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  3. Quel rôle pour l’activine B dans le foie ? 

Les ligands de la famille du TGFb sont décrits pour participer aux phénomènes de fibrose, 

notamment du foie. Lors d’une inflammation aigue ou chronique, les macrophages ainsi que 

les cellules stellaires du foie sont activées, directement par la stimulation de leurs TLR 

membranaires. Les macrophages sécrètent de nombreux médiateurs pro-inflammatoires, 

dont le TGFb, qui va alors agir sur les cellules stellaires activées. En réponse à ce stimulus, 

la voie BMP/SMAD est activée et conduit à la production de collagène par les cellules 

stellaires, menant au développement d’une fibrose [250]. Les activines, appartenant à la 

famille du TGFb, ont été identifiées comme participant également au développement de 

fibroses chez l’homme [251-253]. L’activine B étant le ligand activateur majeur des 

Smad1/5/8 et Smad2/3 dans le foie en réponse à l’inflammation ou à l’infection, nous 

proposons donc un rôle de l’activine B dans la mise en place de fibroses hépatiques lors 

d’inflammation, en association avec le TGFb (Figure 27).  

Pour confirmer cette hypothèse, il serait intéressant d’évaluer le développement de ces 

fibroses chez les souris Inhbb-/-. De nombreux modèles de fibroses existent chez la souris 

[254], et si notre hypothèse est validée, l’activine B pourrait représenter une cible 

thérapeutique potentielle pour empêcher le développement de fibroses. 

 

 

 

 

 

 

 

 

 

 

Figure 27. Rôle supposé de l’activine B dans la mise en place de fibroses hépatiques lors d’infections 

(adapté de [250]). Lors d’une infection, les macrophages sont activés et recrutés au site inflammatoire où ils 

sécrètent notamment du TGFb. Parallèlement, les cellules stellaires du foie sont également activées, via la 

stimulation de leur TLR4. L’action du TGFb sur les cellules stellaires active la voie SMAD2/3 et provoque la 

sécrétion de collagène par ces cellules. Nos résultats ont montré que l’activine B était capable d’induire la 

phosphorylation des SMAD2/3 mais aussi des SMAD1/5/8. Nous proposons donc un rôle de l’activine B dans la 

sécrétion de collagène par les cellules stellaires via la phosphorylation des SMAD2/3 mais aussi des SMAD1/5/8. 
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Nous avons donc montré que l’activine B, et la voie de signalisation SMAD1/5/8, n’étaient 

pas impliqués dans l’induction, ou le maintien de l’expression de l’hepcidine dans le foie en 

réponse à l’infection.  

A l’inverse, nos résultats mettent en évidence un rôle important de l’IL6 dans cette régulation 

lors de l’infection par E.coli, mais pas en réponse au LPS. In vivo, le mode d’action de l’IL6 

sur la transcription de l’hepcidine ne semble pas être le même que celui décrit in vitro, dans 

lequel le facteur STAT3, phosphorylé suite à l’action de l’IL6 sur son récepteur, vient se fixer 

directement sur le promoteur de l’hepcidine pour induire sa transcription.  

Alors comment l’expression de l’hepcidine est-elle régulée lors de l’inflammation ? 
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 II. Comment l’expression de l’hepcidine est-elle régulée lors de l’inflammation ?  

 Le facteur de transcription STAT3 est un régulateur clé de l’expression génique en 

réponse aux familles de cytokines capables d’induire la signalisation de GP130 (IL6, OSM, 

LIF) [227]. De nombreuses études ont été réalisées afin d’identifier les gènes cibles de 

STAT3 notamment grâce à l’utilisation de puces d’expression.  Cependant, seule une petite 

fraction de ces gènes se sont avérés être des cibles directes STAT3 après des études 

d’immunoprécipitations de la chromatine, tels les gènes codant pour SOCS3 ou encore 

GATA4 et GATA6 [219].  

 Dès 2006, des études ont mis en évidence la présence d’un site de fixation putatif de 

STAT3 au sein du promoteur de l’hepcidine dans différentes espèces dont l’homme et la 

souris. Ces études ont également démontré la capacité de STAT3 à se fixer sur ce site en 

réponse à une stimulation par l’IL6 in vitro [112, 113]. Dans des conditions où l’action de 

STAT3 sur les promoteurs de ses gènes cibles est impossible (mutation du site de fixation 

sur le promoteur in vitro, souris invalidées pour Gp130 ou en Stat3 dans les hépatocytes), 

l’induction de l’hepcidine est altérée en réponse à un stimulus inflammatoire, suggérant un 

lien entre l’activation de STAT3 et l’expression de l’hepcidine [112, 113, 126, 137]. 

Néanmoins, aucune étude à ce jour n’a démontré que la fixation directe de STAT3 sur le 

promoteur de l’hepcidine induisait sa transcription in vivo.  

 Pour confirmer l’action de l’Il6 sur l’expression d’Hamp in vivo, nous avons soumis 

des souris C57BL/6 à une injection d’Il6 dans leur cavité péritonéale. Alors que la voie Stat3 

est fortement activée et que l’expression de Socs3, cible transcriptionnelle directe de Stat3, 

est maximale dès 1h de stimulation, l’expression d’Hamp n’est augmentée significativement 

qu’à partir de 4h de stimulation. Le décalage observé entre les cinétiques de Socs3 et 

d’Hamp suggère plutôt un rôle indirect de Stat3 sur le promoteur de l’hepcidine. Mais il est 

également possible que la régulation de l’hepcidine par l’IL6 soit indépendante de la voie 

STAT3, puisque cette cytokine est décrite pour activer d’autres voies de signalisation [255]. 

 Enfin, l’utilisation de modèles infectieux (LPS, E.coli) a mis en évidence des 

mécanismes de régulation impliquant d’autres voies que Stat3, puisque les souris Il6-/- 

augmentent leur hepcidine normalement en réponse au LPS. 

 

 

 

 



123 
 

  1. Comment l’interleukine-6 agit-elle sur la transcription de l’hepcidine in 

vivo ? 

L’injection d’Il6 chez les souris provoque l’activation précoce de la voie Stat3 et une induction 

plus tardive de l’expression de l’hepcidine, suggérant une action indirecte de Stat3. 

Comment l’IL6 agit-elle sur l’expression de l’hepcidine ? 

  Une première hypothèse remet en question l’action directe de STAT3 sur le 

promoteur de l’hepcidine. En effet, même si la fixation de STAT3 sur le site STAT3-RE du 

promoteur de l’hepcidine, ainsi que sa capacité à induire la transcription du gène, ont été 

démontrés in vitro, aucune étude in vivo n’a permis de confirmer cette action. Dans nos 

modèles, l’activation de STAT3 est très précoce et maximale à 1H. Rapidement, l’activation 

de cette voie décroit dans l’hépatocyte (observation en IHC) alors même que l’expression de 

l’hepcidine commence à être induite à 2h, puis est maximale entre 4h et 6h.  

Il y a donc un délai important entre l’activité maximale de la voie STAT3 dans l’hépatocyte, à 

1h, et le niveau maximal d’hepcidine détecté, entre 4h et 6h. Ce résultat suggère l’implication 

d’un facteur intermédiaire, activé ou induit par STAT3, et capable de réguler la transcription 

de l’hepcidine en se fixant sur son promoteur.  

