallah J, Toska A, Sterlin D, Balmer M, Macpherson A, et al. Analysis of 727 

bacterial-surface-specific antibodies in body fluids using bacterial flow cytometry. Nat 728 

Protoc. 2016;11(8):1531‑53.  729 

35.  Lemaire M, Dou S, Cahu A, Formal M, Le Normand L, Romé V, et al. Addition of dairy 730 

lipids and probiotic Lactobacillus fermentum in infant formula programs gut microbiota 731 

and entero-insular axis in adult minipigs. Sci Rep. 3 août 2018;8(1):1‑16.  732 

36.  Escudié F, Auer L, Bernard M, Mariadassou M, Cauquil L, Vidal K, et al. FROGS: Find, 733 

Rapidly, OTUs with Galaxy Solution. Bioinforma Oxf Engl. 15 2018;34(8):1287‑94.  734 



205 

 

37.  Safari Z, Bruneau A, Monnoye M, Mariadassou M, Philippe C, Zatloukal K, et al. 735 

Murine Genetic Background Overcomes Gut Microbiota Changes to Explain Metabolic 736 

Response to High-Fat Diet. Nutrients. 21 janv 2020;12(2).  737 

38.  Sialic Acid Derivative - an overview | ScienceDirect Topics [Internet]. [cité 22 mars 738 

2020]. Disponible sur: https://www.sciencedirect.com/topics/neuroscience/sialic-acid-739 

derivative 740 

39.  Yan Z, She X, Li M, Zhang S. Screening of bacterial strains producing maltotetraose-741 

forming amylase and the conditions for enzyme production. Chin J Biotechnol. 742 

1992;8(3):211‑8.  743 

40.  Gevers D, Kugathasan S, Denson LA, Vázquez-Baeza Y, Van Treuren W, Ren B, et al. 744 

The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe. 12 745 

mars 2014;15(3):382‑92.  746 

41.  Larsen JM. The immune response to Prevotella bacteria in chronic inflammatory disease. 747 

Immunology. 1 août 2017;151(4):363‑74.  748 

42.  Grosserichter-Wagener C, Radjabzadeh D, van der Weide H, Smit KN, Kraaij R, Hays 749 

JP, et al. Differences in Systemic IgA Reactivity and Circulating Th Subsets in Healthy 750 

Volunteers With Specific Microbiota Enterotypes. Front Immunol [Internet]. 2019 [cité 751 

9 janv 2020];10. Disponible sur: 752 

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00341/full 753 

43.  Shimizu J, Kubota T, Takada E, Takai K, Fujiwara N, Arimitsu N, et al. Propionate-754 

producing bacteria in the intestine may associate with skewed responses of IL10-755 

producing regulatory T cells in patients with relapsing polychondritis. PLoS ONE 756 

[Internet]. 20 sept 2018 [cité 9 mars 2020];13(9). Disponible sur: 757 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6147427/ 758 



206 

 

44.  Henke MT, Kenny DJ, Cassilly CD, Vlamakis H, Xavier RJ, Clardy J. Ruminococcus 759 

gnavus, a member of the human gut microbiome associated with Crohn’s disease, 760 

produces an inflammatory polysaccharide. Proc Natl Acad Sci U S A. 25 juin 761 

2019;116(26):12672‑7.  762 

45.  Xu J, Chen N, Wu Z, Song Y, Zhang Y, Wu N, et al. 5-Aminosalicylic Acid Alters the 763 

Gut Bacterial Microbiota in Patients With Ulcerative Colitis. Front Microbiol [Internet]. 764 

13 juin 2018 [cité 9 mars 2020];9. Disponible sur: 765 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6008376/ 766 

46.  An Y, Young SP, Kishnani PS, Millington DS, Amalfitano A, Corz D, et al. Glucose 767 

tetrasaccharide as a biomarker for monitoring the therapeutic response to enzyme 768 

replacement therapy for Pompe disease. Mol Genet Metab. août 2005;85(4):247‑54.  769 

47.  Shin SY, Jung YJ, Yong Y, Cho HJ, Lim Y, Lee YH. Inhibition of PDGF-induced 770 

migration and TNF-α-induced ICAM-1 expression by maltotetraose from bamboo stem 771 

extract (BSE) in mouse vascular smooth muscle cells. Mol Nutr Food Res. 772 

2016;60(9):2086‑97.  773 

48.  Waitz JA, Moss EL, Drube CG, Weinstein MJ. Comparative Activity of Sisomicin, 774 

Gentamicin, Kanamycin, and Tobramycin. Antimicrob Agents Chemother. 1 déc 775 

1972;2(6):431‑7.  776 

49.  Stewart D, Bodey GP. IN VITRO ACTIVITY OF SISOMICIN, AN 777 

AMINOGLYCOSIDE ANTIBIOTIC, AGAINST CLINICAL ISOLATES. J Antibiot 778 

(Tokyo). 1975;28(2):149‑55.  779 

50.  Kalograiaki I, Euba B, Fernández-Alonso M del C, Proverbio D, Geme JWS, Aastrup T, 780 

et al. Differential recognition of Haemophilus influenzae whole bacterial cells and 781 

isolated lipooligosaccharides by galactose-specific lectins. Sci Rep. 2 nov 782 

2018;8(1):1‑12.  783 



207 

 

51.  Allegretti J, Eysenbach LM, El-nachef N, Fischer M, Kelly C, Kassam Z. The Current 784 

Landscape and Lessons from Fecal Microbiota Transplantation for Inflammatory Bowel 785 

Disease: Past, Present, and Future. Inflamm Bowel Dis. 1 oct 2017;23(10):1710‑7.  786 

52.  Bak SH, Choi HH, Lee J, Kim MH, Lee YH, Kim JS, et al. Fecal microbiota 787 

transplantation for refractory Crohn’s disease. Intest Res. avr 2017;15(2):244‑8.  788 

53.  Ishikawa D, Sasaki T, Takahashi M, Kuwahara-Arai K, Haga K, Ito S, et al. The 789 

Microbial Composition of Bacteroidetes Species in Ulcerative Colitis Is Effectively 790 

Improved by Combination Therapy With Fecal Microbiota Transplantation and 791 

Antibiotics. Inflamm Bowel Dis. 29 2018;24(12):2590‑8.  792 

54.  Shi Y, Dong Y, Huang W, Zhu D, Mao H, Su P. Fecal Microbiota Transplantation for 793 

Ulcerative Colitis: A Systematic Review and Meta-Analysis. PloS One. 794 

2016;11(6):e0157259.  795 

  796 



208 

 

  797 

  798 

C
ontr

ol 
C
D

U
C

-1000

-500

0

500

1000

2000

4000

6000

8000

10000

C
ontr

ol 
C
D

U
C

-1000

-500

0

500

1000

2000

4000

6000

8000

10000

[I
g
A

1
] 

u
g
.g

-1
 f

e
c
e
s

[I
g
A

2
] 

u
g
.g

-1
 f

e
c
e
s

C
ontr

ol 
C
D

U
C

-5000

0

5000

10000

15000

[T
o
ta

l 
Ig

A
] 

u
g
.g

-1
 f

e
c
e
s

C
ontr

ol 
C
D

U
C

-500

0

500

1000

1500

2000

[T
o
ta

l 
S

C
] 

u
g
.g

-1
 f

e
c
e
s

*

**p=0,052

*p=0,068

p=0,07

C
ontr

ol 

C
D
-In

ac
tiv

e

C
D
-A

ct
iv

e

U
C
-A

ct
iv

e

U
C
-In

ac
tiv

e

0

2000

4000

6000

8000

10000

C
ontr

ol 

C
D
 - 

In
ac

tiv
e

C
D
-A

ct
iv

e

U
C
-In

ac
tiv

e

U
C
-A

ct
iv

e

0

2000

4000

6000

8000

10000

[I
g
A

1
] 

u
g
.g

-1
 f

e
c
e
s

[I
g
A

2
] 

u
g
.g

-1
 f

e
c
e
s

p=0,0575 *

A B 

C D 

E F 

Fig. 1 



209 

 

  799 

Fig. 2 

A B C 

D E F 

C
ontr

ol 
C
D

U
C

-50

0

50

100

C
ontr

ol 
C
D

U
C

0

50

100

150
P

e
rc

e
n
ta

g
e
 to

ta
l I

g
A

1
-b

o
u
n
d
 b

a
c
te

ri
a

P
e
rc

e
n
ta

g
e
 to

ta
l I

g
A

2
-b

o
u
n
d
 b

a
c
te

ri
a

C
ontr

ol 
C
D

U
C

-50

0

50

100
IgA1+

IgA2+

Double +

P
e
rc

e
n
ta

g
e
 to

ta
l I

g
A

-b
o
u
n
d
 b

a
c
te

ri
a

*

C
ontr

ol 

C
D
 - 

In
ac

tiv
e

C
D
-A

ct
iv

e

U
C
-in

ac
tiv

e

U
C
-A

ct
iv

e
-5

0

5

10

C
ontr

ol 

C
D
-In

ac
tiv

e

C
D
-A

ct
iv

e

U
C
-In

ac
tiv

e

U
C
-A

ct
iv

e
-20

0

20

40

60

80

100

C
ontr

ol 

C
D
-In

ac
tiv

e

C
D
-A

ct
iv

e

U
C
-In

ac
tiv

e

U
C
-A

ct
iv

e
0

20

40

60

80

100

* *p= 0,08

P
e
rc

e
n
ta

g
e
 to

ta
l I

g
A

1
-b

o
u
n
d
 b

a
c
te

ri
a

P
e
rc

e
n
ta

g
e
 to

ta
l I

g
A

2
-b

o
u
n
d
 b

a
c
te

ri
a

P
e
rc

e
n
ta

g
e
 to

ta
l I

g
A

-b
o
u
n
d
 b

a
c
te

ri
a



210 

 

  800 

A B 

C 

 Fig. 3 

D 



211 

 

  801 

Fig. 4 

A B 

C D 



212 

 

  802 

A
ct

iv
e

In
ac

tiv
e

0

50

100

150

200

Faecalibacterium prausnitzii (Fprau645)

Colinsella Aerofaciens (Ato291)

Bacteroidetes - Prevotella group (Bac303)

Bacteroides vulgatus (Bacto1080)

Bifidobacterium genus (Bif164)

Bifidobacterium longum (Bif228)

Lactobacillus Enterococcus (Lab158)

Eubacterium rectale-Clostridium coccoides group (Erec482)

*

A
ct

iv
e

In
ac

tiv
e

0

100

200

300

400

F. prautzinii (Fprau645)

Colinsella Aerofaciens (Ato291)

Bacteroidetes prevotella group (Bac303)

Bacteroides vulgatus (Bacto1080)

Bifidobacterium genus (Bif164)

Bifidobacterium longum (Bif228)

Lactobacillus Enterococcus (Lab158)

Ruminococcus productus (Erec482)

*

*

T
o
ta

l p
o
s
iti

v
e
 p

a
rt

ic
le

s
 p

e
r 

m
m

2

P
e
rc

e
n
t I

g
A

2
-p

o
s
iti

v
e
 F

IS
H

 p
ro

b
e
 p

e
r 

m
m

2

A 

B C 

NonEUB338 

Bacto1080 

EUB338 

Bif164 

Fprau641 

Bif228 

Ato291 

Lab158 

Bac303 

Erec488 

IgA2 – AF488 
Probe-Cy3 

Fig. 5 

A
ct

iv
e

In
ac

tiv
e

0

50

100

150

200

Faecalibacterium prausnitzii (Fprau645)

Colinsella Aerofaciens (Ato291)

Bacteroidetes - Prevotella group (Bac303)

Bacteroides vulgatus (Bacto1080)

Bifidobacterium genus (Bif164)

Bifidobacterium longum (Bif228)

Lactobacillus Enterococcus (Lab158)

Eubacterium rectale-Clostridium coccoides group (Erec482)

*

A
ct

iv
e

In
ac

tiv
e

0

100

200

300

400

F. prautzinii (Fprau645)

Colinsella Aerofaciens (Ato291)

Bacteroidetes prevotella group (Bac303)

Bacteroides vulgatus (Bacto1080)

Bifidobacterium genus (Bif164)

Bifidobacterium longum (Bif228)

Lactobacillus Enterococcus (Lab158)

Ruminococcus productus (Erec482)

*

*

T
o
ta

l p
o
s
iti

v
e
 p

a
rt

ic
le

s
 p

e
r 

m
m

2

P
e
rc

e
n
t I

g
A

2
-p

o
s
iti

v
e
 F

IS
H

 p
ro

b
e
 p

e
r 

m
m

2



213 

 

 803 

  804 

A B 

C D 

Fig. 6 

C
ontr

ol
C
D

U
C

0.0

0.5

1.0

20

40

60

80

100
Control

CD

UC

C
ontr

ol
C
D

U
C

0
2
4
6
8

10

20

40

60

80

100
Control

CD

UC

Ig
A

1
 p

e
rc

e
n
t 

in
 v

it
ro

 
re

v
e
rs

e
 t

ra
n
s
c
y
to

s
is

Ig
A

2
 p

e
rc

e
n
t 

in
 v

it
ro

 
re

v
e
rs

e
 t

ra
n
s
c
y
to

s
is

*

*

K-W p-value = 0,0057 K-W p-value = 0,0161

C
ontr

ol I
gA

1

C
D
 Ig

A
1

U
C
 Ig

A
1

-0.5

0.0

0.5

1.0

1.5

C
ontr

ol I
gA

2

C
D
 Ig

A
2

U
C
 Ig

A
2

-0.5

0.0

0.5

1.0

1.5

Ig
A

1
 b

in
d
in

g
 to

 D
e
ct

in
-1

 (
O

D
)

Ig
A

2
 b

in
d
in

g
 to

 D
e
ct

in
-1

 (
O

D
)

*
*

K-W p-value = 0,0059

A B 

Fig. 7 

C D 

C
ontr

ol
C
D

U
C

0.0

0.5

1.0

1.5

2.0

20

40

60

C
ontr

ol
C
D

0.0

0.5

1.0

1.5

2.0

20

40

60

C
ontr

ol
C
D

U
C

0.0

0.5

1.0

1.5

2.0

20

40

60

C
ontr

ol
C
D

U
C

0.0

0.5

1.0

1.5

2.0

20

40

60

P
e
rc

e
n
t r

e
v
e
rs

e
 tr

a
n
s
c
y
to

s
is

P
e
rc

e
n
t r

e
v
e
rs

e
 tr

a
n
s
c
y
to

s
is

P
e
rc

e
n
t r

e
v
e
rs

e
 tr

a
n
s
c
y
to

s
is

P
e
rc

e
n
t r

e
v
e
rs

e
 tr

a
n
s
c
y
to

s
is

Weak binder Strong binder

Weak binder Strong binder

IgA2

IgA1

**



214 

 

  805 A 

Fig. 9 

0                                     20 000 

Monosaccharides 

B 

C 



215 

 

  806 

0                                    40 000 

Monosaccharides 

A 

B 

C 

Fig. 10 



216 

 

 807 
 808 

 809 
 810 
 811 
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 816 
 817 
 818 
 819 
 820 
 821 
 822 
 823 
 824 
 825 
 826 
 827 
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 829 
 830 
 831 
 832 
 833 
 834 
 835 
 836 
  837 

838 

Table 1 – Differentially recognised species in the IgA1
+
 fraction of the CD stool microbiota 
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Supp. Table 1 – FISH probe sequences 

Supp. Table 2 – Correlation between percent IgA1 or IgA2 reverse transcytosis and Dectin-1 binding 

Supp. Table 3 – Glycan motifs recognition by CD IgAs 
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D- Conclusions et perspectives. 

Pour la première fois, nous mettons en évidence plusieurs altérations fondamentales de 

la fonction des IgA sécrétoires dans les MICI : (i) NOD2 régule la RT des IgA négativement et 

les polymorphisme sur le gène NOD2 entraînent une augmentation de celle-ci, (ii) les IgA1 de 

patients atteints de la MC sélectionne des espèces bénéfiques et pourraient contribuer à leur 

élimination, (iii) ces IgA1 acquièrent la capacité d’effectuer la transcytoses inverse, (iv) les IgA 

dans la MC ont une réactivité anti-glycan accrue, et enfin (v) les IgA dans la RCH sont 

caractérisées par une absence de RT et une perte de réactivité contre ces même glycans. 

Plusieurs aspects de ces dynamiques restent cependant à confirmer. 

Dans un premier temps, les résultats de notre étude du microbiote (Chapitre 2, Article 

2) seront à approfondir par l’inclusion d’un plus de grand nombre de sujets, notamment pour 

palier à l’importante variabilité intra-groupe observée lors du séquençage 16S et des 

expériences de cytométrie en flux.  

 

La poursuite de cette recherche bénéficierait de la mise en culture des biopsies 

intestinales de patients NOD2 en présence de différents types d’antigènes, commensaux ou 

pathogènes, ainsi que de l’analyse des métabolites bactériens produits au cours de cette culture, 

afin d’évaluer l’orientation de la réponse immune muqueuse par cytométrie en flux. De plus, 

des clones circulants de LB produisant des Ig (A, M, et G) anti-commensales sont retrouvés 

chez l’individu sain et les patients atteints de MICI220,357,396. Les résultats obtenus dans nos 

études mériteraient donc d’être complétés par une étude du répertoire et de la réactivité des Ig 

circulantes chez ces mêmes patients.  À cet effet, nous avons immortalisé des LB issus de 

résections chirurgicales iléales de patients atteints de MC. Après dilution clonale, les LB 

sécrétant des IgA1, IgA2, IgM et IgG ont été conservés et leurs Ig purifiées pour l’analyse de 

la liaison au microbiote. Nous souhaitons, et c’est en cours, extraire les ARN de ces clones pour 

séquencer les régions variables des transcrits et analyser le répertoire Ig muqueux. Nous 

recherchons d’éventuels défauts de maturation d’affinité, une restriction de la variabilité 

directement au niveau des séquences VH, ou une spécificité accrue pour certains motifs 

commensaux. Au moment de la rédaction de cette thèse, plus de 300 clones (toute Ig 

confondues) ont été isolés (Tableau 4). La RT-PCR pour l’amplification des gène Ig (Fig. 29) 

a été mise au point et tous les clones ont à ce jour été amplifiés selon cette méthode.  
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Tableau 4 – Nombre de clones immortalisés par pièce chirurgicales (A, B, C). 

Chaque pièce a été prélevée sur un patient différent atteint de la maladie de Crohn. Les tissus ont été 

broyés et digéré à la collagénase, puis les cellules ont cocultivées avec l’EBV. Lorsque des amas 
cellulaires ont commencé à se former, les cellules ont été repiquées par dilution clonale. La sécrétion 

d’Ig a été mesurée par ELISA.  

Figure 29 – Mise au point de la PCR d’amplification des région variables des gènes des chaînes lourdes des Ig. 