Cette hypothèse est appuyée par le fait que les gènes connus et validés pour être des cibles 

directes de STAT3, comme SOCS3, ont une expression transcriptionnelle plus précoce en 

réponse aux stimuli inflammatoires et infectieux à 1h. En réponse au LPS ou à E.coli , quand 

la voie Stat3 est altérée, comme chez les souris Il6-/-, l’expression de Socs3 l’est également 

à1h. De plus, dans tous nos modèles (LPS, E.coli, Il6) Les cinétiques d’expression de Socs3 

et de l’hepcidine ne se superposent pas et conduisent à proposer un rôle plutôt indirect de 

STAT3 sur l’hepcidine.  

Dans un modèle d’infection par S.Typhymurium, le facteur ERRg a été proposé comme 

intermédiaire entre la voie STAT3 et l’hepcidine, puisque son expression dépend directement 

de l’activation de la voie STAT3, et que ce facteur est capable d’induire la transcription de 

l’hepcidine en se fixant à son promoteur [103]. En réponse à E.coli, nous n’avons pas 

observé d’induction d’Errg, ni de différence entre les souris C57BL/6 et les souris Il6-/-. Nous 

avons également quantifié l’expression d’autres gènes ayant des sites de fixation au sein du 

promoteur de l’hepcidine, et décrits comme étant régulés par Stat3 (Cebpb, Cebpd, Cebpd, 

Gata6). Nous n’avons trouvé aucune différence entre les souris C57BL/6 et les souris Il6-/- en 

réponse à E.coli, qui pourrait expliquer la différence d’expression de l’hepcidine. Néanmoins, 

il est possible qu’un autre facteur soit impliqué dans la régulation d’Hamp lors d’une infection 

par une bactérie extracellulaire (Figure 28). 
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Figure 28. Hypothèse de la régulation indirecte de l’expression de HAMP par la voie STAT3 et l’IL6. 

L’IL6 active la voie de signalisation STAT3 dans l’hépatocyte en interagissant avec un complexe de 

récepteur composé de l’IL6R et de GP130. Nous supposons que l’action de STAT3 sur l’expression de 

l’hepcidine n’est pas directe mais fait plutôt intervenir une molécule intermédiaire, cible transc riptionnelle 

directe de STAT3. L’expression de l’hepcidine est alors régulée par cet intermédiaire directement au 

niveau de son promoteur.  

  La deuxième hypothèse met en jeu d’autres voies de signalisation que STAT3. 

Dans l’hépatocyte, l’IL6 est capable d’activer la voie de signalisation STAT1, mais aussi la 

voie ERK/MAPK, en fonction des tyrosines qui sont phosphorylées par les kinases JAK 

après la fixation de l’IL6 sur son récepteur [107, 255, 256]. Le facteur STAT1 ainsi que le 

facteur C/EBPb, activé par la cascade de signalisation ERK/MAPK, pourraient se fixer sur le 

promoteur de l’hepcidine, respectivement au niveau des sites STAT-RE (-64/-72) et C/EBP-

RE (-61/-73), et induire sa transcription, indépendamment du facteur STAT3.  

Pour vérifier cette hypothèse, il serait intéressant d’évaluer les cinétiques d’activation de ces 

voies par WB chez les souris C57BL/6 et de les comparer au profil d’expression de Hamp. 

De plus, ces hypothèses pourraient être validées ou infirmées grâce à l’évaluation de 

l’expression de l’hepcidine dans le foie de souris invalidées pour Stat3 dans l’hépatocyte, en 

réponse au LPS et à E.coli. 
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   2. Comment l’expression de l’hepcidine est-elle augmentée en 

réponse à l’inflammation et à l’infection ? 

 En réponse au LPS 

Nos résultats montrent clairement qu’en réponse au LPS, l’induction transcriptionnelle de 

l’hepcidine dans le foie des souris est indépendante de l’action de l’IL6, puisque les souris 

Il6-/- régulent leur hepcidine de la même façon que les souris C57BL/6 dans ce modèle. 

Une autre voie de signalisation semble donc être impliquée dans l’induction de l’hepcidine en 

réponse au LPS, et l’activation de cette voie semble indépendante de l’action de l’IL6. 

Comme décrit dans l’introduction (III.3. Autres facteurs de transcription impliqués dans la 

régulation de l’hepcidine en condition inflammatoire), la voie STAT3 n’est pas la seule à avoir 

été décrite pour être impliquée dans la régulation transcriptionnelle de l’hepcidine lors d’une 

inflammation.  

  La voie NFB est une voie activée très précocement lors d’inflammation, 

notamment en réponse à des cytokines inflammatoires, tels le TNF ou encore l’IL1B [172, 

173, 186]. Plusieurs études ont proposé un rôle de cette voie de signalisation dans 

l’induction de l’hepcidine lors d’inflammation, puisque le promoteur murin de l’hepcidine 

possède un site de fixation putatif NFB (position -509) et que la mutation ou la délétion de 

ce site empêche une réponse totale suite à une stimulation par l’IL1B [257]. De plus, 

l’injection d’Il1b à des souris induit l’expression hépatique d’Hamp [130]. Enfin, des études 

réalisées ex vivo sur des lymphocytes montrent que l’induction de l’hepcidine médiée par le 

LPS est dépendante de la voie NFB [258]. Il est donc possible que les cytokines Il1b ou Tnf 

soient impliquées dans la régulation transcriptionnelle de l’hepcidine en réponse au LPS, via 

l’activation de la voie Nfb, et qu’aucune différence dans l’expression d’Hamp ne soit 

observée entre les souris C567BL/6 et Il6-/- puisque qu’il n’y a pas de différence dans 

l’expression des gènes Il1b et Tnf. Il serait donc intéressant d’évaluer la cinétique 

d’activation de la voie de signalisation NFB dans nos modèles, et de la corréler au profil 

d’expression de l’hepcidine. 

  Les GATA et C/EBP sont des facteurs de transcriptions qui exercent un rôle dans le 

foie et qui sont notamment exprimés par les hépatocytes [188-190, 194]. Plusieurs études 

ont montré l’implication de ces facteurs dans la régulation de l’expression de l’hepcidine. De 

fait, le promoteur de l’hepcidine contient un site de fixation des facteurs GATA, GATA-RE 

(localisé en -103/-98 sur le promoteur de l’hepcidine humaine) et un site de fixation des 

facteurs C/EBP (-250/-230 sur le promoteur de l’hepcidine humaine).  
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Lors d’une inflammation, l’expression de Gata4, Gata6, Cebpb et Cebpd est augmentée 

dans le foie des souris [192, 193, 196]. De plus, la mutation du GATA-RE empêche la 

transcription de l’hepcidine en réponse à l’IL6 in vitro [191, 192]. Le facteur C/EBPa est 

associé au promoteur de l’hepcidine, en condition basale. Lors d’une inflammation, la liaison 

à l’ADN de C/EBPa est diminuée dans le foie des souris alors que l’expression des gènes 

Cebpb et Cebpd est induite. Les facteurs C/EBPb et C/EBPd sont alors capables de 

remplacer C/EBPa au niveau des sites de fixation des promoteurs et d’activer la transcription 

des gènes [196]. 

En réponse à E.coli, l’expression de Cebpb et Cebpd est induite dans le foie des souris dès 

30 minutes et reste élevée jusqu’à 28h d’infection. Ce profil d’expression ne correspond pas 

à celui de l’hepcidine chez ces mêmes souris, qui n’est augmentée qu’à partir de 2h 

d’infection. De plus, ces gènes sont exprimés de la même façon chez les souris C57BL/6 et 

les souris Il6-/- en réponse à E.coli, alors que dans ce modèle, l’expression de l’hepcidine est 

différente chez les deux lignées murines. En ce qui concerne Gata6, son profil d’expression 

ne correspond pas à celui de l’hepcidine, et aucune différence n’a été observée entre les 

souris C57BL/6 et les souris Il6-/- en réponse à E.coli. Ces facteurs ne sont donc pas de bons 

candidats pour expliquer l’induction de l’hepcidine en réponse à l’infection. 

 

 A l’heure actuelle, nous ne savons pas quelle est la voie impliquée dans l’induction de 

l’hepcidine chez les souris Il6-/- en réponse au LPS, mais il est certain qu’elle ne dépend pas 

de l’action de l’Il6 et de l’activation de la voie Stat3.  

Parallèlement à l’activation de cette voie, l’IL6 peut néanmoins agir sur l’hepcidine via STAT3 

de façon indirecte, au vu les résultats obtenus suite à une injection d’Il6 chez des souris 

C57BL/6. Mais nous pensons que seule la voie de signalisation inconnue est indispensable à 

l’induction de l’hepcidine, puisque les souris Il6-/- augmentent leur niveau d’hepcidine de la 

même façon que les souris C57BL/6 en réponse au LPS. 

 Nous pensons que cette nouvelle voie de signalisation est également activée lors de 

l’infection par E.coli, et qu’elle induit l’expression d’Hamp dans ce modèle. Cependant, nos 

résultats montrent que l’IL6 est importante pour la régulation de l’hepcidine dans ce cas.  

Alors comment l’IL6 pourrait-elle agir sur l’expression de l’hepcidine uniquement en cas 

d’infection par un pathogène ? 
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 En réponse à l’infection par Escherichia coli 

Lors d’infections, les nombreux motifs pathogéniques présents à la surface des bactéries 

mais aussi les vésicules membranaires sécrétées par les bactéries (OMVs), modulent la 

réponse de l’hôte [259-261]. Les différentes réponses entre l’utilisation du LPS et l’infection 

par E.coli dépendent principalement de la présence d’autres facteurs bactériens lors de 

l’infection.  

  La première différence entre l’utilisation de PAMPs (LPS) et les bactéries est la 

présence de nombreux antigènes à la surface de ces dernières.  

Par exemple, le LPS n’est décrit que pour activer la voie du TLR4 et les voies de 

signalisation sous-jacentes (NfB, MAPK) [122, 204]. Cependant, il existe différents type de 

LPS, puisque l’obtention de différents sérotypes dépend de la procédure d’extraction du LPS 

ainsi que de la souche de la bactérie utilisée. Selon ces critères, la composition chimique 

finale du LPS ainsi que son activité biologique peuvent varier. Par exemple, l’injection de 

différents sérotypes de LPS chez le rat (O55:B5, O127:B8 ou O111:B4) n’induit pas la même 

réponse chez l’animal, certains provoquant une forte hausse de la température corporelle et 

d’autres pas [262]. Dans notre cas, le LPS utilisé pour notre modèle inflammatoire est du 

sérotype O55 alors que la souche SP15 d’E.coli porte de l’O18. Ces deux types de LPS 

pourraient donc induire des réponses différentes chez les souris, et participer aux différences 

observées entre nos deux modèles infectieux. 

Les bactéries présentent, elles, plusieurs motifs pathogéniques à leur surface, telle que des 

flagelles ou des antigènes d’enveloppe. Une étude réalisée chez le zebrafish a mis en 

évidence une grande variance dans la réponse de l’hôte, selon le type d’ExPEC (Extra 

intestinal Pathogen Escherichia coli) utilisé pour l’infection. Ces variations sont dues en 

partie à des différences dans les niveaux d’expression et le type de flagelline exprimée par 

les bactéries [263]. La présence de nombreux PAMPs dans le modèle E.coli pourrait donc 

également participer aux différences observées entre nos deux modèles infectieux. 

  Les vésicules membranaires externes, ou OMVs, sont des vésicules membranaires, 

d’environ 20 à 200 nm, sécrétées par différents organismes, tels les bactéries à Gram - et à 

Gram +, ou encore les cellules eucaryotes [264]. Escherichia coli ou encore Pseudomonas 

aeruginosa sécrètent de façon constitutive des OMVs, et des études biochimiques ont 

montré que ces vésicules contenaient à la fois des protéines de la membrane externe, des 

lipides de la membrane interne, mais aussi des protéines périplasmiques, de l’ADN, de 

l’ARN ou encore d’autres facteurs associés à la virulence de la bactérie [264-267].   



128 
 

Plusieurs études, réalisées chez la souris et le rat, ont montré que l’injection d’OMV 

provoquait le développement d’une réaction inflammatoire systémique proche de celle 

observée durant une infection, et que cette réaction était différente de celle provoquée par 

l’injection de LPS seul [268, 269]. De plus, une étude très récente a montré que la sécrétion 

des OMVs par la bactérie lui permettait de réduire la réponse immune de l’hôte (baisse de la 

sécrétion de cytokines, altération du recrutement de neutrophiles au site inflammatoire), via 

l’action de petits ARN contenus dans les OMVs [260].  

Dans notre modèle d’infection bactérienne, la sécrétion d’OMVs par E.coli pourrait donc 

moduler et atténuer la réponse de l’hôte alors qu’aucune vésicule n’est produite dans notre 

modèle LPS. En absence d’Il6, cette inhibition serait d’autant plus visible sur l’expression 

d’Hamp, et pourrait expliquer les différences entre nos deux modèles. 

L’utilisation d’OMV issus directement de la souche E.coli SP15, utilisée pour nos infections, 

pourrait permettre de comprendre les différences observées entre le LPS et le modèle 

bactérien chez les souris Il6-/-. Cela permettrait également de développer des modèles 

d’OMV pour tous les modèles d’infections associés (OMV de S.aureus ou de 

S.Typhimurium), plus proches structurellement des bactéries que les PAMPs seuls.  
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 Mécanismes d’action proposés 

Escherichia coli est une bactérie extracellulaire dont la croissance et la virulence nécessite 

des apports en fer ; une répression de l’hepcidine pourrait lui permettre d’accéder à des 

stocks en fer plus importants. Il est donc possible que la bactérie essaie de moduler 

l’expression de l’hepcidine de l’hôte, dans le but d’améliorer sa colonisation et sa virulence.  

L’IL6 pourrait protéger l’hôte de ce mécanisme bactérien, soit en l’inhibant, soit en renforçant 

la réponse de l’hôte. En effet, la littérature décrit un rôle essentiel de l’IL6 lors d’une infection 

par E.coli, pour une réponse immunitaire protectrice via le recrutement de neutrophiles, mais 

pas en réponse à une injection de LPS [270].  