(A) Electrophorèse sur gel des produits PCR après les two-step RT-PCR sur pour le gène C. L’encadré rouge est 

la fornulation du mix PCR sélectionnée à l’issue des mises au point. (B) Two-step RT-PCR sur pour le gène C. 

Dans un premier temps, les quantités ont été conservées selon celles choisies pour les RT-PCR IgM. La mise au 
point a été faite sur un clone àa IgA2 (jaune) et un clone à IgA1 (bleu). Pour augmenter la qualité de l’amplification 

(encadré rouge), les concentrations de MgCl2 ont été augmentées (flèche jaune). 



  

223 

 

Nous montrons également des biais de sélection de la flore microbienne dans les MICI, 

cependant la nature des IgA qui sélectionnent ce microbiote n’est pas élucidée : ces IgA peuvent 

être issues de processus T-dépendants, et sont généralement de haute affinité, ou bien de 

processus T-indépendants, et donc polyréactives. Si la polyréactivité a été testée en partie par 

les glycan array, il est également envisageable de déglycosyler nos IgA purifiées et de vérifier 

quelles bactéries restent sélectionnées. Nous supposons que cette déglycosylation limitera la 

sélection d’espèces commensales mais pas celle d’espèces pathogènes.  

 

 En termes de mécanistique, il faudra mettre en évidence que les IgA1 de la MC 

effectuent bien la transcytose inverse grâce à la liaison à Dectin-1. Pour cela, nous prévoyons 

de reproduire les traitements par siRNA utilisée pour démontrer la transcytose des IgA2 43 et le 

recrutement des protéines vésiculaires (Chapitre 2, Article 1) sur le modèle in vitro de FAE 

dans nos précédents travaux. Ce dispositif permettra également d’établir le rôle de Siglec-5 

dans ce transport. En complément, les expériences de liaison à Dectin-1 par ELISA seront 

reproduites entre Siglec-5 et les IgA de patients atteints de MICI et d’individus non-MICI.  

De plus, NOD2 interagit avec Dectin-1 et Siglec-5, mais aussi avec les protéines de 

transport vésiculaire Rab-5, Rab-7 et EEA-1. Il semble également que la signalisation via Syk 

et TAK1 intervienne dans la RT des IgA. Si la présence de Syk et TAK1 dans la signalisation 

de Dectin-1 est connue397, leur rôle dans la RT n’a jusqu’ici pas été illustré. Puisque Syk et 

TAK1 convergent toutes deux sur la voie NF-B, il serait intéressant de reproduire nos 

observations avec des effecteurs de cette voie tels que IKK, ou les sous-unités de NF-B. NOD2 

pourrait, dans ce contexte, agir comme une plateforme d’interaction moléculaire. 

  

NOD2 est également impliqué dans la régulation des TLR2 et 4, en conditions 

inflammatoires398, ce qui implique que la détection des signaux commensaux sera altérée, et 

peut entraîner une dérégulation des niches microbiennes intestinales. Dans nos modèles murins, 

il faudrait donc comparer la diversité bactérienne fécale des animaux NOD2 KO et des animaux 

sauvages. Puisque qu’il y a une RT accrue des IgA chez les animaux NOD2 KO, il serait 

également intéressant de comparer la diversité de la fraction microbienne IgA+ entre animaux 

KO et animaux sauvages. De même, pour démontrer la causalité entre les défauts de sélection 

du microbiote par IgA1 et IgA2 et l’installation d’une l’inflammation latente liée à la dysbiose, 

nous aimerions inoculer ces fraction IgA1+ et IgA2+ de patients atteints de MICI à des souris 

axéniques. Nous voulons corréler l’orientation vers un profil Th1-Th17 à l’inoculation du 

microbiote de patients MC, avec comme hypothèse principale que la fraction IgA1+ fera 
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pencher la balance plus rapidement vers l’inflammation que la fraction IgA2+ seule. Selon ce 

même schéma, l’accumulation et l’activation des Th9 et des Th2 y serait corrélée au microbiote 

issu de patients atteints RCH. Ces corrélations peuvent, dans un premier temps, se faire sur 

notre modèle de moDC, en conditionnant celles-ci avec nos IgA purifiées ou complexées, et en 

les plaçant au contact de LT CD4+ autologues, dont le phénotype sera analysé par cytométrie 

en flux puis par analyse de la production cytokinique par technologie Luminex.  

 

De plus, et comme nous l’avons mentionné dans l’introduction, le rôle compensatoire 

des SIgM lorsque la sécrétion d’IgA est défectueuse est connu209,391. Aussi il semble approprié 

de reproduire l’ensemble de l’étude (liaison au microbiote, transcytose inverse avec et sans 

polymorphismes NOD2, liaison au récepteur de RT TOSO, réactivité anti-glycan) sur des IgM 

purifiées de selle de patients.  
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Chapitre 3 – Inhibition de la transcytose-

inverse en conditions physiopathologiques 
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A- Résumé et article 5 : Compétition pour la transcytose inverse des IgA in vivo au cours de colite 

à Salmonelle 

Les MICI sont caractérisées par une inflammation chronique, de la dysbiose microbienne 

308,399–402, et une augmentation de la perméabilité intestinale288,403. Les traitements actuels 

ciblent l’induction et le maintien de la rémission, en l’absence de traitement curatif. Ils visent à 

limiter l’impact de la sécrétion de TNF- sur les muqueuses et à limiter le recrutement 

d’effecteurs cellulaires. Ainsi, l’utilisation d’anticorps monoclonaux anti-TNF-404 

d’inhibiteurs des intégrines 47405 ou des calcineurines406, et désormais d’inhibiteurs de Jak407 

a considérablement amélioré la prise en charge des MICI. L’effet de ceux-ci peut être complété 

par l’administration d’antibiotiques, de thiopurines ou de corticostéroïdes 288,403. Malgré ces 

progrès, les échecs thérapeutiques sont nombreux, environ 40% des patients ne répondent pas 

aux anti-TNF. De récentes données soulignent également qu’un microbiote dysbiotique 

promeut l’échec thérapeutique aux anti-TNF- 404 ou aux anti-intégrines 405. De plus, 

l’ensemble de ces traitements est à l’origine de très lourds effets secondaires (Tableau 3), ce 

qui appelle au développement de nouvelles approches thérapeutiques.  

 Au vu du rôle prédominant du microbiote dans la pathogenèse des MICI, plusieurs 

dérivés microbiens ont été utilisés par de récents travaux pour limiter l’inflammation intestinale. 

Ainsi, les - et -glucans fongiques sont utilisés avec succès chez la souris au cours de colites 

au DSS ou des HFD, où ils limitent la sévérité de l’inflammation408–411. Les glucans fongiques 

sont reconnus dans la muqueuse intestinales par les CLR Dectin-1, -2, et -3. Alors que Dectin-

1 reconnait les -glucans, Dectin-2 lie les -glucans ; ils induisent respectivement une 

immunité de type Th1-Th17
42,44,412,413 et Th17-Th2

47,414,415.  

 Nous avons également montré que Dectin-1 permet la RT  des IgA au niveau des cellules 

M de la PP43, et que le taux de RT des IgA augmente dans la maladie de Crohn. D’autres 

maladies intestinales, comme la maladie cœliaque, mettent en jeu le retro-transport des 

complexes IgA-antigènes pour la promotion de l’inflammation163,416. Aussi, nous avons 

souhaité évaluer si le blocage du transport de ces complexes IgA-médiés permettrait de limiter 

l’établissement de boucles inflammatoires muqueuses au cours de colite à Salmonelle (Article 

5).  

Nous montrons que parmi les glucans testés, le -glucan zymosan et l’-glucan pullulan, 

permettent de limiter ou de retarder les effets d’une colite infectieuse à Salmonelle. L’activité 

du zymosan dépend notamment de sa capacité à activer les TLR. L’injection de zymosan ou de 
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pullulan limite la pénétration bactérienne dans les tissus et est, de plus, corrélée à une moindre 

réabsorption des IgA dans la PP.  
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Abstract 

Inflammatory Bowel Diseases (IBD) are characterised by chronic inflammation of various 

origins with increasing incidence world widely. Evidences of severe dysbiosis over the course 

of IBD suggest the microbiota could influence responses to current treatments as well as 

promote the orientation of the immune response towards either tolerance or inflammation. 

Previous studies have indicated that microbial glucans, especially fungal - and -glucan favor 

targeted delivery of current treatment, and promote the restoration of microbiota diversity 

during colitis. We have previously shown that decitn-1, a receptor for fungal -glucans in the 

gut, favors IgA trafficking in the gut. As IgA select commensal microbiota and increased 

retrotransport of IgA has been observed in IBD, we aim to limit the translocation of IgA-

bacteria complexes n vivo by competing for Dectin recognition in the gut. We show that the -

glucan zymosan and -glucan pullulan both limit IgA-Salmonella complexes translocation into 

murine Peyer’s patches. Both promote enhanced survival and zymosan favors lower 

inflammation in a TLR-dependent manner. 

 

Keywords : Secretory, IgA, glucans, fungi, colitis, Dectin 
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Introduction 

Inflammatory Bowel Disease (IBD) are characterized by chronic inflammation, 

dysbiosis1–5, and increased intestinal permeability 6,7, the causes of which are various and multi-

faceted. IBD occur in episodic flares that can be triggered by stress, dietary antigens, infections, 

and antibiotic consumption 26,27. Increased level of TNF-α are observed in the mucosa of 

patients with IBD28,29, and intestinal immunity shifts towards Th17, Th1 or Th2 cytokine 

production26,30–33. Defects in IgA selection of the microbiota, to the benefit of anti-commensal 

IgG4,33–35, are also thought to promote dysbiosis in IBD. Despite progress in the characterisation 

of immune and microbial parameters of IBD, the full understanding of the pathogenesis of IBD 

remains elusive.  

As no curative treatment exists yet, current therapeutic options aim at inducing and 

maintaining remission. As such, conventional treatments rely on anti-inflammatory and 

immunosuppressive biological agents : anti-TNF monoclonal antibodies were thus a 

tremendous progress for IBD. Approximately one-third of patients remains unresponsive to 

such therapies, while in patients in which they are effective, high doses are required8. Other 

agents such as antibiotics, thiopurines and corticosteroids enhance the effect of anti-TNF 

therapies36–38.  However, treatments with most of these drugs are associated to long lists of 

adverse effects that have yet to be overcome. Consequently, this large number of treatment 

failure prompts for a rethinking of current approaches. Novel approaches under study include 

dietary therapy, injection of allogeneic expanded adipose stem cells, anti-a4b7 integrins as well 

as anti-IL-12 and IL-23 monoclonal antibodies, and gut-specific JAK inhibitors11,39,40. 

However, low microbiota diversity and loss of short chain fatty acids (SCFA)-producing taxa 

is associated with anti-TNF and anti-integrin failure in IBD 9,41. It is thus to be be expected that 

commensal diversity and the nature of its species will impact the response to these treatments 

as well. 

Because the microbiota plays a significant role in the maintenance of homeostasis and 

it is disturbed in IBD, recent investigations for IBD treatment aim at manipulating bacterial 

diversity concurrently to lowering inflammatory parameters to promote gut healing and 

regulatory effectors expansion. Studies on safer and milder treatment delivery systems have 

thus highlighted the role of microbial glucans either to lower colitis-induced inflammation or 

as drug delivery systems. In mice, fungal polysaccharides lower the severity of dextran sulfate 

sodium (DSS)-induced colitis12–14 and alleviate dysbiosis during a high-fat diet (HFD)42. The 

use of fungal -glucan-derived nanoparticles, to deliver and maintain sufficient concentration 
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of anti-TNF treatment or methotrexate within the intestinal tissues are successfully uptaken by 

macrophages, promote high local drug concentrations and lower the effects of colitis43,44. 

Given increasing evidences of fungal dysbiosis in IBD45–47, it is thus likely that fungal 

particles might partially restore microbial homeostasis in the gut during inflammation. Fungal 

sensing in the gut is ensured through recognition of antigens by Dectin receptors. Dectin-1 is a 

C-type lectin-like receptor (CLR), the natural ligand of which are usually microbial – especially 

fungal –  -glucans 48. CLRs Dectin-2 and 3 are also specialized in anti-fungal immunity 49. 

While Dectin-1 signalling tends to elicit Th1, Th9 and Th17 responses 16–19, that of Dectin-2 is 

thought to induce Th17- and Th2-oriented inflammation 20–22, promote neutrophil recruitment 

and NETosis50,51 and trigger NLRP3 activation 52,53 in response to fungal -mannans 54. 

We have previously evidenced Dectin-1 expression at the apical membrane of microfold 

(M) cells of the follicle-associated epithelium (FAE) of Peyer’s patches (PP)23. Not only can it 

sample microbial glucans, we also show that secretory IgA is recognized by Dectin-1 and 

internalized by M cells23, a process termed reverse transcytosis (RT), after which it can bind 

DC-SIGN+ dendritic cells (DC) 23,55 of the intra-epithelial pocket of M cells. Similar retro-

transports are also evidenced in coeliac disease, wherein SIgA-antigen complexes are uptaken 

through FcRI binding and promote inflammation24,25. Secretory IgA (SIgA) are responsible 

for the optimal segregation of commensal and pathogenic bacteria 56–58. In IBD, alterations of 

such IgA-driven selection of the microbiota34,59, and increases in reverse transcytosis activity 

(Rochereau, et al. Nature communication, 2020, in press) have been observed. We have thus 

evaluated a novel strategy to limit IgA RT by competing for Dectin availability in vivo. After 

screening for possible microbial ligands, we show that Salmonella-induced colitis can be 

attenuated through the administration of two fungal glucans, zymosan and pullulan. Both these 

compounds limited the reabsorption of IgA-bacteria complexes into the PP and enhanced 

survival during experimental colitis. We highlight that zymosan lowers murine DC 

responsiveness in vitro and relies on TLR activation to promote low inflammation levels in 

vivo. This suggest disruption of IgA RT might be a potentially new therapeutic strategy for IBD.  
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Materials and methods 

Reagents 

Zymosan depleted (Invivogen, tlrl-zyd), zymosan (Invivogen, tlrl-zyn) and pullulan from 

Aureobasidium pullulans (Sigma-Aldrich, P4516), curdlan from Alcaligenes faecalis (Sigma-

Aldrich, C7829 ), laminarin from Laminaria digitata (Sigma-Aldrich, L9634) were 

reconstituted per manufacturer’s instructions at a stock concentration of 5 mg.mL-1 under sterile 

conditions. 

 

IgAC5 and IgA-Sal4 

Murine Shigella flexneri LPS-specific IgAC5 serotype 5a and Salmonella typhimurium 

carbohydrate-specific IgASal4 were produced as previously described 60. Polymeric isoforms 

were obtained by steric exclusion chromatography and secretory component (SC) was purified 

from 2H2 hybridoma culture by affinity chromatography 61. SC was added to IgAC5 or IgASal4 

in equimolar concentrations in PBS for 30 minutes at room temperature (RT) then stored at 4oC. 

 

In vitro model of FAE and reverse-transcytosis assay  

The model was set-up as previously published by our team 23. Once ready, inserts were fitted 

in a silicone tube and both top and bottom chambers were filled with HBSS buffer. Samples 

(10 g of IgA) were added to the top chamber and incubated for 90min at 37°C. The bottom 

chamber was collected and tested for Ig passage by ELISA. 

 

Salmonella cultures 

SL1344 Salmonella enterica Typhimurium isolates were provided by Dr. Blaise Corthésy. 

After a 24h culture at 37oC on streptomycin agars (90ug/mL), 5% CO2, one colony was 

transferred to 3mL of liquid LBstrep broth (Streptomycin 90 g/mL) for another 24h at 37oC, 

5% CO2 and under slight agitation. Approximately 100l of the resulting culture were diluted 

into another 3mL of liquid LBstrep broth, to get to a 0.1 optical density (OD600nm). OD600nm 

measurements were performed in parallel with gel titration  so that bacteria can be administered 

in their exponential phase during our experiments (CFU). Salmonella enterica Typhimurium 

GFP were obtained from ATCC (14028GFP) and cultured similarly, except all media included 

both streptomycin and ampicillin (90 g.mL-1). 

 

Model of mouse colitis.  
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6 weeks-old Balb/cByJ female mice were purchased from Charles River and hosted at our 

facility for 10 days prior to any experiments. Mice were gavaged with 1mg of either depleted 

zymosan, zymosan or pullulan two hours prior to Salmonella infection. SL1344 was then orally 

administered (106 CFU/mouse) in 100 µl PBS. Mice were not pre-treated with streptomycin as 

we aimed to measure the role of SIgA reverse transcytosis in the context of a normal microbiota. 

Body weight and disease activity index (DAI) were monitored each day. 

 

Assessment of colitis severity 

Disease activity index (DAI). DAI score was monitored daily to evaluate the clinical 

progression of colitis 62. The DAI score combines the percentage of weight loss, stool 

consistency, rectal bleeding, and altered behavior. Scores were defined as described in Suppl. 

Table 1. Experimental endpoint was reached when mice exhibited weight loss greater than 20% 

or a DAI above 9. 

Serum IL-6 assay. Mice were bled one day before the experiments began, 4 days after 

treatment, and on the day of sacrifice, through the retro-orbital plexus. Serum concentrations of 

IL-6 were assessed by ELISA (Mouse IL-6 ELISA MAX, Biolegend, San Diego, CA).  

Fecal Lipocalin assay. Stools were collected one day before the experiments began, 4 days 

after treatment, and on the day of sacrifice. When collection was impossible due to diarrhoea, 

intestinal washes after harvesting colon and coecum were performed. Fecal concentration of 

the inflammatory marker lipocalin2 was assessed by ELISA (Mouse Lipocalin-2/NGAL 

DuoSet ELISA, R&D systems) 

 

SIgA administration into ligated loops  

For ileal loop preparation, mice were starved overnight, anesthetized by intra-peritoneal 

injection of a mix of ketamine and xylazine (100 and 10 mg/kg, respectively) and kept warm at 

37°C throughout the surgical procedure. 100 l of a 5 mg/ml zymosan depleted, zymosan, 

pullulan, or each glucan combined with 105 CFU Sal-GFP were administered into a 1 cm ileal 

loop containing a PP. For some experiments, mice were gavaged with either PBS or 1mg of 

glucan 2 hours prior to ileal loop experiments and only Sal-GFP was injected. After the mice 

were sacrificed by cervical dislocation, the loop was harvested, washed with sterile PBS, fixed 

overnight in 4% paraformaldehyde, and included in optimal cutting tissue (OCT) embedding 

solution. 7-µm sections (Leica cryostat model CM1950, Leica Microsystems) were deposited 

on Ultra+ superfrost microscope slides (VWR International). The protocol followed the 
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guidance of the regional Ethics Committee for animal testing, CREEA (Permit number: No. 

69387487). 