Cette étude souligne donc la différence d’action de l’IL6 entre une infection par un organisme 

virulent et l'administration de LPS. 

  En réponse à l’Il6, l’expression de l’hepcidine est induite dans le foie des souris. 

L’Il6 est principalement décrite pour agir via l’activation de la voie Stat3 ; dans ce cas, nous 

pensons qu’une molécule intermédiaire est impliquée pour l’induction d’Hamp, au vu des 

décalages des profils d’expression de Socs3, cible transcriptionnelle directe de Stat3, et 

Hamp (Figure 29B). Il est également possible que l’induction de l’hepcidine par l’Il6 soit 

dépendante d’autres voies de signalisation, tels STAT1, la voie PI3K ou la voie ERK/MAPK 

[255]. Cependant, l’hypothèse qui implique la voie Stat3 semble la plus probable, puisque 

des souris invalidées pour Stat3 dans l’hépatocyte n’augmentent plus du tout leur hepcidine 

suite à une injection de térébenthine [137]. 

  En réponse au LPS, l’expression de l’hepcidine est également induite. Cependant, 

l’activation de la voie Stat3 n’est pas indispensable pour l’induction de l’hepcidine en réponse 

au LPS, puisque les souris Il6-/- régulent leur hepcidine de la même façon que chez les souris 

C57BL/6. Une autre voie de signalisation est donc nécessaire à l’augmentation d’expression 

d’Hamp en réponse au LPS (Figure 29A). En réponse au LPS, la seule activation de cette 

nouvelle voie de signalisation suffit à induire l’expression de l’hepcidine.  

  Lors d’une infection bactérienne, par E.coli par exemple, l’expression de 

l’hepcidine est induite, surement par la même voie impliquée en réponse au LPS (Figure 

29A). Cependant, la présence de PAMPs à la surface bactérienne et d’autres facteurs 

bactériens (comme les OMVs, par exemple) participent à la modulation et à l’inhibition de la 

réponse de l’hôte et c’est dans ce contexte infectieux que l’IL6 semble jouer un rôle clé 

(Figure 29C).  
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La répression de l’expression de l’hepcidine conduit à une augmentation de l’absorption de 

fer et à une augmentation du taux de fer sérique, via la modulation de l’expression de la 

ferroportine [271]. La littérature décrit la capacité des bactéries à moduler la réponse de 

l’hôte, soit par contact cellulaire direct, soit via l’expression d’ARN ou d’OMVs, des vésicules 

membranaires externes sécrétées par les bactéries [214, 264]. Les bactéries extracellulaires 

pourraient ainsi inhiber l’expression de l’hepcidine, en ciblant des voies de signalisation 

particulières, afin d’augmenter le taux de fer de l’environnement dans lequel elles évoluent.  

Notre hypothèse est que l’IL6 empêche cette modulation par la bactérie ; soit en la ciblant 

directement, mais la littérature ne décrit pas encore un tel processus, soit en renforçant le 

système immunitaire de l’hôte, puisque cette cytokine est une molécule clé de l’immunité. En 

cas de déficit en Il6, comme chez les souris Il6-/-, l’action inhibitrice de la bactérie n’est pas 

contrée, et l’hepcidine est moins induite chez les souris en réponse à l’infection.  

Figure 29. Voies de signalisation impliquées dans la régulation de l’hepcidine en réponse à l’IL6, au 

LPS et à une infection bactérienne. 

Lors d’une infection par E.coli, le LPS présent à sa surface va activer la voie de signalisation Stat3 (B), via 

l’action de l’Il6, ainsi qu’une autre voie de signalisation (A), actuellement non décrite. Nos résultats 

obtenus chez les souris Il6
-/-

 en réponse au LPS suggèrent que l’action de l’Il6 n’est pas indispensable à 

l’induction d’Hamp. Au contraire, nous suggérons un rôle essentiel de la voie de signalisation encore 

inconnue à ce jour, dans la régulation de l’hepcidine en réponse au LPS, ou à l’infection par E.coli. Lors de 

l’infection par E.coli, la bactérie module la réponse de l’hôte (C). Nous proposons que l’expression de 

l’hepcidine soit réprimée par un mécanisme bactérien, et que le rôle de l’IL6 soit d’empêcher cette 

modulation, afin de maintenir un niveau d’hepcidine élevée, et de diminuer la quantité de fer sérique.  

HAMP

hépatocyte

noyau

cytoplasme

Voie de 
signalisation

inconnue 

E.coli

Intermédiaire-RE

JAK JAK

gp130

IL
-6

R

IL6

P
STAT 3

STAT 3

P

P P

STAT3-RE

Intermédiaire

IL6

?

Inhibition de la 
réponse de 

l’hôte

Facteurs 
virulence

LPS



131 
 

Il serait donc intéressant de quantifier et de comparer les taux de fer sérique chez les souris 

C57BL/6 et les souris Il6-/-, mais au vu des quantités d’hepcidine sérique chez ces souris, on 

peut supposer que le taux de fer sérique chez les souris Il6-/- est plus élevé que chez les 

souris C57BL/6, ce qui est bénéfique pour la croissance de la bactérie extracellulaire et son 

développement dans l’hôte. 

 

 3. Conséquences de l’inhibition chimique de la voie STAT3 

Il a déjà été montré que le déficit en Stat3 dans l’hépatocyte empêchait l’induction de 

l’hepcidine en réponse à une inflammation stérile provoquée par une injection de 

térébenthine [126, 137]. Nous l’avons vu, la voie STAT3 ne semble pas être la voie 

principale qui conduit à l’induction de l’hepcidine en réponse au LPS ou à E.coli. Cependant, 

l’action de l’Il6 seule permet l’induction de l’hepcidine in vivo, via l’activation de la voie Stat3 

ou l’activation d’autres voies (MAPK, PI3K).  

Nous avons donc voulu savoir quelle voie était impliquée dans la régulation de l’hepcidine 

via l’Il6. Pour cela, nous avons utilisé un inhibiteur de la phosphorylation de STAT3, le 

Stattic. Alors que nous avons validé son action inhibitrice in vitro, il nous a été impossible de 

la valider in vivo, malgré de nombreuses mises au point (doses, temps).  

Nous sommes actuellement en train d’envisager l’utilisation de souris invalidées pour Stat3 

dans les hépatocytes dans nos modèles.  

Nous pourrons alors confirmer ou non l’implication de STAT3 dans l’induction de l’hepcidine 

en réponse à l’Il6. Nous pourrons également envisager l’étude du facteur intermédiaire, si 

l’implication de la voie Stat3 est confirmée, en comparant les profils d’expression de souris 

sauvages et des souris Stat3hep-/- en réponse à l’infection.  