 

Immunofluorescence stainings 

PP sections were washed in PBS three times then permeabilized in a 0.1% Triton, 1% BSA 

solution for 2 minutes, then washed once more in PBS. Biotinylated rat anti-mouse IgA (1/500 

dilution, BD 556978) antibodies were added to each section for 90 minutes. After three PBS 

washes, Streptavidin-AF555 (1/1000, Fisher) was added and incubated at room temperature for 

60 minutes. Slides were mounted in DAPI-fluoroshield (Sigma-Aldrich, F6057) and observed 

by epifluorescence microscopy (Eclipse, Nikon). 

 

Anti-mouse IgA ELISAs 

Anti-mouse  and  light chains antibodies (Fisher, 11505040, PISA510216) were coated 

(1/1000) in Nunc Maxisorp 96-wells plates (Fisher) in carbonate buffer (pH 9.6) overnight at 

4oC. Wells were saturated with BSA 1% in PBS-tween 0.05% (PBST) at room temperature 

(RT) for 90 min, then washed 3 times with Phosphate-Buffer Saline (PBS)-Tween 0,05% 

(PBST). stool samples were added at a 1/10 and 1/100 dilution and incubated at RT for 1h30. 

Plates were then washed with PBST, then biotinylated secondary antibodies (1/500 dilution, 

BD 556978) were incubated at RT for 1h30. After washing in PBST, streptavidin-HRP (BD, 

554066) was added for 60 min. Revelation through addition of TMB in wells for 3 to 10 minutes 

was stopped with 1N HCl. Plates optical density (OD) were read at 450 nm (Sunrise TECAN 

microplate reader). 

 

PP lysates co-culture in vitro  

10 PP per mouse were harvested as previously described 63, ground on 100 m cell strainer, 

then cell viability was assessed by trypan blue exclusion. 5.105 cells in 100 l of the complete 

medium supplemented with 5 g.mL-1 of concanavalin A (Sigma, St. Louis, MO, U.S.A.) and 

50 g.mL-1 of lipopolysaccharide (LPS, Sigma) were added 96-well tissue culture plates (BD 

Biosciences), with or without zymosan, zymosan depleted or pullulan (100 g.mL-1). After 24 

h of incubation at 37 °C cells were harvested for flow cytometry staining.  

 

Flow cytometry 
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Cells were washed in FACS buffer (PBS, 2% FBS, 1 mM EDTA). A DC antibody panel was 

added for 30 min in 100 L of FACS buffer. The panel included: anti-CD103 (Miltenyi, 130-

102-479), anti-CD11c (BD, 562949), anti-CD40 (BD, 562846), anti-CD80 (BD, 553769), anti-

CD86 (BD, 560582), anti-I-A/I-E (BD, 565254) antibodies. Cells were washed twice in FACS 

buffer and resuspended in 300 L of FACS buffer for analysis of CD11c+ DC on a FACS Canto 

Cytometer (BD). 
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Results 

Zymosan inhibits murine IgA reverse-transcytosis 

We have previously evaluated Dectin-1 inhibition in vitro to screen for possible mirobial 

candidate for in vivo administration23. To evaluate the ability of an -glucan and a -glucan to 

affect murine IgA reverse transcytosis, we set up an in vitro model of the FAE by co-coculturing 

Caco2 cells with Raji cells. We tested the RT of two murine IgA bound to the secretory 

component to mimic SIgA structure. Co-administration of murine IgAs withzymosan into the 

top chamber of the model shows an almost complete inhibition of IgA reverse-transcytosis (Fig. 

1A, B). This was observed with IgASal4, which is specific for S. Typhimurium carbohydrates 

(Fig. 1A) and IgAC5, which is specific for S. flexneri LPS (Fig. 1B). In both these cases, 

monoculture of only Caco2 did not lead to any RT (Fig. 1A, B) suggesting IgA passage and its 

inhibition were dependent on M-cell differentiation. Pullulan administration, as previously 

described 23, did not impact IgA RT (Fig. 1A, B). Under homeostatic conditions, IgA and 

particles that have undergone RT interact with DC of the M-cell pocket. Thus, we wanted to 

test whether zymosan or pullulan had any effect on DC phenotype. To that end, we cultured PP 

lysates with zymosan and pullulan for 24 hours and analysed their phenotype by flow 

cytometry. Compared to both unstimulated and LPS-ConA-stimulated cells, zymosan induced 

a significant decrease in MHC class II(MHC-II) (Fig. 1C), CD86 (Fig. 1D), and CD40 (Fig. 

1F), while CD80 was not affected by either zymosan or pullulan addition. Surprisingly, pullulan 

had no significant effect on any of these markers (Fig. 1C-F), despite a slight tendency to 

decrease MHC-II expression (Fig. 1C). Overall, while both these molecules do inhibit murine 

IgA RT, these results also suggest zymosan limits DC responsiveness and co-stimulatory 

ability, with possible consequence for both T and B cell activation. 

 

Zymosan and pullulan inhibit IgA-bacteria complexes penetration into PP 

We also studied the local effect of both molecules by injecting them with Salmonella-GFP into 

mouse ligated loops. First, we confirmed that ligated loop injection with Salmonella efficiently 

allowed for Salmonella invasion of murine PP (Fig. 2A). When mice were gavaged with 

zymosan or pullulan prior to Salmonella injection however, we observed a significant decrease 

in intra-PP staining with GFP (Fig. 2B) with both molecules. This indicates at least that 

zymosan and pullulan competed for Salmonella tissue invasion. Moreover, we also evaluated 

Salmonella invasion capacities when it was co-injected with zymosan or pullulan. We show 

that GFP intensity was notably lower in zymosan and pullulan treated loops (Fig. 2C) and that 

this corresponded to a significantly lower percentage of infiltrated bacteria within the PP (Fig. 
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2D). To demonstrate the involvement of IgA in this process, we next stained for mouse IgA in 

ligated loops. First, we observed an overall lower level of IgA in the PP of animals treated with 

zymosan and pullulan (Fig. 2E). Finally, IgA-Salmonella complexes appeared less frequent 

within PP of zymosan- or pullulan-treated animals, as less IgA-Salmonella complexes were 

observed in those PP (Fig. 2F). In vitro and ligated loop experiments with other glucan such as 

curdlan or laminarin resulted in either low RT inhibition or no inhibition of PP invasion (data 

not shown), so only zymosan and pullulan were tested in the following in vivo experiments. 

These results suggest that treatment with either a -glucan or an -glucan limit immune 

complexes retrotransport within the PP, which could contribute to lower disease burden during 

colitis.  

 

Zymosan protects against colitis in a TLR-dependent manner 

Given both zymosan and pullulan appeared to limit IgA entry into PP, we sought to evaluate 

their effect over the course of a Salmonella-induced colitis. Mice were thus gavaged with 1mg 

either molecule, then with 106 CFU of the S. Typhimurium strain SL1344.Survival curves for 

zymosan administration (Fig. 3A) show that zymosan protected mice efficiently from death, as 

80% of animals survived. Up until day 7, both PBS- and Zymosan-administered animals 

displayed a similar progression in terms of weight loss percentages and disease activity index 

(DAI) (Fig. 3B, C), after which zymosan-treated mice resisted death while PBS-treated animals 

did not. Correspondingly, IL-6 levels were lower at the day of sacrifice in zymosan-treated mice 

(Fig. 3D), suggesting low or absent loss of intestinal permeability in these animals relative to 

the PBS group. Lipocalin-2, which is a faecal inflammation marker, tended to decrease in 

zymosan-treated mice (Fig. 3E). Moreover, faecal IgA levels appeared unaffected by the 

zymosan treatment (data not shown). When repeated with depleted zymosan, which cannot 

activate TLR signalling pathways, the experiment shows that this protective effect was lost as 

only 30% of animals survived (Fig. 3F). Similarly, both DAI, weight loss, and serum IL-6 

became comparable to those of the PBS group (Fig. 3G, H, I). Taken together, these results 

suggest that zymosan limits the exacerbation of Salmonella-induced colitis and the ensuing 

increased permeability of the intestinal mucosa, a function that relies on TLR activation in the 

intestinal mucosa. 

 

Pullulan protects against Salmonella-induced colitis 

We initially included pullulan in the in vivo experiments as a non-Dectin-1 binding control. 

Surprisingly, while it did not affect IgA RT in vitro, the results show that pullulan treatment 
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tended to protect animals from death (Fig. 3J). However, despite this protective tendency, we 

still observed no difference between treated and untreated groups regarding either weight loss 

(Fig. 3K), DAI (Fig. 3L) or serum IL-6 levels (Fig. 3M). Neither IgA nor faecal lipocalin-2 

levels were altered in treated animals (Fig. 3N). However, lipocalin-2 levels were positively 

correlated to IgA levels (Fig. 3N), indicating pullulan might affect IgA function, which could 

regulate local inflammation. 

 

Discussion 

Given the extensive body of literature describing IgA-mediated selection of the microbiota and 

IgA induction of intestinal immunity, we investigated whether these regulatory pathways could 

be disrupted during colitis and improve its outcome. We first investigate IgA reverse-

transcytosis in the presence of two microbial glucans : the -glucan zymosan, derived from S. 

cerevisiae cell wall, and the -glucan pullulan, purified from A. pullulans. Pullulan was initially 

used as a non-Dectin-1-binding glucan control, and turned out to be surprisingly protective 

during Salmonella-induced colitis (Fig. 3J), despite its lack of effect on IgA RT in vitro (Fig. 

1A, B).  To our knowledge, such observations have not been made before. The pathways 

involved can thus only be hypothesized. Pullulan has highly adhesive properties and has been 

used for drug delivery and explant seeding 64, wherein it invokes Dectin-2 up-regulation 64. 

Matching with our observation that both IgA and Salmonella penetration in the PP were limited 

by pullulan injection (Fig. 2E, F), pullulan could force the agglutination of both bacteria and 

immunoglobulin, thereby retaining them in the lumen where they would be eliminated by 

intestinal flow. Dectin-2 activation, which was not tested in our model might be involved and 

should thus be investigated, as it is also known to regulate inflammatory lymphocytes expansion 

and DC activation21,52. Its activation might explain why no improvement in inflammatory 

parameters was observed in our in vivo experiments (Fig. 3, J-M).  

On the other hand, zymosan administration proved to be inhibitory for IgA RT (Fig. 1C-F) and 

for DC responsiveness in vitro (Fig. 1C-F), which suggested regulatory properties that might 

affect inflammation. In vivo, it was indeed beneficial during Salmonella-induced colitis, where 

it lowered IL-6 levels and attenuated weight loss and clinical scores (Fig. 3A-D). Those effects 

were lost when zymosan was depleted of its TLR-activating properties and suggest TLR 

synergy with Dectin-1 is required for protection against Salmonella infection. Synergy between 

TLR2 and Dectin-1 for IL-12 and TNF- production is a known mechanism 65,66, and studies 

also show enhanced IL-2 and IL-10 secretion in zymosan-stimulated DC (ref3) that is 
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dependent on intracellular Syk activation 67. Competition for Dectin-1 binding, and thus 

internalization, might thus polarize DC of the M cell pocket towards immunosuppressive 

phenotypes. This is supported by findings that zymosan can induce both tolerogenic and 

inflammatory DC, thusly triggering both Th17 and Treg responses67–69. Zymosan also favors 

polymorphonuclear neutrophils accumulation and expansion via this TLR2-Dectin-1 dual 

activation 70). The lack of TLR signalling might thus (i) not induce zymosan internalisation, or 

(ii) stimulate only one of those pathways, possibly the most inflammatory one. A study of M-

cell intracellular cascades upon zymosan stimulation, with and without TLR activity, would 

resolve such questions.  

Zymosan induces systemic metabolic changes, in that it lowers glycolysis and TCA metabolites 

production, while it increases fatty acid -oxidation both locally and systemically 71. In the 

intestinal microbiota, optimal glycolysis and TCA function ensure the maintenance of microbial 

networks and of host-microbe interactions72–74. Moreover, commensal signals are integrated via 

TLR activation by epithelial cells under both homeostatic and inflammatory conditions75–77. In 

an inflammatory context, such as Salmonella-induced dysbiosis, limiting the utilization of 

glucose and bacterial metabolism might also benefit commensal population as it would slow 

Salmonella invasion and allow for commensals to maintain their dominance in the lumen.  

Competing for Dectin-1 binding thus appears as a new potential strategy to limit dysbiosis-

related inflammation in the gut. Here, given the low IgA levels within PP following zymosan 

treatment, we hypothesize the immune complexes cannot be transported into the PP, and thus 

lowers Salmonella invasion of tissues. As this is not the only Salmonella can penetrate the 

mucosa, we also believe that this protective effect can be attributed to an enhanced response 

towards the fungal microbiota through zymosan stimulation. Fungal dysbiosis is a feature of 

IBD 45,78, and increased abundance of fungal species in Crohn’s Disease 45 might put 

commensal bacteria at a disadvantage. Moreover, optimal recognition of fungi by the CLR 

SIGNR3 is critical for the severity of experimental colitis 79, suggesting both fungi and CLR 

promote host-microbe homeostasis. Restoring responses towards fungal species during colitis 

would thus also allow for a return to microbial homeostasis in such pathological contexts.  

Other studies have found that zymosan, and -glucans in general, are detrimental during colitis 

80. However, two parameters differ between our study and those already published : (i) the 

colitis model is Dextran Sulfate Sodium (DSS)-induced, (ii) mice genotypes, differ from ours, 

as they were C57BL/6. Both these choices are important sources of variation, as DSS, while 

ultimately inducing dysbiosis, is an aggressive compound that requires cyclic administration.. 

While it recapitulates features of the dysbiotic intestine, we feel bacteria-induced dysbiosis is 
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closer to human physiology as Salmonella ( and Campylobacter) are known risk factors for 

IBD onset or flares 81. We have also evaluated the effect of zymosan and pullulan under DSS 

treatment, which required glucan administration every two days for a similar effect (data not 

shown). We believe the rapid effect that DSS has on the deterioration of the mucosa presents 

the observation of early protective glucan-induced effects and the establishments of such 

effects.  In C56BL/6 mice, intra peritoneal injection of zymosan induces up-regulation of TLR2, 

TLR4 and TNF- mRNA, concomitant with TNF- release 65, in peritoneal macrophages. 

Similarly, zymosan-induced TLR2 activation protects against radiation, via IL-6, IL-12 and 

TNF- production 66. This suggests zymosan-induced recruitment of inflammatory effectors to 

switch from immunosuppression tolerance towards inflammation. Our results thus suggest that 

genetic background, and especially latent humoral responses, will affect the uptake of zymosan 

and, henceforth, the outcome of colitis. The blocking of IgA translocation thus appears to be 

associated to milder disease course, and to efficient restriction of Salmonella entero-invasive 

properties. Glucan administration was also restorative during HFD feeding42 and in type 1 

diabetes 82, reduced Cox-2, IL-1 and TNFα on caco2 cells and goblet cell-like LS174T in vitro 

83. Microbial glucans thus offer new therapeutic avenues for future research on IBD but also on 

other microbiota- and inflammation-mediated diseases. 
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Figure legends 

Figure 1 – Zymosan and pullulan limit IgA RT and DC responsiveness in vitro. 

(A) Inverted model of FAE in which IgA-Sal4 RT was monitored alone (co-culture) or in the 

presence of zymosan (Z) or pullulan (P). (B) Inverted model of FAE in which SIgAC5 RT was 

monitored alone (co-culture) or in the presence of zymosan (Z) or pullulan (P). * = p <0.05 

(against co-culture), n= 4. (C-F) Expression of MHC-II (I-A/I-E) (C), CD86 (D), CD80 (E), 

and CD40 (F) by DC (CD11c
+
) from PP lysates co-cultured with or without Zymosan or 

pullulan. * = p <0.05 (against unstimulated); 
o
 = p <0.05 (against LPS-conA); n = 6. 

 

Figure 2 – Zymosan and pullulan limit IgA and Salmonella translocation into PP. 

(A) Immunofluorescence of Salmonella-GFP (green arrows) within a Peyer’s patch (white line) 

and quantification of mean Salmonella counts per PP (graph) (B) Mean Salmonella counts per 

PP when intestinal loops were injected with 10
5
 CFU of Salmonella-GFP in mice gavaged with 

either PBS, or 1mg of zymosan or pullulan. (C) Mean GFP fluorescence intensity per PP when 

intestinal loops were co-injected with 10
5
 CFU of Salmonella-GFP and either PBS, or 1mg of 

zymosan or pullulan (D) Mean Salmonella counts per PP when intestinal loops were co-injected 

with 10
5
 CFU of Salmonella-GFP and either PBS, or 1mg of zymosan or pullulan. (E) 

Percentage of anti-IgA-AF555 fluorescent area of PP co-injected with 10
5
 CFU of Salmonella-

GFP and either PBS, or 1mg of zymosan or pullulan. (F) Percent of co-localized anti-IgA-

AF555 and GFP signals in PP co-injected with 10
5
 CFU of Salmonella-GFP and either PBS, or 

1mg of zymosan or pullulan. * = p<0.05; ** = p<0.01 (against PBS), n= 12. 

 

Figure 3 – Zymosan and pullulan promote survival during Salmonella-induced colitis. 

(A-E) Treatment of mice with either zymosan or PBS, * = p<0.05; ** = p<0.01 (against PBS), 

n= 2. (F-I) Treatment of mice with either TLR-depleted zymosan or PBS, * = p<0.05; ** = 

p<0.01 (against PBS), n= 2. (J-N) Treatment of mice with either pullulan or PBS. * = p<0.05; 

** = p<0.01 (against PBS), n= 2. 

 (A, F, J) Percent survival of mice ten days after Salmonella infection. (B, G, K) Percent weight 

loss and (C, H, L) disease activity scores over the ten days following infection. (D, I, M) ELISA 

dosage of serum IL-6 levels at the day of sacrifice. (E, N) ELISA dosage of faecal Lipocalin-2 

levels at the day of sacrifice and Spearman’s correlation between faecal lipocalin-2 and IgA 

levels at the day of sacrifice.  
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B- Conclusions et perspectives 

Nous montrons que la compétition pour la liaison a Dectin-1 limite le passage des SIgA 

dans la muqueuse en parallèle d’une amélioration des symptômes de la colite à Salmonelle 

grâce à l’utilisation du zymosan. Néanmoins, les mécanismes d’action du zymosan ainsi que 

leurs effets sur l’orientation de la réponse immune muqueuse ne sont pas connus. Ainsi, d’autres 

travaux montrent que son administration est délétère au cours de colites au DSS 417. Le 

différentiel d’effet peut s’expliquer par un choix de fond génétique et de mode d’induction de 

la colite différent. Par ailleurs, d’autres données suggèrent que le zymosan induit la sécrétion 

d’IL-10 dans des macrophages in vitro 418. Le zymosan, en liant Dectin-1 à la surface de 

macrophages déclenche l’activation de la voie MAPK selon une cascade calcium-

dépendante418. Le calcium, au niveau de l’intestin est un ion crucial, en témoigne l’effet anti-

inflammatoire des inhibiteurs de calcineurines dans les MICI233. Dans notre modèle de co-

culture de lysat de PP, il serait donc intéressant de tester l’utilisation du calcium dans le 

surnageant de culture et la transcription d’effecteurs des cascades dépendantes du calcium dans 

les cellules. Dans un second temps, nous pourrions trier les cellules de ce lysat pour évaluer la 

réponse calcique en fonction d’un type cellulaire et corréler celle-ci à la sécrétion de cytokines 

pro- ou anti-inflammatoires. Pour aller plus loin, l’effet de la co-administration de zymosan 

avec des SIgA devrait également être vérifié dans ces cultures. De même, il faudra inclure des 

conditions expérimentales où l’IgA est délivrée seule, puis complexée à la souche SL1344. En 

comparant la réponse immune selon que les cellules reçoivent également du zymosan, nous 

vérifierions ainsi qu’en conditions infectieusesf, le zymosan limite l’inflammation. Sur un 

modèle humain, nous pourrions reproduire les expériences de Steffen, et al., qui ont testé le 

recrutement de macrophage et de neutrophiles et leur sécrétion cytokinique selon qu’ils sont 

co-cultivés avec des IgA1 ou  des IgA2128 : nous administrerions nos IgA purifiées d’individus 

non-IBD avec et sans zymosan, pour évaluer le recours au métabolisme du calcium dans ce 

modèle et le phénotype d’activation général des cellules.  