Enfin, l’utilisation de ces souris dans le modèle d’infection E.coli pourra confirmer ou 

d’infirmer notre hypothèse, qui propose le rôle majeur d’une nouvelle voie de signalisation 

impliquée dans l’induction de l’hepcidine. 
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 III. Conclusion générale 

En résumé, nos travaux ont confirmé que la régulation de l’hepcidine lors d’une inflammation 

ou d’une infection ne dépendait pas de l’action d’une seule voie de signalisation, comme 

souvent décrit dans la littérature. Nous proposons l’intervention d’une nouvelle voie dans 

l’induction de l’hepcidine en réponse au LPS ou à une infection bactérienne. 

  La voie BMP/SMAD est impliquée dans la régulation systémique de l’expression de 

l’hepcidine en condition physiologique, via l’action de BMP6 [151, 152]. Durant 

l’inflammation, l’augmentation de la phosphorylation des effecteurs Smad1/5/8 a suggéré 

l’existence d’un ligand activateur de cette voie, impliqué dans l’induction de l’hepcidine. 

L’activine B a été proposée comme étant ce ligand activateur dans le foie, et son action sur 

l’expression de l’hepcidine a été validée in vitro sur des lignées d’hépatomes humains [38].  

 Nos résultats confirment bien que ce peptide est le principal ligand endogène de la 

voie de signalisation Bmp/Smad dans le foie, mais à l’inverse de notre hypothèse de départ, 

l’activine B ne module pas l’expression de l’hepcidine. Chez les souris Inhbb-/-, nous avons 

observé une induction de l’expression de l’hepcidine similaire à celle observée chez les 

souris C57BL/6, sans qu’il n’y ait une augmentation de la phosphorylation de l’effecteur 

Smad5. Ces résultats suggèrent donc que l’augmentation de la phosphorylation des 

effecteurs Smad1/5/8 n’est pas nécessaire à l’induction de l’hepcidine.  

 Nous avons alors proposé que l’induction maximale de l’hepcidine soit conditionnée 

par le niveau d’activation basal de la voie Smad1/5/8. Cette hypothèse est confirmée par les 

résultats obtenus chez les souris invalidées pour Bmp6, qui présentent un faible niveau 

d’activation basal de la voie Smad1/5/8 ; en réponse au LPS, et malgré une forte 

augmentation de la phosphorylation des Smad1/5/8, similaire à celle observée chez les 

souris C57BL/6, l’expression de l’hepcidine n’est pas induite, montrant bien qu’il n’y a pas de 

lien entre l’induction de l’hepcidine et la quantité de Smad5 phosphorylé lors d’une 

inflammation.  Nous proposons donc un modèle dans lequel un niveau d’activation basal 

approprié de la voie BMP/SMAD est essentiel à l’induction de l’hepcidine.  

 Enfin, l’activine B n’agit pas sur l’expression de l’hepcidine, malgré sa capacité à 

induire la phosphorylation des facteurs Smad1/5/8 dans le foie. Nous proposons que la 

phosphorylation des facteurs Smad observée en réponse à l’inflammation par WB ne soit 

pas localisée dans l’hépatocyte mais dans d’autres cellules du foie, ce qui expliquerait 

l’absence d’effet sur l’expression de l’hepcidine. L’activine B pourrait par exemple participer 

au développement de fibroses hépatiques. 
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  Actuellement, la littérature décrit un rôle prépondérant la voie STAT3 et de l’IL6 

dans l’induction de l’hepcidine lors d’inflammation. Cependant, nos observations réalisées 

chez les souris Il6-/- en réponse au LPS suggèrent que cette voie n’est pas strictement 

nécessaire à l’induction de l’hepcidine dans ce modèle. Alors que son activation est altérée 

en absence d’Il6, aucun effet délétère sur l’induction de l’hepcidine n’a été observée dans le 

foie des souris Il6-/- en réponse au LPS.  

Nous validons le dogme selon lequel l’IL6 est un inducteur de l’hepcidine in vivo. Cependant, 

nous remettons en question : 

- L’action directe de Stat3 sur le promoteur de l’hepcidine, au vu des décalages de 

cinétique de l’hepcidine et de l’activation de la voie Stat3 ainsi que l’expression d’une 

de ces cibles directes, Socs3 ; 

- L’absolue nécessité de l’activation de cette voie pour qu’il y ait une induction 

d’hepcidine 

En ce qui concerne le mécanisme d’action de Stat3 sur l’hepcidine, nous proposons 

l’intervention d’une molécule intermédiaire, dont l’expression serait directement régulée par 

Stat3, comme Socs3, et qui serait capable d’agir au sein du promoteur de l’hepcidine. Nous 

avons évalué l’expression de certains gènes décrits comme répondant à ces critères (Errg, 

Cepb) mais leur profil d’expression ne correspond pas à la molécule recherchée.  

En réponse au LPS, nos résultats sont clairs : l’IL6 n’est pas requise pour que l’expression 

de l’hepcidine soit induite. Nous proposons l’implication d’une nouvelle voie de signalisation 

dans la régulation de l’hepcidine lors d’inflammation. D’autres voies de signalisation (NFB), 

d’autres facteurs de transcription (C/EBP), d’autres cytokines (IL1B) sont décrites pour 

participer à son induction, mais nous n’avons pas encore pu déterminer lesquels étaient 

impliqués dans nos modèles [130, 191-193, 196, 257, 258]. 
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ANNEXES 