Pour parfaire notre analyse, il faudra démontrer la compétitivité vraie entre le zymosan 

et l’IgA par des calculs de constante de dissociation (KD) et fonction de la présence ou nom de 

zymosan dans des tests ELISA de compétitivité, dans un premier temps. Dans un second temps, 

nous pourrions utiliser la thermophorèse comme cela a été fait pour l’article 1, et comparer (1) 

la force de liaison ligand-récepteur entre le zymosan et les IgA1 et IgA2 humaine, puis (2) 

mesurer cette force de liaison lorsque les IgA et le zymosan sont tous les deux en solution et 

compétitionnent pour la liaison à Dectin-1. 
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Le pullulan, pour lequel nous n’attendions pas initialement de réponses protectrices, 

s’est cependant montré prometteur, en promouvant la survie des souris. Bien que les symptômes 

inflammatoires soient restés comparables entre les groupes traités au pullulan et les groupes 

contrôles, l’administration de pullulan limitait l’invasion bactérienne de la PP et la translocation 

d’IgA au niveau de celle-ci. Plusieurs mécanismes, probablement complémentaires, sont 

envisageables : (1) des données montrent que le pullulan favorise l’expression et l’activation 

de Dectin-2, ce qui suggère potentiellement une réorientation de la muqueuse vers un profil 

Th17- Th2 
47,414,415, plutôt que Th17-Th1, promue par Dectin-1 42,44,412,413. (2) Le pullulan favorise 

l’adhérence cellulaire lors de culture d’explant419, aussi il est possible qu’il promeuve 

l’agglutination bactérienne (complexée ou non aux IgA) dans la lumière intestinale, ce qui 

créerait une gène stérique limitant l’entrée de ces complexes dans la PP. L’agglutinat immun 

serait ensuite drainé par le flux intestinal. Pour vérifier cette hypothèse, des expériences 

d’agglutination des Salmonelle seront réalisées en présence ou non d’IgA murines, puis 

humaines. Il faudra également démontrer l’interaction pullulan-Dectin-2, si elle a lieu dans 

notre modèle. Pour ceci, une co-immunoprécipitation à partir de culture de lysat de PP dans 

lesquelles le pullulan est délivré sera mise e place, et ciblera Dectin-2 ainsi que les effecteurs 

de sa voies de signalisation, dont fait partie l’inflammasome NLRP3 48,420. Des expériences 

permettant de vérifier l’expression de Dectin-2 dans notre modèle in vitro pourraient permettre 

de vérifier son expression par les cellules M, et de vérifier si, seul, il est internalisé par celles-

ci. Des expériences subséquentes de siRNA dans ce modèle nous permettrons de caractériser la 

signalisation mise en jeu par le pullulan dans notre modèle. Bien qu’il n’inhibe pas la RT des 

IgA, nous supposons qu’il possède une signature immune spécifique qui n’est pas caractérisée. 

Pour conclure, il faudra répéter les expériences in vivo sur le modèle de colite à 

Salmonelle, mais aussi dans des modèles de colites spontanées liées à des KO géniques 

(Il10r2−/–Tgfbr2−/−, Tbx21−/−Rag2−/−, Il12−/−, Il10−/−) ou dans des modèles récapitulant des 

polymorphismes géniques associés aux MICI (NOD2 KO, Dectin-1 KO)194. L’inhibition, ou la 

compétition pour la RT des IgA est une voie qui n’est pas encore utilisée pour rompre la boucle 

inflammatoire qui s’établit au cours de MICI, et qui présente des résultats prometteurs pour 

l’élaboration de nouvelles stratégies thérapeutiques. 
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DISCUSSION GÉNÉRALE 

 

Les SIgA assurent la première ligne de défense des muqueuses notamment par leurs 

capacités à réguler la croissance d’espèces de la flore au potentiel opportuniste et à identifier 

des espèces d’entéro-pathogènes.  L’orientation de réponses adaptatives appropriées est régie à 

la fois grâce à cette ségrégation par les IgA, et également par les différents mécanismes 

d’échantillonnages par les PRR muqueux. Mon travail de thèse montre pour la première fois 

l’importance de la sous-classe et de la structure d’IgA dans le maintien du mutualisme 

commensal. En parallèle de cela, mes recherches ont mis en évidence le mode d’action 

complémentaire des IgM.  Ces données soulignent l’importance du transport optimal des SIgs 

à travers la muqueuse intestinale et illustrent d’importants défauts fonctionnels des SIgs au 

cours de maladies inflammatoires comme les MICI. 

 En conditions physiologiques, mes travaux montrent que des IgA monomériques 

activent des voies transcriptionnelles liées aux gènes de l’inflammation, mais que les IgA1 et 

IgA2 dimériques induisent respectivement une diminution et une augmentation de ces gènes. 

Ce constat est cohérent avec de précédents travaux dans lesquels des IgA monomériques ont 

été préalablement agglutinées pour mimer un complexe immun puis testées in vitro en co-

culture avec des neutrophiles ou des macrophages128. Dans ce modèle, où les fonctions 

effectrices des IgA sont associées à la liaison au FCRI (CD89), le recrutement accru des 

neutrophiles, la NETose, et l’augmentation de la sécrétion d’IL-8 et des ROS, sont 

particulièrement associés à l’activation de la voie intracellulaire induites par les kinases Syk et 

Erk lors de la liaison IgA2-FcRI. Cette étude, l’une des rares comparant les sous-classes d’IgA 

et leurs fonctions, semble indiquer que l’éventuelle activité inflammatoire des IgA1 est inhibée 

par l’activation de la phosphatase Shp-2. D’autre travaux impliquent le facteur STAT3 dans 

l’exacerbation de l’inflammation IgA1-dépendante 421. 

Les fonctions effectrices de l’IgA1 sont également inhibées par les sialylations portées 

sur les sites de N-glycosylation N144 et N340 128. Ces deux sites sont partagés par les IgA2 

(N144/N131 et N340/327).La régulation des sialylations des IgA1 et IgA2 pourrait ainsi 

constituer un mode de régulation fonctionnelle permettant de basculer rapidement d’une 

immunité IgA1-dépendante à une immunité IgA2-dépendante selon le contexte inflammatoire. 

Des fonctions inhibitrices des sialylations, décrites pour les IgM422, suggèrent que les 
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modifications post-traductionnelles modifient en effet l’orientation des réponses immunes. De 

plus, le résidu N58 du FcRI, lui aussi extensivement sialylé, est critique pour la   fonctionnalité 

du FcRI et la liaison des IgA par celui-ci 423. Ainsi, sa désialylation induit une augmentation 

de la liaison aux IgA423. La dérégulation de son fonctionnement est observée dans plusieurs 

maladies auto-immunes dont le virus de l’immuno-déficience humaine (VIH), le syndrome 

Henoch-Purpura, et les néphropathies à IgA424. Ces maladies présentent, respectivement, une 

altération de la production d’IgA425, une dysbiose microbienne426, et des dépôts d’IgA1 

accompagné d’altération de la diversité microbienne162,427. Ces dérèglements suggèrent donc 

que les glycosylations et la biologie du FcRI occupent un rôle primordial au niveau muqueux. 

Le comportement et l’expression de ce dernier au cours de MICI, par exemple, ne sont pas 

décrits.  

La MC et laRCH sont associées à une sécrétion accrue d’IL-17 en réponse à des 

antigènes commensaux357,428,429. Or, une étude in vitro montre que l’IL-17 peut induire une 

sécrétion d’IgA1 sous-glycosylées430. Les IgA1 potentialisent le recrutement de l’immunité 

Th17 dans les néphropathies à IgA via la chimiokine CCL20431. Les sialylations semblant 

inhibitrices, l’étude du profil de glycosylation des IgA utilisées au cours de nos travaux est 

actuellement en cours auprès de nos collaborateurs du CBMN (CNRS, Université de Bordeaux). 

Elle devrait permettre d’établir si de tels défauts sont retrouvés chez les patients, et s’ils peuvent 

être corrélés au profil d’inflammation. Des données préliminaires que nous avons obtenues 

semblent l’indiquer. 

Nous observons dans la MC un enrichissement de la fraction IgA1+ du microbiote en 

espèces bénéfiques telles que Bacteroides, Bifidobacterium et Faecalibacterium. L’abondance 

fécale de ces taxa diminue chez les patients et coïncide avec la sévérité de la maladie401,432,433. 

Ceci suggère un rôle pathogénique de la sélection par les IgA1 dans la MC, et plus encore un 

basculement fonctionnel des IgA1 vers la promotion de l’inflammation. En conditions 

homéostatiques, ces dernières sont plutôt associées à la tolérogénisation des muqueuses, 

notamment via la stimulation de la sécrétion d’IL-10, et à l’enrichissement en actinobactéries 

du microbiote220. Par ailleurs, les plasmocytes IgA1+ sont principalement retrouvés dans l’iléon 

tandis que ceux IgA2+ sont retrouvées majoritairement au niveau de la muqueuse colique 434. 

Comme il y a peu de données suggérant un basculement depuis une sous-classe IgA1 vers IgA2 

en conditions homéostatiques434, l’hypothèse qu’un tel basculement ait lieu dans les MICI reste 

à explorer. En effet, des populations mémoires IgM+, IgG+, IgA1+ et IgA2+ sont retrouvées tout 

le long du GALT434. Il y existe un répertoire à IgA distinct spécifiquement associé soit à l’iléon 
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et soit au colon434. Ceci indique une sélection des antigènes qui peut correspondre avec une 

colonisation différentielle de la muqueuse par la flore commensale sur ces deux sites435. Les 

formes coliques de MC et la RCH présentent de nombreuse similarités, en particulier une 

association génétique avec des polymorphismes sur les gènes du HLA436,437. Il serait donc 

intéressant de comparer la fonctionnalité des IgA et du répertoire dans ces compartiments au 

cours de MICI. J’ai pu démarrer ce travail notamment en mettant en place dans le laboratoire 

la génération d’hybridomes LB en grand nombre à partir de résections iléales de patients atteints 

de MC, et pour lesquelles les résultats de séquençage ne sont pas disponibles au moment de la 

conclusion de cette thèse.  

La sécrétion défectueuse des IgA a été décrite chez les patient atteints de RCH351. Nos 

résultats montrent que les IgA produites sont de plus incapables d’effectuer la RT et présentent 

une perte généralisée de leur réactivité anti-glycans. Les clones LB issus d’ILF représentent la 

majorité du répertoire colique 434. Cet adressage vers le colon parait assuré par l’expression 

différentielle des récepteurs de domiciliation CCR9 (adressage vers l’iléon) et GPR15 

(adressage vers le colon)434. La formation d’ILF chez les patients atteints de MICI n’a pas été 

investiguée. Au-delà de la structure et de la fonction des Ig produites au cours des MICI, les 

dynamiques de migration et de recirculation des LB les produisant devraient donc être prises 

en compte. Dans un premier temps, le phénotypage par cytométrie en flux de l’expression 

membranaire des récepteurs de domiciliation (dont CCR9 et GRP15) par les LT et les LB 

pourrait être réalisé à partir de biopsies. Il a été démonté, par exemple, que les intégrines E7 

induisent la migration de population LT CD4+ inflammatoires vers le colon au cours de la 

RCH429. De plus, une étude dans la RCH fait état d’une augmentation de la recirculation des 

Tfh chez les patients dont la maladie est active438. Les Tfh, via  la sécrétion d’IL-21 (elle aussi 

augmentée dans la RCH438), favorisent la CSR des LB. En parallèle de ces résultats,  s’observe 

une élévation du taux sérique d’IgG438, rejoignant donc les observations d’augmentation du 

taux fécal d’IgG anti-commensales8. La perte fonctionnelle des IgA pourrait être ainsi à 

l’origine d’une sélection préférentielle des plasmocytes à IgG. Cette hypothèse pourrait être 

vérifiée dans les populations B mémoires intestinales, par séquençage des transcrit germinaux 

de CSR sur les gènes des chaînes lourdes   et . De cette manière, Magri, et al démontrent 

que les clones mémoires IgM+ intestinaux re-circulent entre l’iléon et le colon avant d’effectuer 

leur différentiation terminale ou bien la CSR vers l’istoype IgA dans les centres germinatifs 133 

.  
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 La RT des IgA requiert la liaison à Dectin-143,180. Nous montrons d’une part que Dectin-

1 (et son corécepteur Siglec-5) est régulée négativement par le PRR NOD2 in vitro et que les 

patients atteints de MC avec des polymorphismes NOD2 présentent une augmentation de la 

RT. D’autre part, l’affinité des IgA1 pour Dectin-1 corrèle avec la capacité d’effectuer la RT 

dans la MC, fonction réservée aux IgA2 en conditions physiologiques. Dectin-1 semble donc 

occuper une fonction centrale dans la MC. Si aucune étude n’a identifié d’association génétique 

entre la MC et le gène clec7a (Dectin-1)439, d’autres ont été identifiée entre la MC et CARD9, 

codant pour l’un des effecteurs clés de la voie de signalisation Dectin-1-dépendante 440,441.  

Les ligands naturels de Dectin-1 sont les -glucans fongiques442. L’expression de 

Dectin-1 par la cellule M43 suggère donc une position privilégiée dans la régulation du 

microbiote fongique. Des polymorphismes génétiques sur le gène codant pour Dectin-1 sont 

associés au développement de formes sévères de la RCH442. Dans les MICI, les altérations dans 

la diversité fongique sont également très marquées. L’abondance des espèces Exophiala, 

Alternaria, Emericella, Epicoccum, Acremonium, Trametes, et Penicillium diminue, tandis que 

celle des Aspergillus, Sterigmatomyces, et Candida augmente443. Ce « mycobiote » joue donc 

un rôle dans le maintien de l’homéostasie intestinale. Bien que minoritaire chez l’adulte au 

bénéfice de populations bactériennes, l’abondance de ces champignons est importante dans 

l’enfance444. Parmi les membres les plus fréquents du microbiote fongique se trouvent les 

espèces Candida albicans, Candida galabriata, et Saccharomyces cerevisiae. Leur caractère 

opportuniste est limité par les lactobacilles de la flore commensale444. Dans les MICI, une 

augmentation du ratio Basidiomycota/Ascomycota est observée, ainsi qu’une diminution de 

l’abondance des Saccharomyces cerevisiae et une augmentation de celle des Candida 

albicans350. La dysbiose bactérienne, et la perte de ces lactobacilles, au cours des MICI 445 

pourrait donc contribuer à l’expansion incontrôlée des espèces fongiques. Dans la MC, 

l’environnement microbien semble favoriser la croissance des espèces fongiques plutôt que 

bactériennes350. La dérégulation de l’expression de Dectin-1, notamment chez les patients 

présentant des polymorphismes NOD2 devra donc être évaluée et corrélée à ces défauts de 

diversité fongique. L’analyse de la diversité de ces espèces fongiques dans les fractions IgA1+ 

et IgA2+ de notre cohorte serait par ailleurs une mesure complémentaire importante de 

l’implication des IgA muqueuses dans la dysbiose intestinale.  
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 Mes travaux de thèse décrivent l’impact des IgA et de leur structure sur la polarisation 

de réponses immunes en conditions physiologiques et inflammatoires. Pourtant, nous montrons 

également que les IgM fonctionnent selon un mode similaire aux SIgA en termes de trafic dans 

l’épithélium et de présentation d’antigènes. Également capables de lier la pièce sécrétoire et 

d’effectuer la transcytose, la fonction muqueuse des SIgM reste cependant peu connue. 

Quantitativement, la sécrétion d’IgM est minoritaire dans l’intestin391. Des études de la 

sécrétion de la diversité microbienne associée aux SIgM chez les patients déficients en IgA 

(SIgAd) montrent 1) que les SIgM sont plus abondantes chez les patients SIgAd, et 2) que la 

liaison des SIgM permet de maintenir partiellement le microbiote normalement associé aux 

IgA209,391. La sécrétion d’IgM semble donc complémentaire à celle des IgA, limitant les 

phénomènes inflammatoires en son absence, et compensant partiellement ses fonctions 

d’opsonisation446. Cependant, comme pour les IgA, il n’est pas à exclure que les isoformes 

d’IgM aient un impact différent sur la réponse. Ainsi, la forme hexamèrique serait le résultat 

d’une production aberrante d’IgM 447,448. Elle serait également produite lorsqu’une forte 

activation du complément est requise 447,448.   Le nombre et la nature des N-glycosylation variant 

entre la forme pentamérique et hexamèrique 448, il est probable que ces différences affectent les 

fonctions effectrices des IgM. Les MICI étant un terrain où des défauts de sécrétion des Ig sont 

mis en évidence312,351,402,449,450, de telles altérations sont fortement probables. Chez l’homme, 

les IgA et IgM dérivées du plasma et liées à la SC induisent toutes deux l’agrégation et la 

neutralisation de S. enterica Typhimurium in vitro185, et suggèrent une fonction anti-

inflammatoire des SIgM451. Il reste à investiguer dans quelles mesures cette liaison contribue à 

la diversité microbienne intestinale. La liaison SIgM-commensale209 et la génération de 

plasmocytes IgM+ résidents 133 qui ont bien été observées, n’indiquent pas si l’IgM intestinale 

sélectionne sa propre fraction du microbiote, ou si elle co-sélectionne le microbiote IgA+. Les 

interactions IgM-microbiote fongique n’ont à ce jour pas été démontrées. De plus, les clones 

mémoires intestinaux IgM+ répondant aux signaux commensaux effectuent la CSR vers l’IgA 

en réponse aux signaux TI et TD133. Ils  présentent une signature génique proche des LB IgM+ 

et IgA+ circulants133, ce qui suggère une importante redondance fonctionnelle. De fait, l’état 

actuel de la littérature suggère plutôt qu’en conditions physiologiques, IgA et IgM partagent les 

mêmes cibles microbiennes133. De plus, l’enrichissement en espèces bénéfiques tels que 

Lachnospira et Ruminococcaceae dans les fractions IgM+ du microbiote implique une 

préférence vers la promotion de la tolérance muqueuse plutôt que l’identification de 

pathobiontes133. Il serait donc particulièrement intéressant de comparer les fractions IgM+ des 
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microbiotes des patients atteints de MICI dont la maladie est active avec ceux pour qui elle est 

quiescente afin de vérifier si les IgM peuvent favoriser ce retour à l’homéostasie en compensant 

les défauts associés aux IgA. Cette analyse serait d’autant plus informative que nous avons 

observé une diminution de la sécrétion d’IgA et une perte de la réactivité et des capacités de 

transport de ces dernières chez les patients atteints de RCH. Comparer la réponse IgA et IgM 

chez ces patients pourrait être un marqueur biologique précieux potentiellement pronostique.  