 Annexe n°1 : Séquences des amorces utilisées en PCRq 

Cebpb 
mCebpb-F CGG-ATC-AAA-CGT-GGC-TGA-G 

mCebpb-R CCG-GCT-GAC-AGT-TAC-ACG-TGT 

Cebpd 
mCebpd-F GCC-CAA-AGT-GCA-GGC-TTG-T 

mCebpd-R CCA-CCT-GTC-AGA-GAC-CCT-GAA 

Cebpe 
mCebpe-F CCA-GCA-GCC-ACT-TGA-GTT-CTC 

mCebpe-R TCA-CAC-ATG-TCC-CCC-AGC-T 

Gata6 
mGata6-F CCC-CTC-ATC-AAG-CCA-CAG-AA 

mGata6-R ACA-GTT-GGC-ACA-GGA-CAG-TCC 

Hepc1 
mHamp-F AAG-CAG-GGC-AGA-CAT-TGC-GAT 

mHamp-R CAG-GAT-GTG-GCT-CTA-GGC-TAT-GT 

Hprt 
mHprt-F CTG-GTT-AAG-CAG-TAC-AGC-CCC-AA 

mHprt-R CGA-GAG-GTC-CTT-TTC-ACC-AGC 

Il1b 
mIl1b-F ACC-TTC-CAG-GAT-GAG-GAC-ATG-AG 

mIl1b-R CAT-CCC-ATG-AGT-CAC-AGA-GGA-TG 

Il22 
mIl22-F AGG-TGG-TGC-CTT-TCC-TGA-CC 

mIl22-R ACC-GCT-GAT-GTG-ACA-GGA-GC 

Il6 
mIl6-F CTC-TGC-AAG-AGA-CTT-CCA-TCC-AGT 

mIl6-R CGT-GGT-TGT-CAC-CAG-CAT-CA 

Inhbb 
mInhbb-F TCA-GCT-TTG-CAG-AGA-CAG 

mInhbb-R GAA-GAA-GTA-CAG-GCG-GAC 

Lif 
mLif-F GCG-CCA-ATG-CTC-TCT-TCA-TTT 

mLif-R CGC-ACA-TAG-CTT-TTC-CAC-GTT-G 

Lcn2 
mLcn2-F TCT-GTC-CCC-ACC-GAC-CAA-T 

mLcn2-R CCA-GTC-AGC-CAC-ACT-CAC-CAC 

Osm 
mOsm-F AGC-TGC-AGA-ATC-AGG-CGA-AC 

mOsm-R GGT-TTT-GGA-GGC-GGA-TAT-AGG 

Saa3 
mSaa3-F CGA-GCA-GGA-TGA-AGC-CTT-CC 

mSaa3-R GGC-TGT-CAA-CTC-CCA-GGA-TCA 

Socs3 
mSocs3-F TTA-AAT-GCC-CTC-TGT-CCC-AGG 

mSocs3-R TGT-TTG-GCT-CCT-TGT-GTG-CC 

Tnf 
mTnf-F CCA-CGC-TCT-TCT-GTC-TAC-TGA-AC 

mTnf-R GGT-CTG-GGC-CAT-AGA-ACT-GAT-G 

   
HPRT 

hHPRT-F TGC-TTT-CCT-TGG-TCA-GGC-AG 

hHPRT-R AAG-CTT-GCG-ACC-TTG-ACC-AT 

HAMP 
hHAMP-F CCA-GCT-GGA-TGC-CCA-TGT-T 

hHAMP-R GCC-GCA-GCA-GAA-AAT-GCA 

SOCS3 
hSOCS3-F TGT-TTT-CGG-TGA-CTG-TCC-CG 

hSOCS3-R  GAA-CCA-TCC-TGG-TAC-CCC-ACA 
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 Annexe n°2 : Moyennes et écart-type des valeurs -Ct des gènes Il6, Tnf et Il1b 

chez les souris C57BL/6 

 

  
Moyennes -Ct Ecart-type -Ct 

  

Il6 Tnf Il1b Il6 Tnf Il1b 

Staphylococcus 
aureus 

NI -10,37 -8,44 -5,39 0,30 0,69 0,33 

0,5h -6,90 -6,18 -1,95 1,442 1,934 0,925 

2h -7,99 -5,43 -2,41 0,845 1,079 0,433 

4h -7,10 -5,26 -2,56 0,789 0,770 0,462 

14h -11,77 -7,59 -5,77 1,371 1,220 0,878 

48h -10,47 -7,18 -3,85 0,765 0,982 0,983 

Escherichia coli 

NI -10,80 -8,64 -4,90 0,966 0,348 0,636 

0,5h -3,40 -3,04 0,02 0,947 1,103 0,956 

1h -2,87 -2,56 0,69 0,742 0,731 0,803 

2h -4,68 -2,49 -0,86 0,402 0,574 0,553 

4h -4,41 -2,39 -0,92 0,533 0,694 0,830 

6h -5,67 -3,01 -0,67 0,587 0,470 0,756 

8h -6,76 -5,35 -2,74 0,368 0,554 0,325 

16h -7,14 -5,54 -2,54 0,985 0,565 1,010 

20h -6,74 -5,40 -2,25 1,348 0,685 0,892 

24h -6,09 -6,40 -3,29 0,999 0,168 0,368 

28h -7,17 -7,11 -4,62 1,088 0,638 0,823 

Salmonella 
enterica serovar 

Typhimurium 

NI -10,33 -8,13 -5,02 1,190 1,102 1,143 

6h -7,05 -4,31 -1,90 1,290 0,365 1,103 

24h -8,20 -5,17 -3,21 1,266 1,290 0,979 

48h -6,50 -3,07 -1,00 1,362 1,158 1,273 

72h -5,77 -1,82 0,11 0,462 0,682 0,376 

96h -5,13 -1,24 0,75 0,601 0,255 0,134 

120h -5,06 -1,61 0,69 0,247 0,120 0,113 

LPS 

NI -11,17 -8,17 -5,85 0,526 0,505 0,544 

0,5h -3,17 -1,54 -0,33 0,774 0,654 0,432 

1h -2,44 -1,05 0,57 0,763 0,488 0,493 

2h -3,91 -2,16 -0,67 0,980 0,288 0,370 

4h -4,36 -2,33 -1,03 0,364 0,336 0,175 

6h -4,25 -2,15 -1,06 0,552 0,497 0,452 

8h -5,86 -3,48 -2,22 0,303 0,078 0,248 

10h -7,04 -4,55 -3,62 0,452 0,815 0,517 

12h -5,72 -3,56 -2,56 0,202 0,074 0,248 

15h -7,61 -4,76 -3,40 1,358 0,810 0,509 

24h -9,70 -4,88 -3,69 0,712 0,462 0,322 
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 Annexe n°3 : Liste des publications 

 

Article 1 

 ◦ Gineste A, Martin P, Oswald E, Coppin H, Roth MP. Evidence for IL-6/STAT3-

independent induction of lipocalin-2 in the liver of mice infected with Escherichia coli. 

Hepatology. 2016 Feb;63(2):673-4. [226] 

 

Article 2 

 ◦ Besson-Fournier C*, Gineste A*, Latour C, Gourbeyre O, Meynard D, Martin P, 

Oswald E, Coppin H, Roth MP. Hepcidin upregulation by inflammation is independent of  

Smad1/5/8 signaling by activin B. Soumis à Journal of Hepatology - Septembre 2016 

* co-auteurs 

 

Article 3 

 ◦ Nai A, Rubio A, Campanella A, Gourbeyre O, Artuso I, Bordini J, Gineste A, Latour 

C, Besson-Fournier C, Lin HY, Coppin H, Roth MP, Camaschella C, Silvestri L, Meynard D. 

Limiting hepatic Bmp-Smad signaling by matriptase-2 is required for erythropoietin-mediated 

hepcidin suppression in mice. Blood. 2016 May 12;127(19):2327-36 [272]. 

 

Article 4 

 ◦ Latour C, Wlodarczyk MF, Jung G, Gineste A, Blanchard N, Ganz T, Roth MP, 

Coppin H, Kautz L. Erythroferrone contributes to hepcidin repression in a mouse model of 

malarial anemia. Haematologica. 2016 Sep 22. pii: haematol.2016.150227. [273] 
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Two points can be suggested from our study. First, considering
the fact that early cirrhosis may be missed by the current
ultrasonography-based surveillance methods,4 a more careful sur-
veillance protocol might be applied in patients with early cirrho-
sis. Second, although the sensitivity of the LS value is not
sufficient by itself, a scoring system using the LS value with other
relevant variables may lead to much more improved sensitivity.2,5

However, because our concept of “subclinical cirrhosis” has not
been externally validated, the role of TE and the corresponding
optimal cutoff LS value in the surveillance setting in both treated
and untreated patients with chronic hepatitis B should be further
investigated in future prospective studies.
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Evidence for IL-6/STAT3-Independent Induction of Lipocalin-2 in the
Liver of Mice Infected With Escherichia coli

To the Editor:

We read with great interest the article by Xu et al.,1 who demon-
strated that hepatocytes are responsible for more than 90% of the
highly elevated serum level of lipocalin-2 (LCN2) after bacterial infec-
tion with Klebsiella pneumonia or Escherichia coli. During infection,
bacteria acquire much of their iron from the host by synthesizing side-
rophores that scavenge iron and transport it to the pathogen. Upon
encountering bacteria, the Toll-like receptors on immune cells and
hepatocytes stimulate the transcription, translation, and secretion of
LCN2. Secreted LCN2 then limits bacterial growth by sequestrating
the iron-laden polycarboxylate-type siderophores.2

Although Xu et al.1 conclude that hepatic interleukin-6 (IL-6)
receptor and signal transducer and activator of transcription 3 (STAT3)
activation play a key role in stimulating LCN2 production by hepato-
cytes after bacterial infection, they do not provide data supporting
this mechanism of LCN2 induction after E. coli infection. We
have shown that lipopolysaccharide (LPS) strongly induces Lcn2
messenger RNA in the liver of both Il-6–/– and wild-type (WT)
mice (Fig. 1A), which suggests that induction of Lcn2 by LPS
is not Il-6-dependent. In addition, despite the fact that Stat3 is
not activated 4 hours after infection with E. coli (footpad injec-
tion of 108 colony-forming units) in Il6–/– as it is in WT mice
(Fig. 1B), Lcn2 messenger RNA is similarly induced in the liver
of both WT and Il6–/– mice (Fig. 1C). As expected from this
strong induction of Lcn2, WT and Il-6–/– show comparable bac-
terial clearance in the blood 4 and 28 hours after infection (Fig.
1D). Altogether, these data demonstrate that IL-6 activation of
the STAT3 signaling pathway is unlikely to be the primary
determinant of LCN2 induction after E. coli infection.

Earlier studies have shown that IL-1b is a positive regulator of
LCN2 expression through activation of nuclear factor-jB. Mutations
in the IL-1b responsive elements in the LCN2 promoter abolish IL-1b
or LPS-induced expression of LCN2.2 Interestingly, IL-1b negatively

regulates IL-6-induced STAT3 activation in hepatocytes in a p38MAPK-
dependent nuclear factor-jB–independent manner involving phospho-
rylation of the IL-6 receptor subunit gp130 and its subsequent internal-
ization and degradation.3 Thus, a critical role of IL-1b, rather than IL-
6/STAT3, in the induction of LCN2 after E. coli infection may well
explain why Lcn2 messenger RNA remains high while Il-6-induced
Stat3 activation is suppressed 28 hours postinfection in WTmice.
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Reply:

We greatly appreciate the comments raised by Gineste et al. As
we mentioned in our article,1 we examined Klebsiella pneumonia
infection in interleukin-6 knockout (Il-6–/–) mice while exploring
the possible mechanisms underlying liver lipocalin-2 (LCN2) regula-
tion. We measured serum LCN2 levels after K. pneumonia challenge.
In agreement with the results from Gineste et al., we obtained com-
parable serum LCN2 levels in wild-type and Il-6–/– mice 12 and 24
hours post–K. pneumonia injection. However, Il-6–/– mice became
very ill and moribund 12 hours post–K. pneumonia challenge, sug-
gesting that Il-6–/– mice are more susceptible to bacterial infection.
These findings are consistent with several previous reports.2-4

We cannot simply exclude the role of the IL-6/IL-6R/signal
transducer and activator of transcription 3 (STAT3) signaling in
regulating liver LCN2 production based on the data from Il-6–/–

mice because Il-6–/– mice have much higher bacterial titers and
much higher levels of other cytokines in the serum (e.g., IL-6 fam-

ily cytokines, IL-1) than wild-type mice postinfection, and these
cytokines can compensate to induce LCN2 production in hepato-
cytes. In addition, Gineste et al. used very high doses of lipopoly-
saccharide (1000 ng/g body weight) and Escherichia coli, which up-
regulated liver Lcn2 messenger RNA by more than 1000-fold,
while in our studies a lower dose of bacteria was used, and hepatic
expression of Lcn2 messenger RNA was up-regulated by less than
50-fold.1 Thus, it is likely that compensatory elevation of other
mediators promotes hepatic Lcn2 messenger RNA up-regulation in
Il26–/– mice.

In our article, we used hepatocyte-specific IL-6 receptor knock-
out mice (IL-6RHep–/–) in which IL-6/IL-6R signaling was only
disrupted in hepatocytes, while the effects of IL-6 on other cell
types, especially immune cells, remained intact. We believe that IL-
6RHep–/– mice are more suitable for studying the regulation of
LCN2 in the liver by IL-6. We observed lower LCN2 levels in IL-
6RHep–/– mice 8 and 24 hours after bacterial challenge than those
in wild-type mice; however, similar levels of serum LCN2 levels
were observed in IL-6RHep–/– and wild-type mice 36 hours after
K. pneumonia challenge. This suggests that IL-6 plays an important
role in inducing LCN2 production in hepatocytes at an early stage
of bacterial infection and other cytokines (e.g., murine IL-6 family
cytokines and IL-1) may compensate to induce the production of
LCN2 in the absence of the liver IL-6/IL-6R signaling pathway at
later stages of host defense.

Fig. 1. (A) Expression of Lcn2 was measured by quantitative polymerase chain reaction in the liver of Il-6–/– and WT mice sacrificed at differ-
ent time points (n 5 3-6/time point) after an LPS challenge (1 mg/g). Analysis of variance was used to test planned contrasts in Lcn2 expres-
sion. At each time point, Lcn2 expression was significantly induced by LPS in both WT and Il-6–/– mice (95% confidence intervals for the fold
changes do not include 1). Notably, Lcn2 did not respond differently to LPS in Il-6–/– relative to WT mice (not significant, P> 0.05). (B) Immu-
noblots show that E. coli (108 colony-forming units) transiently activates Stat3 in the liver of WT, but not Il6–/–, mice. (C) However, induction of
Lcn2 messenger RNA is not significantly lower in Il6–/– than in WT mice (n 5 6-9/time point; not significant, P> 0.05). (D) Escherichia coli
colony-forming units in the blood of infected WT and Il6–/– mice are not statistically different (not significant, P> 0.05). Abbreviation: NS, not
significant.
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Abstract 

 

Background & aims. Hepcidin upregulation in the liver of mice challenged with LPS or infected with 

E. coli coincides with a strong increase in Smad1/5/8 phosphorylation, which was attributed to the 

induction of Inhbb mRNA (coding for activin B) in these mice. Indeed, in addition to activating 

canonical SMAD2/3 signaling, activin B was shown to induce non-canonical SMAD1/5/8 signaling and 

hepcidin expression in hepatoma cell lines and in mouse primary hepatocytes. Our aim was to 

investigate the cause and effect relationship between activin B, Smad1/5/8 phosphorylation, and 

hepcidin in vivo.  

Methods. We challenged Inhbb-/- mice (deficient in activin B) with LPS or infected them with a 

septicemic E. colistrain.  

Results. Although activation of both canonical Smad2/3 and non-canonical Smad1/5/8 signaling in 

response to inflammation was strongly suppressed in these mice, hepcidin expression (mRNA and 

protein) was induced to levels similar to wild-type mice, showing that in vivo hepcidin upregulation 

by inflammation is independent of liver activation of Smad1/5/8 signaling by activin B. Further 

confirmation was provided by Bmp6-deficient mice that, despite induction of activin B and 

Smad1/5/8 signaling similar to wild-type mice, have considerably lower amounts of circulating 

hepcidin than wild-type animals when challenged with LPS. 