Par ailleurs, la fonction « inflammatoire » muqueuse des SIgM reste à étudier. Ainsi, dans la 

maladie cœliaque, les patients non-traités présentent une opsonisation accrue des bactérie de la 

flore, dont F. prautzinii et Bifidobacterium sp,  par les SIgA et les SIgM.400. Chez des enfants 

atteints du syndrome Henoch-Schönlein, la dysbiose orale est corrélée au taux local d’IgM 94. 

Ce même taux est aussi corrélé à l’abondance des espèces Prevotella, promotrices 

d’inflammation94. De fait, nous allons également évaluer si la sécrétion de SIgM intestinales 

favorise la mise en place de la dysbiose dans les MICI  

 

Outre les MICI, d’autres maladies présentent des altérations de la diversité microbienne 

comme l’obésité ou le diabète de type 2452. Ainsi, un régime HFD augmente le taux de bactéries 

IgA+ chez la souris228. Ces souris présentent une déficience en IgA, et elles développent 

également des troubles de la régulation du glucose et une augmentation de l’inflammation dans 

l’intestin et le tissus adipeux228 qui suggèrent que l’IgA régule indirectement la résistance à 

l’insuline . Chez des animaux sauvage, le gène P2x7 code pour un récepteur régulateur de 

l’expansion de Tfh. Lorsqu’il est absent chez les souris, la production de SIgA augmente et 

celles-ci opsonisent massivement les lactobacilles de la flore intestinale 147. L’administration 

de lactobacilles de ces souris P2x7-/- à des animaux sauvages entraîne une dérégulation du 

métabolisme du glucose et une augmentation du stockage d’acide gras 147, qui pourrait expliquer 

les dérèglements microbiens observés chez les patients obèses et/ou diabétiques. Il serait donc 

intéressant de corréler cette observation à un trafic altéré des complexes SIgA-lactobacilles à 

travers l’épithélium. L’administration d’une souche de lactobacille opsonisée par les SIgA 

humaines à des souris pendant un HFD entraîne une diminution de l’inflammation, notamment 

par une baisse de la sécrétion d’IL-6 et de TNF- . L’utilisation de souches bactériennes 

bénéfiques ciblées afin de traiter un microbiote dysbiotique offre donc de nouvelle voie 

thérapeutique dans la prise en charge de maladies métaboliques.  



  

252 

 

Dans les cas d’inflammations liées à des antigènes alimentaires, comme les allergies 

alimentaires ou la maladie cœliaque, la sécrétion d’IgA est l’élément inducteur de 

dysbiose226,400,416. Ainsi, un mode de retro-transport FcRI-dépendant de complexes gliadine-

SIgA1 et des SIgA1 seules a été proposé pour expliquer la pathogenèse de la maladie cœliaque 

416,453. Ce mécanisme peut être corrigé en stimulant le microbiote par l’administration de 

probiotiques dérivés de Saccharomyces boulardii 416. Cette interaction muqueuse IgA1-FcRI 

a sans doute également lieu dans la MC et devra être vérifié dans notre modèle. Cela dit, il reste 

difficile de trancher quant aux fonction protectrices ou aggravantes des SIg en condition 

pathologiques. Par exemple, des taux sériques élevés de SIgA sont associés à une baisse 

d’activité dans des maladies arthritiques (arthrite et spondylarthrite) 454. Cela dit, ce que cette 

étude décrit comme « SIgA » est sans doute l’IgA monomérique circulante, qui peut alors 

occuper une fonction tolérogène. A l’opposé, une forte opsonisation d’E. coli par les IgA fécales 

est associée au développement de spondylarthrite dans la MC312. Le taux de SIgA augmente 

dans la maladie alcoolique du foie455 et suggère que la compartimentation de la sécrétion d’IgA 

et les liens qui sous-tendent sa régulation restent à définir. De plus, les IgG anti-commensales 

dirigées contre Saccharomyces cerevisiae augmentent également dans la maladie alcoolique du 

foie 455. Une reconsidération du rôle des IgG anti-commensale muqueuse est proposée par de 

plus en plus de travaux. De fait, le taux d’IgG anti-Streptococcus gallolyticus est corrélé au 

risque de cancer colorectal 456. De même, l’augmentation de l’abondance fécale de 

Ruminococcus gnavus est associée à un forte réponse IgG systémique envers cette bactérie 

commensale dans le lupus systémique érythémateux (SLE) 456. Un faible taux IgG anti-

commensale dans la petite enfance jouerait également un rôle dans le développement des 

allergies 456. La sécrétion d’Ig muqueuse régule différemment – et est régulée par – les 

interactions hôte-microbiote selon le compartiment muqueux et le stade développemental d’un 

individu. 

L’ensemble de nos travaux vise à caractériser les enjeux des interactions IgA-microbiote 

au cours des MICI dans l’espoir d’y trouver de nouvelles stratégies thérapeutiques. Parmi 

celles-ci nous avons mis en évidence plusieurs ligands bactériens limitant le transport des IgA 

dans la PP chez la souris et favorisant la rémission suite à l’infection par Salmonella 

Typhimurium. Ces résultats préliminaires semblent dépendants du fond génétique murin et 

feront l’objet d’une caractérisation plus précise. Chez l’homme, la transplantation fécale (FMT) 

semble très prometteuse. Si elle offre d’excellents résultats dans la résolution d’infections 

chroniques à Clostridium difficile 457,458 les essais chez les patients atteints de MICI donnent 
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des résultats très variables et mitigés. Ainsi, elle semble fonctionner chez les formes 

pédiatriques de la RCH et beaucoup moins chez les adultes459. Chez ces derniers, une répétition 

de la FMT et l’adéquation donneur-receveur favorisent le succès de la thérapie459. Dans la MC, 

la grande variabilité des résultats ne permet pas de conclure quant à l’efficacité de la FMT, bien 

que les patients en ayant bénéficié rapportent une amélioration de leur qualité de vie. À la 

lumière de nos résultats, cela pourrait s’expliquer peut-être une inadéquation entre les fractions 

IgA+ (et même IgA1+) entre le microbiote du donneur et celui du receveur, qui n’est pour le 

moment pas évoquée par les essais actuels. De même, le rôle des IgM et des IgG dans la 

compatibilité donneur-receveur serait à évaluer. Dans l’hypothèse selon laquelle les SIg des 

patients recevant ces traitements sont conditionnées pour éliminer les espèces bénéfiques, 

comme cela semble être le cas dans mes travaux, il apparait nécessaire de bloquer ces 

interactions néfastes en même temps que l’administration de la flore greffée. L’inhibition de la 

CSR des IgA, et la co-administration de probiotiques pourraient ainsi s’avérer bénéfiques. Des 

effets secondaires, notamment l’induction de poussées dans les MICI, ont également été 

observés après FMT, et suggèrent que cette pratique nécessite une plus ample connaissance des 

interactions bactériennes et de la compatibilité donneur-receveur.  

L’étude des SIg est critique pour l’élaboration de nouvelles stratégies thérapeutiques 

muqueuses, et plus fondamentalement pour la compréhension de la compartimentation des 

muqueuses. La capacité des IgA et des IgM sécrétoires à traverser efficacement les muqueuses 

monostratifiées, nous ont poussé à  utiliser les IgA comme vecteurs d’adressage vaccinal 

d’antigènes pour la protection contre des pathogènes ayant un réservoir muqueux, tels que le 

VIH389,460. Ainsi, l’immunisation nasale par des IgA complexée à la p24 génère une immunité 

protectrice orale, vaginale, et intestinale389. Enfin, l’immunisation muqueuse par des SIgA 

spécifique de microbe associés à des maladies métaboliques comme Clostridium ramnosum , 

associé à la dysbiose HFD-induite limite l’induction de l’obésité et de ses co-morbidités chez 

la souris177. Ces essais promoteurs ont le potentiel de devenir de nouvelles thérapies non-

invasives et personnalisées pour le soin et la prise en charge des maladies inflammatoires 

muqueuses. 
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CONCLUSION GÉNÉRALE 

Mon travail de thèse permet d’alimenter une réflexion en plein essor sur l’importance 

des interactions microbiote-immunité au stade physiologique (AMIS) mais aussi dans la prise 

en charge et l’étude des MICI. Si les défauts immuns et les défauts microbiens existant dans 

ces maladies sont, de manière générale, connus, ils n’en restent pas moins au stade 

d’observation. Le lien de cause à effet entre sélection de la flore par les IgA et mise en place de 

boucles inflammatoires associées à la dysbiose reste à caractériser. En ce sens, nos résultats 

montrent clairement (1) que les IgA1 et les IgA2 exercent des fonctions respectivement anti- et 

pro-inflammatoire en conditions physiologiques, (2) que les IgA1 humaines acquièrent une 

fonction de transport dans la MC, fonction promue par les polymorphisme génétique NOD2 et 

(3) que la RCH se caractérise par une perte fondamentale de ces fonctions de transport et de la 

poly-réactivité des IgA. De plus, il reste à définir précisément le rôle et le comportement des 

SIgM et des IgG muqueuses en conditions physiologiques et en conditions de dysbiose. 

Les approchent thérapeutiques visant à rééquilibrer la diversité microbienne dans les 

MICI ne prennent actuellement pas en compte cette composante humorale du mutualisme 

commensal. C’est peut-être là la raison des échecs thérapeutiques liés aux thérapies 

nutritionnelles et de la FMT. Neutraliser les réponses aberrantes des SIg envers la flore devrait 

ainsi être une démarche concomitante à l’administration de flore bactérienne de donneurs sains. 

Ces résultats peuvent, de plus, être exploités pour l’étude d’autre maladies immunitaires (telles 

que les allergies alimentaires), auto-immunes (telles que la polyarthrite rhumatoïde ou le SLE, 

Annexe 3) et métaboliques (telles que le diabète, l’obésité) où il est maintenant prouvé que le 

microbiote est altéré.  
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Annexe 1 – Revue sur les IgM sécrétoires 
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Annexe 2 – Revue sur les MICI 

  



  

273 

 

  



  

274 

 

  



  

275 

 

 

  



  

276 

 

  



  

277 

 

  



  

278 

 

 

 



  

279 

 

Travaux annexes 

Participation aux études : 

1. YAP/TAZ are regulators of resident cells in response to inflammation  

Caire R, Audoux E, Courbon G, Petit C, Michaud E, Thomas M, Vanden-Bossche A, 

Chafchafi M, Navarro L, Linossier MT, Peyroche S, Guignandon A, Vico L, Paul S, 

Marotte H   

 

Communication orale : 

1.  « Rôle des Immunoglobulines A sécrétoires dans la maladie de Crohn »,  

Eva Michaud, Journée Stéphanoise de cytométrie (CYTIMA), 15-16 Mai 2018, Andrézieu.  

 

Communications affichées 

1. « Alterations in IgA1- and IgA2-driven selection of the microbiota in Corhn’s disease», 

Eva Michaud, Blandine Chanut, Fabienne Jospin, Katell Bathany, Nicolas Rochereau, 

Stéphane Paul. Keystone Symposia « Microbiome : therapeutic implications », 8 Octobre 

2019, Killarney (Irlande).. 

 

2. « Nature, structure and functionality of intestinal secretory IgA in Inflammatory Bowel 

Diseases», Eva Michaud, Blandine Chanut, Katell Bathany, Nicolas Rochereau, Stéphane 

Paul. Journée Scientifique MSD Avenir, 27 Novembre 2018, Paris. 

 

3.  « Nature, structure and functionality of intestinal secretory IgA», Eva Michaud, 

Blandine Chanut, Fabienne Jospin, Katell Bathany, Jean-Marie Schmitter, Nicolas Rochereau, 

Stéphane Paul. Centre International de Recherche en Infectiologie (CIRI), 4-6 Mai 2018, 

Voguë. 

 

4.  « Rôle des Immunoglobuline Sécrétoires dans la Maladie de Crohn», Eva Michaud, 

Nicolas Rochereau, Stéphane Paul. Journée de l’ED. SIS, 14 Juin 2018, Saint-Etienne.  

3ème prix ex-aequo, meilleure présentation.  



  

280 

 

YAP/TAZ are regulators of resident cells in response to inflammation  

   

Caire R1, Audoux E2, Courbon G1, Petit C3, Michaud E2, Thomas M1, Vanden-Bossche 

A1, Chafchafi M1, Navarro L3, Linossier MT1, Peyroche S1, Guignandon A1, Vico L1, 

Paul S2,4, Marotte H1,5*   

1INSERM U1059‐SAINBIOSE, Université de Lyon, Saint‐Etienne, France 

2GIMAP EA3064, Université de Lyon, Saint-Etienne, France  

3INSERM U1059‐SAINBIOSE, Mines Saint-Etienne, Université de Lyon, Saint‐

Etienne, France 

4CIC INSERM 1408, Université de Lyon, Saint-Etienne, France  

5Department of Rheumatology, Hôpital Nord, University Hospital Saint-Etienne, Saint-

Etienne, France 

*Corresponding author: Hubert Marotte (Phone: +33-477-12-76-43, e-mail: 

hubert.marotte@chu-st-etienne.fr)  

Conflict of interest: 

The authors have declared that no conflict of interest exists 

 

 

 

 

 

 

 

 

 



  

281 

 

ABSTRACT 

Rheumatoid arthritis (RA) is an inflammatory disease where fibroblast-like 

synoviocytes (FLS) are key players. Mechanisms of aggressive “tumour-like” 

phenotype in RA FLS are still unclear. Here we identified YAP/TAZ, two transcription 

cofactors activated in several cancers, as major arthritis actors. Stiff support of culture 

or pro-inflammatory cytokines activated YAP in RA FLS. Inhibiting YAP/TAZ 

transcriptional effect with verteporfin (VP) restored a common phenotype in RA FLS, 

blocking their ability to form a hyperplasic lining layer in an organoid model of synovial 

membrane. In vivo, VP treatment reduced the severity of arthritis by restoring synovial 

homeostasis and decreased systemic inflammation. Furthermore, we show that 

synovial stiffening occurred during arthritis related to YAP/TAZ activity. YAP/TAZ 

inhibition was also relevant in a mouse colitis model with reduction of disease severity 

by similar mechanisms than those described in arthritis. This work revealed an 

unprecedent YAP/TAZ involvement in arthritis relevant for future inflammatory 

disorders comprehension and treatment. 
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INTRODUCTION 

Rheumatoid arthritis (RA) is a common immune disorder associated with strong joint 

inflammation and destruction (1). Fibroblast-like synoviocytes (FLS) are the resident 

cells of the synovial tissue. In physiological conditions, FLS form with some 

macrophages a synovial lining layer constituted of 2 or 3 rows of cells (2). During RA, 

there is hyperplasia of the synovial lining layer mainly through FLS hyperproliferation 

and apoptosis resistance mechanisms (3, 4), but also due to inflammatory cell infiltrate. 

Targeting FLS by different ways was already effective in vivo with a reduction of 

arthritis severity (4, 5). Indeed, FLS are key actors in initiating and maintaining immune 

cell recruitment contributing to joint destruction by the invasion of cartilage and bone, 

partly linked to the secretion of matrix metalloproteinases (MMPs) (6). Furthermore, 

FLS have been called “imprinted aggressors” because of their tumour-like phenotype 

induced by chronic inflammation that persists even after the inflammation has stopped 

(2). The mechanisms involved in this phenotype are still unclear and several alterations 

were reported: transcription factors as c-Jun modulation (7), nuclear factor κB (NF-κB) 

pathway anomalies (8); apoptosis regulation with p53 anomalies or increased 

expression of antiapoptotic proteins such as B-cell lymphoma 2 (Bcl-2) family members 

(8) without effect on Bcl2-associated X protein (Bax, a pro-apoptotic molecule) (9); or 

epigenetic alterations (10). Due to these properties, FLS targeting is an important 

emerging research axis in RA. Their similarities with tumour cells highlight the 

opportunity to identify cancer-shared mechanisms.  

Among cancer-targeted factors, yes-associated protein (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ) are two cotranscription factors sharing 

important structural similarities. Upon specific stimuli, YAP/TAZ are activated, and they 

both translocate to the nucleus (11) to induce transcription by interacting with their 
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main transcription factor called transcriptional enhanced associate domains (TEAD) 

(12, 13). YAP/TAZ are partly regulated by the Hippo pathway, which leads to their 

phosphorylation and subsequent retention in the cytoplasm (14). Initially, YAP/TAZ are 

linked with tissue size homeostasis by promoting overgrowth in case of hyperactivation 

(15). YAP/TAZ were also reported as major mechanotransduction actors since they 

convert cell mechanical stimuli perception into transcriptional responses for cell 

behaviour adaptation, thus independently from the Hippo pathway (11). YAP/TAZ also 

play an important role in several types of cancer and contribute to cancer cell 

phenotypes with apoptosis resistance, invasion abilities, and hyperproliferation (16). 

Recently, inflammation was also reported to activate YAP/TAZ. Indeed, pro-

inflammatory cytokines such as TNF and IL-6 have been reported to directly activate 

YAP in some cancers (17, 18). Since inflammation is a crucial process in inflammatory 

related diseases, like RA or inflammatory bowel diseases (IBD), pro-inflammatory 

cytokines may activate YAP in various cells, in particular the resident FLS in RA. 

Furthermore, inflammation is often linked with fibrosis development and tissue 

stiffening (19). Consequently, inflammation or synovial stiffening could also act in RA 

through YAP/TAZ activation.  

Recently, involvement of YAP was reported in RA with alterations of the Hippo 

pathway, responsible for YAP inhibition (20). YAP inhibition with verteporfin (VP), a 

chemical inhibitor of the binding of YAP/TAZ to TEAD (21), decreased RA FLS 

invasion, MMP13 expression, and inflammation improving arthritis in a mouse model 

(20). However, no clear mechanism of this anti-inflammatory effect was reported (20). 

In addition to involvement of YAP in resident cells, TAZ was a key regulator of the 

balance between IL-17 producing CD4+ T helper lymphocyte (Th17) and T regulatory 

lymphocyte (Tregs) through stimulating retinoic acid receptor-related orphan receptor-
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γ (RORγT) transcription in favour of increasing Th17 differentiation (22). Indeed, Th17 

are the main source of IL-17, a pro-inflammatory cytokine and is strongly involved in 

RA pathogenesis (23). In addition to a direct effect of YAP/TAZ inhibition on FLS, we 

hypothesized that a systemic YAP/TAZ inhibition could also decrease Th17 cells and 

inflammation.   

In this paper, we demonstrated for the first time a strong YAP transcriptional activation 

during arthritis with involvement of inflammation for its activation in FLS, contributing 

to aggressive cell phenotype and, consequently synovial hyperplasia. Then we also 

demonstrated that the synovial membrane became stiffer during arthritis by using 

atomic force microscopy (AFM), and that YAP/TAZ inhibition reduced this stiffening. 

Finally, YAP/TAZ inhibition with VP decreased arthritis severity as well as colitis 

through similar mechanisms, suggesting YAP/TAZ as a promising target in 

inflammatory disorders.  
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RESULTS  

YAP was active in RA FLS and its activation was enhanced by pro-inflammatory 

cytokines independently from mechanical cues 

In human RA FLS, YAP was localized in the nucleus when cultivated on classic 

substrate (stiff, approximately 2 GPa) due to its sensitivity to stiff substrate (11). 

Accordingly, we cultivated RA FLS on soft substrate (2 kPa), closer to physiological 

condition. On soft substrate, the percentage of cells with YAP nuclear localization was 

nevertheless around 30% (Fig. 1AB), suggesting autonomous activation in RA FLS, 

even in the absence of known activators for YAP. Then the effect of two keys pro-

inflammatory cytokines involved in RA (TNF and IL-17) on YAP nuclear localization 

was assessed independently of stiff support activation. Accordingly, RA FLS on soft 

substrate were treated with TNF and IL-17 for 48 hours. TNF or IL-17 alone increased 

the percentage of cells with YAP nuclear localization with a synergistic effect when 

administered together (Fig. 1AB). These results were completed with a trend toward 

increased expression of a YAP target gene, cysteine-rich angiogenic protein 61 

(CYR61), at the protein level with TNF and IL-17 treatment (Fig. 1CD); while this was 

not the case at the mRNA level at this time point (Fig. 1E). This YAP activation 

depended on YAP nuclear translocation rather than a YAP global increase since the 

total YAP protein level trended to decrease with TNF and IL-17 treatment (Fig. 1F). Of 

note, the YAP/TAZ ratio at the protein level was increased with TNF and IL-17 (Fig. 

1G) due to the reduction of total TAZ amount (Supplementary Fig. 1A). VP treatment 

strongly decreased CYR61 expression at the protein (Fig. 1CD) and mRNA levels (Fig. 

1E), highlighting the transcriptional blockage of YAP/TAZ even with TNF and IL-17 

stimulation. A similar pattern was observed for connective tissue growth factor (CTGF) 

and hexokinase 2 (HK2), two other YAP target genes (Supplementary Fig. 1BC); while 
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no differences in expression of another YAP target gene, ankyrin repeat domain-

containing protein 1 (Ankrd1), was observed (Supplementary Fig 1D). As expected, 

VP did not reduce YAP nuclear localization (Fig. 1B), since we observed that VP 

blocked YAP transcriptional activity. VP also trended to decrease YAP and TAZ total 

protein levels, with a significant reduction when co-administered with TNF and IL-17 

(Fig. 1C, F; Supplementary Fig. 1A). Despite clear YAP nuclear labelling in our 

experiments, no nuclear TAZ labelling was observed (data not shown). Thus, YAP 

nuclear localization was induced by TNF and IL-17 in vitro, independently of 

mechanical cues. VP blocked YAP transcriptional activity even in the presence of TNF 

and IL-17 without changes in YAP nuclear localization. 

YAP nuclear localization in vitro was increased by time spent in rigid 

environment  

Mesenchymal stem cells can be mechanically primed, as the time spent on stiff 

substrate increased YAP nuclear localization, and maintained its nuclear localization 

even after a shift to soft substrate (24). Since YAP nuclear localization was around 

30% in FLS on soft substrate in the absence of mechanical or inflammation cues (Fig. 

1AB), we hypothesized that this could reflect prior FLS mechanical priming. To 

investigate this purpose, we assessed the percentage of cells with YAP nuclear 

localization cultivated on stiff substrate (classic culture substrate 2 GPa) up to passage 

(P) 3, P4, or P5, followed by a switch to soft substrate for 72 hours after each of these 

passages (P4, P5 or P6, respectively; Supplementary Fig. 2A). YAP nuclear 

localization was higher at P5 than P4 (Supplementary Fig. 2BC). Furthermore, Ankrd1 

expression was increased at P6 compared to P5 (Supplementary Fig. 2D). Hence time 

spent by RA FLS on stiff substrate enhanced YAP activity when assessed on a soft 

substrate, confirming the influence of mechanical priming on YAP activity in RA FLS.  
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To summarize, inflammation or mechanical stimuli were activators of different YAP 

target genes. CYR61 was not increased at P6 compared to P5 (Supplementary Fig. 

2E), but was increased by inflammation on soft substrate (Fig. 1D). Contrariwise, 

Ankrd1 was not increased by inflammation on soft substrate (Supplementary Fig. 1D), 

but was increased at P6 compared to P5 (Supplementary Fig. 2D). However, 

inflammation and mechanical stimuli (stiff substrate) had a synergistic effect when 

applied together on CYR61 and Ankrd1 expressions (Supplementary Fig. 2DE).  

YAP/TAZ inhibition blocked RA FLS aggressive phenotype 

Since YAP was activated in RA FLS, we explored its involvement in the RA FLS 

aggressive phenotype. Subsequently, we treated RA FLS with VP or YAP siRNA for 

48 hours with or without TNF and IL-17 and assessed apoptosis, invasion, and 

proliferation.  

YAP/TAZ inhibition restored apoptosis  

No cell mortality was observed with VP treatment for 48 hours at the dose used (10 

µM) in our in vitro experiments assessed by lactate deshydrogenase (LDH) assay (data 

not shown), suggesting no toxic effect in our experiments. We then assessed apoptosis 

by detection of annexin V positive cells quantified by flow cytometry. As expected, 

annexin V was barely detected in RA FLS treated with vehicle or TNF and IL-17. 

However, addition of VP to TNF and IL-17 induced around 10% annexin V positive 

cells showing restoration of apoptosis (Fig. 2A-ab). At the mRNA level, Bcl2 was 

reduced by VP treatment (Fig. 2A-c) or YAP siRNA transfection (Supplementary Fig. 

3E) with or without TNF and IL-17, while Bax expression was similar (data not shown). 

Furthermore, phospho(p)-NF-κB on serine 546 (active form) was almost undetected 

with VP treatment (Fig. 2A-de). With YAP siRNA transfection, a trend toward reduction 

of the p-NFκB/total NFκB ratio was observed, compared to siCTRL mainly in presence 
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of TNF and IL-17 (Supplementary Fig. 3AD). This reduction was in accordance to 

CYR61 expression decrease upon YAP siRNA with or without TNF and IL-17 

(Supplementary Fig. 3AC). Altogether these data suggested that YAP drove RA FLS 

apoptosis resistance by maintaining Bcl2 expression and NF-κB activation.  

YAP/TAZ inhibition reduced invasion of RA FLS and MMP-13  

Since RA FLS already have a huge invasion ability, VP trended to decrease invasion 

ability of RA FLS in a transwell assay, even with pro-inflammatory (TNF and IL-17) 

stimuli (Fig. 2B-ab). MMP-13, which was described as an essential molecule for FLS 

invasion ability (25), was trended to decrease at the protein level by VP treatment and 

was barely detectable when TNF and IL-17 were co-administered with VP (Fig. 2B-cd). 

These results showed the importance of YAP for MMP-13 synthesis during arthritis, 

probably contributing to RA FLS invasion ability.  

YAP/TAZ inhibition decreased proliferation ability in RA FLS 

Another key feature of RA FLS is their excessive proliferation.  The number of Ki-67 

(present only in proliferating cells) positive RA FLS was decreased after 48 hours of 

VP treatment in immunofluorescence (Fig. 2C-ab) or flow cytometry (data not shown) 

in the presence of TNF and IL-17. Furthermore, the inhibition of p-NF-κB by VP could 

also contribute to decrease RA FLS proliferation (Fig. 2A-de).  

Altogether, YAP transcriptional effects could drive RA FLS to an aggressive phenotype 

by contributing to their three main features.  

YAP/TAZ inhibition by VP prevented and reversed synovial hyperplasia in an 

organoid model of synovial lining layer  

Since YAP drove FLS to an aggressive phenotype in vitro, we hypothesized that YAP 

inhibition could prevent and reverse synovial hyperplasia independently of a pro-

inflammatory environment. To assess this hypothesis, an in vitro organoid model of 



  

289 

 

synovial lining layer was performed, inspired from a previous report (26). This in vitro 

model recapitulated features of the synovial membrane in vivo. In this model, RA FLS 

formed a thicker lining layer than that constituted with osteoarthritis FLS after 21 days 

of culture (data not shown), confirming RA FLS ability of hyperplasia formation. Since 

RA FLS organoids were already hyperplasic without any stimuli, TNF and IL-17 

treatment induced a heterogenous effect on hyperplasia formation with some areas 

showing a strong hyperplasia formation compared to vehicle alone (Fig. 3AB). VP 

treatment started from the beginning of organoid formation completely blocked this 

hyperplasia formation, even in presence of TNF and IL-17 (Fig. 3AB). In addition, VP 

treatment started at day 14 (time where synovial hyperplasia was already observed) 

inhibited also the hyperplasia formation suggesting its potential effect to reverse 

synovial hyperplasia like a curative approach (Fig. 3AB). To explore signaling 

pathways involved in the hyperplasia formation observed with RA FLS, we investigated 

c-Jun subcellular localization. Nuclear localization of c-Jun in FLS was higher at the 

“lining layer” site compared to the “stroma” site. This suggested different activations 

according to FLS localization inside the organoid. Additionally, VP treatment 

suppressed this difference suggesting a YAP/TAZ role on c-Jun activity (Fig. 3 CD). 

YAP was active in the rat adjuvant-induced arthritis (AIA) model and VP 

prevented or decreased arthritis severity 

YAP mRNA was increased in the ankle of a rat AIA model at days 6 and 8 after the 

induction, before the arthritis onset (Supplementary Fig. 4). This was followed by an 

increase in its target genes including Ankrd1, CYR61, CTGF, E2F1, and HK2 

(Supplementary Fig. 4) at days 10 and 12, the time of arthritis onset (Fig. 4A). These 

results demonstrated a YAP transcriptional activation during arthritis in this model, 

reinforcing the assumption to target YAP in this model. 
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Then in order to assess involvement of YAP in arthritis onset and severity, we 

administered VP in AIA rats with two approaches: preventive and curative. In the 

preventive approach, intraperitoneal injection (IP) of VP at 20 mg/kg/day from days 6 

to 16 (starting before arthritis onset) showed a delay in arthritis onset, with a lower 

arthritis severity (arthritic score and ankle circumference) compared to AIA vehicle rats 

(Fig. 4AB). The curative approach with IP 40 mg/kg/day of VP from days 12 to 16 

(starting after arthritis onset) completely blocked arthritis progression and reduced 

arthritis severity (Fig. 4AB). After sacrifice (day 17), the reduction of arthritis severity 

was directly linked with a reduction of synovial hyperplasia observed in both VP groups 

(Fig. 4CD) confirming the direct effect on FLS previously observed in vivo. At the bone 

level, a decrease in bone volume per tissue volume (BV/TV) in AIA rats corresponding 

to bone erosion was observed at the distal tibia zone linked with FLS invasion (Fig. 

4E). Strikingly, the preventive VP approach prevented this bone erosion in this area 

with a BV/TV close to the vehicle (non-arthritic) group; whereas the curative VP 

approach did not reduce the erosion. Thus, VP was able to prevent, but not to restore 

bone damage (Fig. 4EF). This bone protection in the preventive VP approach was 

associated with a lower expression of MMP2 compared to the AIA group (Fig. 4G). We 

also demonstrated a direct action of VP on CYR61 expression in both approaches 

compared to AIA vehicle rats (Fig. 4H), supporting a VP effect on YAP transcriptional 

activity. However, other genes affected by YAP were not modified by VP therapies in 

the joint at day 17 (data not shown), since they were not overexpressed at this time 

point in the rat AIA model (Supplementary Fig. 4). 

VP decreased mRNA expression markers of lymphocyte Th17 in rat AIA model 

Then we hypothesized that VP treatment, in addition to its effect on FLS, may also 

have anti-inflammatory properties by reducing Th17. RORγT labelling was highly 
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detected in the marginal zone of spleen from AIA rat compared to vehicle group. Both 

VP approaches strongly reduced this RORγT labelling (Supplementary Fig. 5A). IL17 

mRNA level was reduced in the preventive VP group, while a trend in decrease was 

observed in the curative VP group (Supplementary Fig. 5B). At the ankle site, IL-17 

mRNA was reduced only in the preventive VP group compared to AIA group 

(Supplementary Fig. 5C). Regarding other inflammatory actors, no differences in IL10 

expression (Supplementary Fig. 5D) or Foxp3 (Treg marker) labelling (data not shown) 

were observed in the spleen, suggesting that VP had no effect on Tregs. In addition, 

TNF expression was lower in spleen of VP treated animals compared to AIA rats, with 

no change at the ankle (Supplementary Fig. 5EF). IL6 expression was unchanged with 

VP approaches at both ankle and spleen sites (Supplementary Fig. 5GH). In addition 

to the direct effect of VP on RA FLS, VP also had a direct anti-inflammatory effect 

mainly through Th17 inhibition in the rat AIA model.  

Synovial tissue became stiffer during arthritis under YAP/TAZ control 

Since YAP was activated in RA FLS on stiff substrate and that chronic inflammation 

was reported to be linked with stiffening processes (19), the stiffness of the synovial 

membrane was assessed during arthritis in our rat AIA model. Accordingly, Young’s 

modulus, also known as the sample stiffness, was measured using nanoindentation by 

AFM in the four groups of the rodent experiment (Fig. 5A-D). First, synovial stiffness 

was increased in AIA rats compared to the vehicle (non-arthritic) group, showing for 

the first time that synovial tissue became stiffer during arthritis (Fig. 5A, C and E). 

Furthermore, both preventive and curative VP approaches strongly reduced synovial 

membrane stiffness compared to AIA untreated rats, whose synovial stiffness was 

close to that of vehicle (non-arthritic) rats (Fig. 5 A-E). These results strongly suggested 

that YAP activation induced synovial stiffening in arthritis. Moreover, tenascin C (tenC) 
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and periostin, two molecules involved in stiffening processes (19), were overexpressed 

before arthritis onset between days 6 and 12 for tenC and after arthritis onset for 

periostin. It is thus possible that stiffening of the synovial membrane had already begun 

when curative VP treatment started, highlighting a possible reverse effect on synovial 

stiffness. TenC (Fig. 5F) and periostin (not shown) were strongly labelled in the 

extracellular matrix (ECM) of the synovial sublining layer of AIA rats and almost absent 

in vehicle or VP groups. TenC and periostin mRNA levels decreased significantly in 

the preventive VP group and to a lower extent in the curative VP group compared to 

rat AIA group (Fig. 5G, H). In vitro, VP was also effective in blocking tenC and periostin 

expressions in RA FLS with or without TNF and IL-17 stimulation (Fig. 5I, J). Notably, 

at the cellular level, we observed the presence of actin stress fibers in FLS from AIA 

rats (Fig. 5F) and in RA FLS in organoids (Fig. 3C), which are representative of 

mechanical stiffening in cells (27). Furthermore, these actin stress fibers were absent 

with VP treatment in both models (Fig. 3C and Fig. 5F). All together, we demonstrated 

that synovial tissue stiffening occurred during arthritis, potentially through tenC and 

periostin synthesis and cytoskeletal reorganization in FLS.  

YAP/TAZ inhibition with VP in the dextran sulfate sodium induced colitis mice 

model also prevented the disease by the same mechanisms observed in arthritis 

To extend our findings on YAP/TAZ regulation in arthritis to other inflammatory 

diseases, we focused on another inflammatory model where resident and immunity 

cells are involved. YAP/TAZ activation has already been described in IBD (18), with a 

decreased severity by VP in a mouse colitis model (28). In this context, we evaluated 

the effect of VP in another colitis model, the dextran sulfate sodium (DSS) induced 

colitis mouse model. The colitis severity was reduced mostly through a drastic 

decrease in diarrhea, a common symptom of intestinal inflammation (Fig. 6A). 
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Histologically, intestinal villi appeared less damaged in the VP group associated with 

a reduction in the Peyer’s patches area compared to control (Fig. 6BC and E). As 

previously shown for FLS or synovial tissue, VP also trended to downregulate CYR61 

expression at the gut level, confirming again YAP/TAZ transcriptional inhibition in this 

colitis model (Fig. 6D). Similarly to our results in the rat AIA model, an inhibition of TNF 

expression without changes in IL-6 expression was observed in the VP group 

compared to the control group (Fig. 6FG). However, no difference in IL-17 expression 

was observed in the gut (Fig. 6H). MMP2 expression was also reduced under VP 

treatment, while only a trend toward reduction for MMP13 was observed (Fig. 6IJ).  
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DISCUSSION  

In this study, we clearly demonstrated that YAP/TAZ transcriptional activity was 

involved in inflammatory disorder pathogenesis, especially RA. In RA, YAP/TAZ 

transcriptional activity inhibition suppressed RA FLS aggressive phenotype with a 

decrease in synovial stiffness in the rat AIA model and Th17 inhibition. Some of these 

effects were also reproduced in colitis, another inflammatory disease. Accordingly, 

YAP/TAZ could be a key target in inflammatory related diseases.  

Hippo pathway alterations were already described in RA, such as YAP inhibition in RA 

FLS reduced their invasion abilities by inhibiting MMP13 expression and VP treatment 

in an arthritic mouse model and improved the disease (20). Here, we confirmed these 

previous data on YAP involvement in RA FLS invasion abilities and we provided deep 

evidence on YAP/TAZ involvement in RA pathophysiology. First of all, we 

demonstrated that YAP was active in RA FLS and in the ankle of AIA rats. Hence, YAP 

activation drove the aggressive phenotype of FLS by enhancing apoptosis resistance, 

invasion, and proliferation. However, specific mechanisms underlying these actions 

open the way for new investigations. Considering the action of VP and the timing of 

YAP inhibition (48 hours for siRNA or VP inhibition in RA FLS), we were looking at 

transcriptional effects, YAP acting mainly through TEAD interaction (16) (VP targeted) 

(21). These effects may be directly connected with our data on CYR61, a YAP target 

gene. CYR61 has already been extensively considered during arthritis and is critical 

for the pathophysiology of RA, such as proliferation control (29), invasion/migration 

abilities of FLS connected with bone erosion (30, 31), and inflammatory responses (32, 

33). Our data emphasized involvement of CYR61 in RA pathogenesis since we 

observed its strong decrease by YAP inhibition in RA FLS and in AIA rat ankles. As for 

apoptosis resistance ability, YAP inhibition drastically decreased the mRNA level of 
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Bcl2, deciphering partially a mechanism of apoptosis resistance driven by YAP. 

Furthermore, new evidence highlights YAP to act on transcriptional programs by 

concomitant action with other transcription factors (34, 35). Interestingly, YAP can 

indirectly interact with AP-1 via TEAD; AP-1 and YAP-TEAD interact and bind to the 

same gene binding zones and activate very specific transcription programs 

(migration/invasion, oncogenic growth). This could explain in our results the alteration 

of c-Jun nuclear localization repartition in organoids. Inhibiting YAP-TEAD interaction 

also blocks some of the AP-1 transcriptional activity (34, 35). In RA, AP-1 was already 

proposed as a therapeutic target (7), emphasizing the relevance of YAP inhibition for 

AP-1 regulation in this context. In this perspective, we have hypothesized that the 

difference observed in terms of gene regulation (CYR61 or Ankrd1) by YAP upon 

mechanical or inflammatory stimuli may be due to different YAP-TEAD partners 

recruited; thus, regulating specific transcription programs. However, when these stimuli 

are applied together, a synergistic effect on both CYR61 and Ankrd1 expression was 

observed and which may indicate a broader transcriptional regulation. Furthermore, 

VP inhibition completely blunted the serine 546 active phosphorylated form of NF-κB, 

which is also involved in RA pathogenesis (8). Thus, YAP may control several 

transcription factors involved in apoptosis and proliferation, although the intracellular 

pathways underlying these regulations are still to be determined.  

YAP has been extensively reported to be an oncogene through its TEAD mediated 

transcriptional activity through interaction with its TEAD binding motif (16). However, 

other YAP functions are related to other domains. In fact, YAP has been described has 

a tumour suppressor by promoting apoptosis through p73 interaction through its WW 

domain (36) and through its role in scaffolding β-catenin in the cytoplasm (37), 

independently of the YAP/TEAD interaction, so not related to the VP effect. In this 
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context, a siRNA or a total YAP knockdown may be effective through positive inhibition 

of YAP-TEAD transcriptional effects but also negative by suppressing its effect through 

WW domain interactions. In accordance to this statement, we observed that YAP 

siRNA treatment on RA FLS enhanced the activity of a nonphospho (active) form of β-

catenin, suggesting that this YAP cytoplasmic activity is also present in RA FLS (data 

not shown).  

Thus, VP treatment appears as a good candidate for YAP/TAZ inhibition. However, 

some other VP properties could be involved in our results. VP is a photosensitizer 

originally used for choroidal neovascularization in age-related macular degeneration 

(38). Under infrared wavelength exposure, VP releases a singlet of highly reactive 

oxygen that presents toxicity for cells. In order to avoid this effect, all our experiments 

were performed in relative darkness under blue light. However, even in absence of 

infrared light, VP has been shown to release low levels of oxidative compounds (39). 

Nevertheless, with our experimental settings, and at least in RA FLS experiments, we 

did not detect cell toxicity by VP treatment using LDH assay. The crucial role of YAP 

in the cytoplasm, the low rate of silencing efficacy by YAP siRNA, and a possible 

compensation by TAZ when YAP is absent (that has been previously reported in other 

context (18)) may explain the lower efficiency of YAP siRNA strategy as compared to 

VP treatment. To strengthen our strategy, specific peptide inhibitors of YAP/TAZ-TEAD 

or chimeric YAP/TAZ construct protein interfering only with its TEAD mediated 

transcriptional activity may be used.   

In a model of human cornea, chronic inflammation activated YAP which resulted in 

tissue stiffening (19). We showed for the first time by nanoindentation using AFM an 

increase in synovial stiffening during arthritis in the rat AIA model. YAP/TAZ inhibition 

by VP blocks this stiffening as well as specific stiff ECM component expression and 
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actin stress fiber formation. Accordingly, tissue stiffening may occur through YAP/TAZ 

signalling. Such tissue stiffening in RA brings new exciting perspectives. FLS are 

described to be “passive responders” and “imprinted aggressors” (2), emphasizing the 

ability of RA FLS to keep their aggressive phenotype even when inflammation has 

been stopped. An explanation for this behaviour has been searched in epigenetics and 

mutation of genes without finding complete explanations (2). We showed here that RA 

FLS can be mechanically primed with long term passages on stiff substrate, 

programming YAP to remain nuclear even after switching to soft substrate. 

Furthermore, evidence of Hippo pathway methylome dysregulation was already 

reported in RA (20). This may enhance YAP nuclear localization and explain how YAP 

may remain active on soft substrate in our context; thus methylome changes may be 

induced by mechanical priming. Long term YAP activation in RA FLS by pro-

inflammatory cytokines and a remodelling of the ECM providing a stiff environment 

may give them autonomous properties by mechanical priming, keeping their 

pathogenic features even in the absence of YAP known activation stimuli. We thus 

speculate that mechanical priming constitutes a mechanism by which RA FLS became 

autonomous even after inflammation stoppage. This new mechanism offers a new area 

to investigate in the context of arthritis.   

Another advantage of targeting YAP/TAZ in RA is for its immunomodulation effect. 

Indeed, in AIA rats we showed that VP also has anti-inflammatory properties by 

decreasing IL-17 expression likely through Th17 targeting in the spleen. This action 

may occur through TAZ inhibition in T cells as previously described (22). T cells are 

also described to be activated by a stiff microenvironment (40); thus, possibly 

suggesting that tissue stiffening decreases with VP treatment in arthritis and may also 

act to inhibit T cell activation.  We also showed a TNF inhibition in spleen. This also 
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may be explained by Th17 inhibition because Th17 cells are able to produce TNF, 

although in a lesser extent than IL-17 (41). Nevertheless, the absence of changes in 

IL-6 expression, of which Th17 cells are one of the sources (41), suggested that TNF 

regulation by YAP/TAZ inhibition may come from other mechanisms. These 

mechanisms may come from macrophage regulation by YAP as already reported (42) 

or another unknown mechanism. Comparing this effect to the strong effect of VP on 

FLS, we hypothesize that the main VP effect is on FLS targeting. 

Finally, YAP/TAZ have been shown to be active in other inflammatory diseases such 

as in IBD (18, 22, 28, 42, 43), psoriasis (44), scleroderma (45), asthma (46), and 

Sjogren's syndrome (47). Focusing on a colitis context, YAP has been described to 

enhance aberrant enterocyte differentiation and proliferation driving hyperplasia in 

intestinal villi (18). Moreover, TAZ inhibition through inhibition of Th17 differentiation 

decreased colitis severity (22). In our study, YAP/TAZ inhibition with VP in a mouse 

colitis model (DSS treated mice) improved the symptoms by mechanisms similar to 

those for arthritis treatment, with inflammation modulation and decreased expression 

of markers involved in the inflammatory response by enterocytes. Fibrosis can occur 

in IBD (48), and even if we do not provide evidence on possible tissue stiffening under 

YAP/TAZ control in this model, it may be a further line of investigation.  

In summary, we propose that the presence of pro-inflammatory cytokines such as TNF 

and IL-17 in RA are responsible for YAP activation in FLS, thus participating in the 

pathophysiology of the disease. This activation drives a FLS aggressive phenotype 

and controls changes in the microenvironment. Consequences include altered 

mechanical properties of the tissue that become stiffer, creating a vicious circle in 

which YAP/TAZ activity is maintained even after inflammation stoppage. Such a 

mechanism probably exists in other inflammatory contexts with a key involvement of 
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resident cells. Our data give new insight into YAP/TAZ biology in the context of 

inflammation and suggest that YAP/TAZ play a central role in inflammatory pathologies 

and could be targeted with VP to improve these inflammatory diseases.  
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METHODS 

Cell culture. RA FLS were obtained during surgery procedure as previously described 

(49). All RA patients gave a written consent after oral information (IRB # 2014-A01688-

39). Cells were cultivated in Dulbecco’s modified Eagle’s medium (DMEM, Sigma, St. 

Louis, MO, US) with 10% fetal bovine serum (FBS), 1% glutamine and 2% penicillin 

and streptomycin (PS) on classic support substrate until their use for experiments (2 

GPa). For soft substrate culture (2 kPa), well plates (Cell guidance system, Cambridge, 

UK) or dishes (ExCellness, Lausanne, Switzerland) were used. Plates were coated 

with fibronectin (1:100, Sigma) for 2 hours at 37°C. TNF at 10 ng/ml and IL-17 at 50 

ng/ml (R&D system, Minneapolis, MN, US) were used. Verteporfin (VP, Sigma) was 

used at 10 µM. For all VP experiments, cells were kept in relative darkness with blue 

light during manutention avoiding any aspecific activation of VP (due to its 

photosensitivity).  

Western blot. Protein extraction was performed with Allprep RNA/protein kit (Qiagen 

Inc, Hilden, Germany). Proteins (5 µg) were denatured and separated for 2 hours at 

90 Volts before being transferred onto PVDF membranes (Thermo Fisher Scientific). 

The membrane was blocked and incubated with primary antibody overnight at 

4°C.Then membrane was incubated with a horseradish peroxidase-conjugated 

secondary antibody (1:5000; Thermo Fisher Scientific, 31460) for 1 hour at RT. 

Immunoreactive protein bands were visualized with Clarity™ Western ECL Substrate 

(BioRad, Hercules, CA, US). Blots were stripped using a mild antibody stripping 

solution (200 mM glycine, 3.5 mM SDS, 1% Tween 20) and reprobed. Western blot 

(WB) was performed using the following primary antibodies (1:1000): YAP/TAZ (8418, 

Cell Signaling Technology, Leiden, The Netherlands), CYR61 (14479, Cell Signaling 

Technology) MMP-13 (ab39012, Abcam, Cambridge, UK), NF-κB p65 (8242, Cell 
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Signaling Technology) and phospho NF-κB p65 ser536 (3031, Cell Signaling 

Technology).  

Flow cytometry. FLS grown on soft dishes at 2 kPa (ExCellness) for 72 hours coated 

with fibronectin with various stimuli for 48 hours were collected by trypsination. RA FLS 

were incubated in 1X annexin V binding buffer with Annexin V-PE detection kit 

(ab14155, Abcam). Data were acquired using a FACSCanto II cytometer and analyzed 

with the BD FACS Diva software 6.1.3 (BD Nova Biosciences, UK). 

Invasion assay. RA FLS invasion abilities were assessed using BioCoatTM Growth 

Factor reduced Matrigel Invasion Chamber (Corning, Corning, NY, US). FLS were 

seeded in the upper chamber at 50,000 cells per insert in DMEM containing 1% 

glutamine, 1% PS and 0.1% BSA. DMEM containing 20% FBS, 1% glutamine, 1% PS 

and 0.1% BSA was added to the wells. The invasion chambers were then incubated 

for 48 h with or without TNF, IL-17, and VP (which were added in the insert chamber 

and in the wells at the same concentrations). After incubation, noninvading cells were 

removed from the upper surface of the membrane, inserts were fixed in 4% PFA for 20 

minutes at RT, and then stained with hematoxylin and eosin (H&E). Membranes of 

insert were imaged at x100 magnification and invading cells were counted. Results are 

represented by the mean of two inserts for each condition, and the mean of three 

images at x100 counting per insert.  

siRNA transfection technique. RA FLS were cultivated on classic substrate coated 

with fibronectin, in classic medium antibiotic free for 24 hours and transfected at 80% 

confluency. RA FLS were transfected by adding YAP siRNA or control siRNA (Santa 

Cruz Biotechnology, Dallas, TX, US) at 7.5 µg/ml in siRNA transfection reagent (Santa 

Cruz Biotechnology; diluted 6/100 in transfection medium) for 6 hours at 37°C in a CO2 
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incubator. Medium was replaced with or without TNF and IL-17 for 48 hours before 

extraction.  

Organoids culture and processing. Synovial organoids assembly protocol was 

inspired by previous publication(26). Briefly, cells from RA patients were used at 

passage (P6) and mixed with Matrigel (Corning) at 4.106 cells/ml of Matrigel, 22 µl 

droplets (representing approximatively 88,000 cells) were added to 96-well U-shaped 

very low attachment surface plates (Corning). Gelation was then allowed for 45 

minutes at 37°C in a CO2 incubator. Then specific medium was added: DMEM 

supplemented with 10% FBS, 1% glutamine, ITS solution, nonessential amino acids, 

1% PS, and ascorbic acid. Organoids were maintained for 21 days in culture media. 

VP with or without TNF and IL-17 were used at the same concentration as for cell 

culture. At day 21, organoids were fixed with glyoxal/ethanol solution for 1 hour at RT 

(PFA fixation being deleterious). Organoids were then embedded in paraffin, cut at 

6µm and stained with H&E. Other organoids were embedded in a gelatin-sucrose 

solution and frozen in an isopentane bath at -50°C for 2 minutes before storage at -

80°C. 30µm thick cryosections were then used for immunofluorescence. 

Animals 

Adjuvant induced arthritis (AIA) rat. The arthritis (rat AIA n=21) was induced by 

1.5mg of Mycobacterium butyricum (Difco Laboratories, Detroit, MI, US) injection in 6-

weeks old Lewis female rats (Charles River Laboratories, L’arbresle, France) as 

previously described (49).  Control (non-AIA n=7) rats received only injection without 

Mycobacterium butyricum. In the preventive group, daily intraperitoneal (IP) injections 

of VP (Tocris biosciences, Bristol, UK) at 20 mg/kg/days started at day 6 (before 

arthritis onset); whereas in the curative VP treatment group, daily IP injections of VP 

at 40 mg/kg/days started at day 12 (after arthritis onset). For all groups, IP injections 
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started at day 6 (with or without VP) and were performed with 600 µL of vehicle 

containing 10% DMSO. All rats were followed as previously described (49). Rats were 

killed at day 17, ankle and spleen were stored at -80°C for further analysis. At 

necropsy, the right ankle was frozen and stored for mRNA analysis. A synovial biopsy 

was performed on the left ankle, then the fragment of synovial membrane was fixed in 

4% PFA for 20 minutes and stored in 10% ethanol solution at 4°C before atomic for 

microscopy (AFM) measurements. After synovial fragment collection, left ankles were 

fixed with 4% PFA solution for 48 hours at 4°C. Microcomputed tomography analysis 

was conducted prior to decalcification in 0.5 M EDTA. Spleens were sectioned into two 

pieces, one for mRNA analysis and the second was fixed in 4% PFA. Spleens and 

decalcified ankles were next cryoprotected, then embedded and frozen at -80°C. 

Sections were performed using Microm HM 560 cryostat (Thermo Fisher Scientific). 

AIA rats for mRNA kinetics. For rat mRNA kinetics analysis, samples from our 

previous work were used (49), where arthritis was induced by the same protocol and 

rats killed at different time points (at day 6, 8, 10, 12, 17, and 24) with five control 

animals for each time point.  

Dextran sulfate sodium (DSS) induced colitis mice. Eight-weeks old female 

Balb/cByJ mice (Charles River Laboratories) were treated with an IP injection of VP at 

40 mg/kg/day (100 µL, in 10% DMSO) or 10% DMSO one day prior to the beginning 

of DSS (MP Biomedicals) treatment. The latter was administered at 1.5% in drinking 

water, fresh solutions were prepared and changed every day for 11 days (n=14). 

Control mice received only drinking water and an injection of 10% DMSO (n=7). For all 

groups, daily IP injections were continued during DSS treatment until mice were 

sacrificed at day 11. Disease activity index (DAI) scoring comprised of several scales 

evaluating physiological and behavioral parameters including percentage of weight 
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loss, stool consistency, evidences of intestinal leakage with the presence of blood in 

stool, animal general aspect and animal pain behavior. Scoring and weighing were 

performed each day. After death, intestinal tracts of mice were dissected and cut into 

pieces with each containing a Peyer’s patch. Two pieces were snap frozen for further 

mRNA analysis and two other pieces were placed in 4% PFA at 4°C for 48 hours, 

embedded and frozen in the same process than AIA rats ankles. 

Immunofluorescence. This technique was done on frozen sections (organoids, 

spleen and ankle of rats, and mice gut) or on RA FLS fixed with 4% PFA at RT for 20 

minutes. For RORyT (Biorbyt, San Francisco, CA, US) labelling on spleen and gut, 

citrate antigen retrieval was performed. Before labelling, sections or cells were 

rehydrated, permeabilized in 0.3% Triton X‐100, blocked in 1% BSA, 5% goat serum 

and 0.1% Triton solution for 60 minutes at RT, and probed with the primary antibody 

diluted in the blocking solution overnight at 4°C. The following primary antibodies were 

used: YAP (63.7 sc-101199, Santa Cruz Biotechnology; 1:100), YAP (D8H1X, Cell 

Signaling Technology; 1:100), Ki67 (NB-110-89717, Novus Biologicals, Abingdon, UK; 

1:100), c-Jun (9165, Cell Signaling Technology, 1:200), and tenascin C (ab215369, 

Abcam, 1:100). After washing, sections or cells were incubated with secondary 

antibodies, goat anti-rabbit rhodamine coupled antibody (31686, Thermo Fisher; 

1:300) and/or goat anti-mouse 488 (A11034, Thermo Fisher) for 75 minutes at RT, all 

diluted at 1:400. Slides or cells were counterstained with DAPI alone (10 minutes at 

37°C) or coupled with rhodamine (R415, Thermo Fisher; or ab176753, Abcam) for 1 

hour at 37°C.Isotypic controls were always performed using rabbit IgG isotype control 

(31235, Thermo Fisher) and mouse IgG isotype control (31903, Thermo Fisher), 

diluted at the same concentration as the primary antibody. 
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Image acquisition. Images were acquired using a confocal laser microscope (LSM) 

800 airyscan (Zeiss, Oberkochen, Germany) equipped with Zen software. This 

microscope was used in epifluorescence, classic confocal or airyscan confocal mode 

depending on the needs.  

Image analysis and quantification 

Immunofluorescence images quantification. Ki-67 and YAP labelling on RA FLS 

were evaluated by automatically defining nuclear region of interest (ROI) area based 

on DAPI staining, ROI nuclear mask was then added on YAP and Ki67 images. 

Positive cells for YAP or Ki67 labeling in the nucleus were then counted and divided 

by the total number of nuclei (DAPI). This quantification was performed on large 

acquisition tiles at x100 magnification, representing approximately 50 to 200 cells per 

well. C-Jun labelling on frozen sections of organoid was quantified by measuring mean 

intensity in DAPI ROI in the synovial lining layer divided by the same measurement in 

the stroma. 

Organoid synovial hyperplasia. This quantification was performed on H&E paraffin 

sections. Each organoid assessment was the result of two organoid slices. Images 

were binarized and a synovial lining layer area was automatically selected. Organoid 

perimeters were also measured. Hyperplasia criteria was the result of synovial lining 

layer area divided by synovial organoid perimeter.  

Peyer’s patches area. This quantification was performed on H&E frozen intestinal 

sections. Area of Peyer’s patches was evaluated by manual ROI drawing based on 

histology. For each mouse, result was the mean of two distinct Peyer’s patches (one 

from the beginning and one from the end of the intestinal tract).  

Comparison between groups for image analysis and quantification were performed 

using the exact same settings from antibodies labelling to image processing.  
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RNA extraction and RT-qPCR. For animal tissues (spleen, gut and ankle) lysis was 

performed in TRI Reagent (Sigma). RNA was purified with RNeasy plus (Qiagen Inc.). 

For cell culture, RNA was extracted using Allprep RNA/protein kit (Qiagen Inc.). Quality 

and quantity of RNA were assessed by Experion RNA analysis (BioRad) and QuantIT 

RiboGreen RNA assay (Thermo Fisher Scientifc), respectively. Complementary DNA 

(cDNA) was synthesized using the iscript cDNA synthesis kit (Biorad). Quantitative RT 

polymerase chain reaction (PCR) was conducted on CFX96 RealTime System 

(BioRad) with LightCycler FastStart DNA Master plus SYBRgreen I (Roche 

Diagnostics, Basel, Switzerland). The results were normalized to the housekeeping 

gene expression hypoxanthine-guanine phosphoribosyltransferase (HPRT).  

AFM measurement. AFM measurements were performed using standard force mode 

on a Veeco Multimode AFM equipped with Nanoscope IIIa controller and Picoforce 

extension. Briefly, we glued a 50-µm polystyrene microsphere (Alpha Nanotech, 

Morrisville, NC, US) on a 0.1 N/m rigidity cantilever (Bruker MLCT-Bio, E triangular) 

and this cantilever was used for all measurements. Rat synovial samples were 

dissected under binocular microscope from the same area. A nano-indentation was 

performed in force mode by recording two force curves on three independent areas 

twice for each sample. The acquired force curves were exported in ASCII format with 

nanoscope V614r1 software, and then the data were processed using a proper Matlab® 

code. The code includes the fitting of the contact area from the force curves with a 

Hertz contact model in order to extract Young’s elastic modulus (rigidity in kPa) (50).   

Microcomputed tomography. Rat AIA ankles were scanned ex vivo with vivaCT40 

(Scanco, Brüttisellen, Switzerland) at 55 kVp (peak kilovoltage) and reconstructed 

under a resolution of 12.5 µm. Quantification and 3-D imaging were performed after 
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reconstruction. Reconstruction was performed under 0.5/2/307 (Gauss sigma/Gauss 

support/lower threshold).  

Statistical analysis. Data are represented as single values, with mean and standard 

deviation or median and interquartile range, accordingly to normality. Some 

parameters are expressed as percentage of the mean of control values. Two 

comparisons were done with Mann‐Whitney test or unpaired Student t-test. Multiple 

comparisons were performed by ANOVA or Kruskal-Wallis test, post hoc comparisons 

were corrected with the false discovery rate method of Benjamini and Hochberg (q-

values). Results were considered significantly different when p<0.05 or q<0.05. All 

statistical analyses were performed on GraphPad Prism 8.2.0 software.  

Study approval. All animal studies were performed in accordance to the European 

Community legislation and approved by the Ethical Committee for Animal Experiments 

of Saint-Etienne University, agreement number: 2019032816186046 for rat AIA model 

and 2019032010448893 for DSS mice. 
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 FIGURES 

 

Figure 1. YAP was active in RA FLS and its activation was increased by pro-

inflammatory cytokines independently from mechanical cues. FLS from RA patients 

were cultured on soft (2 kPa) or classic stiff (2 GPa) substrates as indicated and coated 

with fibronectin for 72 hours. FLS were treated with VP, TNF, IL-17 alone or in 

combination for 48 hours. The culture medium was identical for all groups containing 

DMSO (0.035%). A: Epifluorescence representative images of YAP 

(immunofluorescence technique, orange), DAPI (nucleus, blue), and merged images 

(luminosity and contrast were enhanced identically for each image for clarity purpose) 

of RA FLS were cultivated on soft (2 kPa) substrate for all conditions. Arrows: cells with 
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positive YAP nuclear localization; dotted arrows: cells with negative YAP nuclear 

localization. B: Corresponding quantification of the percentage of cells with YAP 

nuclear localization for FLS from one RA patient (n=7), experiments were repeated for 

FLS from three others RA patients showing the same pattern. RA FLS were cultivated 

on soft (2 kPa) substrate for all conditions. C: Representative WB results of CYR61, 

total YAP-TAZ, and β-actin. D-F: WB quantification results for FLS from four different 

RA patients. Because WBs were performed on different membranes, results shown 

were normalized to the 2 kPa group for each patient and to β-actin. G: qPCR 

quantification of CYR61 expression normalized to HPRT expression. ANOVA or 

Kruskal Wallis (KW) test with FDR corrected (q-value) for multiple comparisons post 

hoc tests were performed between soft conditions (2kPa): * q<0.05; ** q<0.01; *** 

q<0.001. Data are presented as individual values with mean ± SD (B) or median and 

interquartile range (D-G). Verteporfin (VP): 10 µM; TNF: 10 ng/ml; IL-17: 50 ng/ml. 
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Figure 2. YAP inhibition blocked RA FLS aggressive phenotype. FLS from four RA 

patients were cultured on soft (2 kPa) or classic stiff (2 GPa) substrate coated with 

fibronectin for 72 hours. FLS were treated with VP, TNF, IL-17 for 48 hours. The culture 

medium was identical for all groups containing DMSO (0.035%). A-a: Flow cytometry 

representative histograms showing the number of annexin V negative (left) and 
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positive cells (P3 box right). A-b: Corresponding flow cytometry quantification for FLS 

from four RA patients of the percentage of positive annexin V cells. A-c: qPCR 

quantification of Bcl2 expression normalized by HPRT expression. A-d: Representative 

WB results of phospho(p)-NF-κB p65 (serine536: active form), total NF-κB p65 and β-

actin. A-e: WB quantification, results for FLS from four different RA patients. Because 

WBs were performed on different membranes, results shown were normalized to the 

2kPa group for each patient and to β-actin. B-a: Representative brightfield images of 

invasion transwell assay results of RA FLS stained with H&E at x10 magnification.  B-

b: Quantification of invasive cells number. Results represented the mean of 3 random 

fields at x10 for each insert, each condition was performed in duplicate for 3 RA 

patients. B-c: Representative WB results of MMP-13 and β-actin. B-d: WB 

quantification for MMP-13 (n=4). C-a: Representative epifluorescence images of Ki-67 

(Immunofluorescence technique, orange) DAPI (blue) and merged. C-b: 

Immunofluorescence quantification representing the percentage of Ki-67 positive 

nucleus, results were expressed as the mean of 4 replicates for each FLS from 4 RA 

patients. Kruskal Wallis (KW) test with FDR corrected (q-value) for multiple 

comparisons post hoc tests: * q<0.05; ** q<0.01; *** q<0.001. Data are presented as 

individual values with median and interquartile range. Verteporfin (VP): 10 µM; TNF: 

10 ng/ml; IL-17: 50 ng/ml. 
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Figure 3. YAP inhibition by VP prevented and reversed synovial hyperplasia in an 

organoid model of synovial lining layer. A: Representative brightfield images at x50 

and x200 magnification of 10-µm thick paraffin sections of synovial organoids with RA 

FLS from the same patient, H&E staining; black arrows: synovial lining layer, grey 

arrows: synovial stroma. B: Corresponding quantification of synovial hyperplasia in 

organoids coming from four RA patients (n=15-20 per group), measurements were 

performed by dividing the synovial lining layer area by organoid perimeter 

(AU=arbitrary units). ANOVA test with FDR post hoc test corrected (q-value) for 

multiple comparisons, * comparisons vs. vehicle group, # comparisons vs. TNF+IL-17 

group. *q<0.05; **q<0.01; *** or # # # q<0.001 C: Representative airyscan confocal 

images for c-Jun (immunofluorescence technique, green), counterstained with 

phalloidin (actin, red) and DAPI (blue) showing tiles images at x63 (left) of 30-µm thick 

cryosections on RA organoids, and zoom on synovial lining layer (right), brightness 



  

320 

 

and contrast were enhanced identically for clarity purpose. D: Immunofluorescence 

quantification, representing the ratio of nuclear c-Jun for cells in lining layer and nuclear 

c-Jun for cells in the stroma, results represented four organoids coming from one RA 

patient FLS, Mann-Whitney test, *p<0.05. Data are presented as individual values with 

mean ± SD (B) or median and interquartile range (D). Verteporfin (VP): 10 µM; TNF: 

10 ng/ml; IL-17: 50 ng/ml. 
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Figure 4. VP treatment prevented and decreased severity of arthritis in rat AIA model. 

Day 0 was defined by the day of AIA induction. All animals received IP injection each 

day from days 6 to 16. Control or arthritic (AIA) rats were injected with vehicle 

containing 10% DMSO, whereas treated AIA rats received 20 µg/kg/day of VP from 

day 6 (VP20) as a preventive approach or 40 µg/kg/day VP from day 12 (VP40) as a 

curative approach. A-B: Ankle circumference measurement and arthritic score; results 

were expressed as the mean of the two ankles for each measurement. Two-way 

ANOVA with FDR post hoc test corrected for multiple comparison (*), and paired t-test 
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between days 14 and 17 (#) for VP40 group. * or # q<0.05; **q<0.01; ***q<0.001. D: 

Representative brightfield tiles images at x10 magnification of 40-µm thick cryosections 

at the tibio-astragal anterior joint, H&E staining; the dotted lines represent the limit 

between synovial lining layer and synovial stroma. C: Corresponding quantification of 

H&E staining for hyperplasia in the lining layer (arrows) of the synovial membrane 

located at the anterior part of the tibio-astragal joint; results represented the area of 

synovial lining layer divided by synovial lining layer length. E: Representative 3-D 

reconstruction of micro-computed tomography scan for distal tibia epiphysis; of note, 

important bone erosion was present in the AIA group (arrow). F: Corresponding 

quantification of BV/TV (bone volume/tissue volume) for the tibial distal epiphysis in 

each group. G-H: qPCR quantification of MMP2 (G) and CYR61 (H) expression 

normalized to HPRT expression. Kruskal Wallis (KW) or ANOVA test with FDR post 

hoc test corrected (q-value) for multiple comparisons. *q<0.05; **q<0.01; ***q<0.001. 

Data are presented as individual values with mean ± SEM (A-B) or mean ± SD (C, F-

H).  
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Figure 5. Synovial tissue became stiffer during arthritis under YAP/TAZ control. 

Samples used came from the animal protocols described in Figure 4. A-D: 

Representative punctual nanoindentation curves for rat synovial membrane using 

AFM. Note in the AIA group the more important slope corresponding, when fitted with 

Hertz model (red slope), to an increased Young’s modulus (E). A: Vehicle B: VP20 C: 

AIA D: VP40. E: Corresponding quantification of Young’s modulus (kPa). F: 

Representative airyscan confocal tiled images of tenascin C (tenC, 
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immunofluorescence technique, red) for each group, counterstained with DAPI (blue) 

and phalloidin (green); upper panel: phalloidin and DAPI, lower panel: tenC and DAPI; 

dotted lines represents the limit between synovial lining layer and synovial stroma; X: 

stromal compartment, diamond: synovial fluid compartment; star: blood vessels; arrow: 

actin stress fiber G-J: qPCR quantification of tenC and periostin in rat ankle (G-H) or 

in FLS from RA patient (I-J); for human FLS cell culture condition see Figure 2. Kruskal 

Wallis (KW) or ANOVA test with FDR post hoc test corrected (q-value) for multiple 

comparisons *q<0.05; **q<0.01; ***q<0.001. Data are presented as individual values 

with mean ± SD (E, G, H) or median and interquartile range (I, J). 
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Figure 6. YAP/TAZ inhibition with VP in a dextran sulfate sodium (DSS) induced colitis 

mice model also prevented the disease by the same mechanisms observed in arthritis. 

All animals received IP injection each day from day -1 to day 10; control (vehicle) or 

DSS mice (1.5% DSS in water) were injected with vehicle containing 10% DMSO, 

treated DSS mice were injected with 40 mg/kg/day of VP. A: Disease activity index 

(DAI) represents the severity of the disease by evaluating percentage weight loss, 

general aspect of the mice like pain behavior and feces aspect; two-way ANOVA test 
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with FDR post hoc test corrected (q-value) for multiple comparison; # : DSS vs. vehicle 

and * : DSS vs VP. B-C: Representative brightfield tiled images at x200 magnification 

of 10-µm thick paraffin transverse sections of intestinal tract, H&E staining. B: DSS, C: 

DSS+VP; dotted line represents Peyer’s patches limit; black arrows: intestinal villi. E: 

Corresponding quantification of Peyer’s patches area in DSS and DSS+VP group; 

results represent the mean of 3 sections per Peyer’s patches in duplicate for each 

mouse, Mann-Whitney test. D and F-J: qPCR quantification on intestinal tract; results 

are normalized to HPRT. Kruskal Wallis (KW) or ANOVA test with FDR post hoc test 

corrected (q-value) for multiple comparisons.  # or *q<0.05; **q<0.01; ***q<0.001. Data 

are presented as individual values with median and interquartile range (D) or mean ± 

SD (E, F-K). 
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SUPPLEMENTARY FIGURES 

 

 

Supplementary Figure 1. Complementary data on YAP activation in RA FLS.  

FLS from RA patients were cultivated on soft (2 kPa) or classic stiff (2 GPa) substrate 

coated with fibronectin for 72 hours. FLS were treated with VP, TNF, and IL-17 for 48 

hours. The culture medium was identical for all groups containing DMSO (0.035%). A: 

WB quantification of TAZ protein, results for FLS from four RA patients. Because WB 

were performed on different membranes, results shown were normalized to the 2 kPa 

group for each patient and to β-actin. B-E: qPCR quantification, results were 

normalized to HPRT. Kruskal Wallis (KW) test with FDR corrected (q-value) for multiple 

comparison post hoc tests were performed between soft conditions (2 kPa): * q<0.05; 

** q<0.01; *** q<0.001. Data are presented as individual values with median and 

interquartile range. Verteporfin (VP): 10 µM; TNF: 10 ng/ml; IL-17: 50 ng/ml. 
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Supplementary Figure 2. YAP activation in RA FLS was increased by the time 

spent on stiff substrate 

 A: Schematic representation of RA FLS culture experiment. FLS were passed on soft 

support at passage (P) 4 or P5 or P6 following IF or RT-qPCR analysis; time spent by 

FLS on stiff support was increased at each passage (P6>P5>P4). B: Epifluorescence 

representative images of YAP (IF technique, red), on RA FLS at x10 magnification at 

P4 and P5 (luminosity and contrast were enhanced identically for each images for 
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clarity purpose); for all conditions, cells were cultured on soft (2 kPa) 96-well culture 

dishes coated with fibronectin. C: Corresponding quantification of the percentage of 

cells with YAP nuclear localization for FLS from one RA patient (n=7 P4, n=8 P5), 

experiment was repeated for one other RA patient showing the same pattern. D: qPCR 

quantification of ANKRD1 for FLS from one RA patient (n=6 P5 and n=4 P6) on soft (2 

kPa) or stiff (2 GPa) support; results were normalized to HPRT. T-test and Mann-

Whitney test * p<0.05; ** p<0.01; *** p<0.001. Data are presented as individual values 

with mean ± SD (C) or median and interquartile range (D,E). IF: Immunofluorescence. 
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Supplementary Figure 3. YAP inhibition with siRNA on RA FLS.  

FLS from RA patient were cultivated on stiff (2 GPa) substrate coated with fibronectin 

for 72 hours. Following YAP siRNA transfection, FLS were treated with TNF and IL-17 

for 48 hours. The culture medium was identical for all groups containing DMSO 

(0.035%). A: Representative WB results of total YAP-TAZ, phospho-NF-κB p65 

(serine536 = active form), total NF-κB p65, and β-actin. B: WB quantification results 

for YAP of four replicates for one arthritic patient, results were normalized to β-actin. 

C: qPCR quantification of CYR61; results were normalized to HPRT. D: WB 

quantification of phospho-NF-κB divided by total NF-κB, results of four replicate for 

FLS from one RA patient; results were normalized to β-actin expression. E: qPCR 

quantification of Bcl2; results were normalized to HPRT expression. Mann-Whitney 

tests: * p<0.05. Data are presented as individual values with median and interquartile 

range. TNF: 10 ng/ml; IL-17: 50 ng/ml. 
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Supplementary Figure 4. Rat AIA mRNA kinetics.  

RT-qPCR results of mRNA from ankle of AIA and control (CT) rats. Results were 

normalized to HPRT expression and expressed as fold change vs. CT at each day. 

Rats were killed at different times (n=5), arthritis onset was at day 10. Mann-Whitney 

test *p<0.05; **p<0.01; *** p<0.001. Data are presented as individual values with 

median and interquartile range.  
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Supplementary Figure 5. VP decreased mRNA expression markers of 

lymphocyte Th17 in the rat AIA model.  

All animals received IP injection each day from days 6 to 16, control (vehicle) or arthritic 

(AIA) rats were injected with vehicle containing 10% DMSO, treated AIA rats were 

injected with a preventive (VP20) 20 µg/kg/day VP dose from day 6 or a curative 

(VP40) 40 µg/kg/day VP dose from day 12. A: Representative airyscan confocal tiled 

images for RORγt (immunofluorescence technique, red), counterstained with DAPI 
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(blue), 10-µm thick cryosections of rat spleen, right image = corresponding cropped 

image of merged in the marginal zone. GC= germinal center; MZ= marginal zone; 

arrows: RORγt positive cells located in the marginal zone. B-H: qPCR quantification in 

spleen and ankle as indicated, results were normalized to HPRT. Kruskal Wallis (KW) 

or ANOVA test with FDR post hoc tests corrected (q-value) for multiple comparisons. 

*q<0.05; **q<0.01; ***q<0.001. Data are presented as individual values with mean ± 

SD. 
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