Conclusions. These data demonstrate that, in contrast to Smad1/5/8 activation by iron, Smad1/5/8 

activation by inflammation is not governing upregulation of hepcidin expression in vivo. They suggest 

that production of activin B by the liver is a biomarker of bacterial infection rather than a key player 

in anemia of inflammation.  

 

Abstract word count: 246 

 

Lay summary 

Smad1/5/8 signaling in the liver is activated both by iron through the induction of BMP6 and by 

inflammation through the induction of activin B. However, in contrast to activation of Smad1/5/8 by 

BMP6, activation by activin B has no impact on the master regulator of iron metabolism, hepcidin. 

Activin B produced by the liver is a biomarker of bacterial infection rather than a key player in 

anemia of inflammation.  

 



 

Introduction 

 

Eukaryotic cells and most prokaryotic organisms require iron to maintain essential biological 

functions such as oxygen transport, energy metabolism, and DNA synthesis. Not surprisingly, intense 

competition for iron between host and pathogen occurs during the course of infectious diseases, and 

the availability of this metal can have a significant impact on both pathogen virulence and host anti-

microbial defenses. Several recent reviews have discussed the mechanisms used by microbes to 

acquire iron during infection of higher organisms, and the importance of this process in the 

expression of virulence characteristics [1, 2]. In turn, the mammalian immune system has the 

capacity to manipulate iron levels in order to limit the multiplication of pathogen organisms. It does 

so mainly through the upregulation of the liver hormone hepcidin that controls systemic iron 

availability [3]. 

 

Iron is absorbed from the diet by intestinal enterocytes and recycled from senescent or damaged red 

blood cells by macrophages. The export of iron across the basolateral membrane of enterocytes and 

from iron-recycling macrophages is ensured by the sole known iron exporter, ferroportin [4]. 

Hepcidin binds to ferroportin and causes its internalization and degradation [5, 6]. The loss of 

ferroportin from the cell surface prevents iron efflux from intestinal enterocytes and from 

macrophages, leading to iron retention in these cells and subsequent hypoferremia. Hepcidin-

mediated degradation of ferroportin reduces the iron supply to erythropoiesis and is a major factor 

in the development of anemia of inflammation, a complication of most chronic bacterial, fungal, viral 

or parasitic infections with systemic manifestations, but also of rheumatologic disorders, systemic 

autoimmune disorders, inflammatory bowel disease, chronic kidney disease, and some malignancies 

[7]. At the same time, the functional iron deficiency caused by elevated levels of hepcidin restricts 

iron availability to extracellular microbial invaders such as Escherichia coli, thus reducing their 

proliferation and contributing to the host defense [8].  

 

Hepcidin induction during inflammation is partly due to direct transcriptional regulation by the 

interleukin 6 (IL6)/signal transducer and activator of transcription 3 (STAT3) pathway [9-11]. 

However, dependence on signaling by ligands of the TGF-β superfamily has also been demonstrated 

[12-17]. Members of the TGF-β superfamily of signaling molecules, including TGF-βs, BMPs, and 

activins, participate in a diverse array of biological functions by binding to complexes of type II and 

type I serine threonine kinase receptors to induce phosphorylation of receptor activated SMADs (R-

SMADs) [18, 19]. TGF-βs and activins generally activate phosphorylation of SMADs 2 and 3, whereas 

BMPs phosphorylate SMADs 1, 5, and 8. Phosphorylated R-SMADs then complex with SMAD4, 



 

translocate to the nucleus, and regulate gene transcription. Liver BMP6-SMAD1/5/8 signaling is 

stimulated by iron [20, 21] and induces hepcidin transcription via specific BMP responsive elements 

on the hepcidin gene (HAMP) promoter [22, 23]. Pharmacological inhibition of BMP type I receptors 

by dorsomorphin [24] or an optimized derivative, LDN-193189 [25], has been shown to block 

hepcidin induction, increase iron availability, and ameliorate anemia in different animal models of 

inflammation [14, 15, 17], suggesting that SMAD1/5/8 signaling also has a role in hepcidin regulation 

during inflammation.  

 

Interestingly, we observed that liver Smad1/5/8 signaling was stimulated by lipopolysaccharide (LPS) 

even in Bmp6-deficient mice [26] and suggested that, rather than Bmp6, activin B could be the 

activating ligand of this pathway during inflammation. There was indeed a dramatic induction of 

Inhbb mRNA, encoding activin B, in the liver of mice challenged with LPS, slightly preceding an 

increase in Smad1/5/8 phosphorylation and Hamp mRNA [16]. In liver cells in vitro, activin B 

stimulated not only canonical SMAD2/3 but also non-canonical SMAD1/5/8 signaling and hepcidin 

expression with similar or modestly reduced potency compared with BMP6 [27]. Finally, 

pretreatment with a BMP type I receptor inhibitor showed that the effect of activin B on hepcidin 

expression in liver cells was entirely attributable to its effect on non-canonical SMAD1/5/8 signaling 

[16]. However, although these data demonstrate that activin B potently crossactivates non-canonical 

SMAD1/5/8 signaling to induce hepcidin expression in hepatocytes in vitro, they do not definitively 

prove the role of activin B in hepcidin induction in vivo. Therefore, the goal of the present study was 

to challenge Inhbbtm1Jae mice (deficient in activin B) with LPS or infect them with E. coli and examine 

whether, as expected from the in vitro data, the lack of activin B prevents stimulation of both 

canonical Smad2/3 and non-canonical Smad1/5/8 signaling and induction of hepcidin in these mice. 



 

Material and Methods 

 

Murine models. To examine the importance of activin B on hepcidin upregulation by inflammation, 7 

to 8-week-old B6.129S4-Inhbbtm1Jae/J (Inhbb-/-; deficient in activin B) and wild-type controls on the 

same genetic background (C57BL/6) were challenged with an intraperitoneal injection of LPS 

(serotype 055:B5; Sigma; 1μg/g body weight) and livers were harvested at different time points 

(baseline, 2h, 4h, 6h, 15h and 24h) following injection. B6.129S4-Inhbbtm1Jae/J mice and wild-type 

controls were also infected with E. coli SP15 (108 CFU; footpad injection) and livers were harvested at 

baseline, 2, 4, 20 and 28 hours post-infection. To examine the correlation between Smad1/5/8 

signaling and hepcidin levels, 7 to 8-week-old Bmp6 null mice (Bmp6m1Rob) [28] and wild-type mice on 

a CD1 background were challenged with an intraperitoneal injection of LPS (1μg/g body weight) and 

livers were harvested 4 hours later. Induction of activin B was also examined in the liver of C57BL/6 

mice infected intraperitoneally with Salmonella enterica serovar typhimurium SL1344 (104 CFU), 

Staphylococcus aureus Newman (2x108 CFU), or of mice that received Plasmodium berghei K173-

infected red blood cells (106) or a subcutaneous intracapsular injection of oil of turpentine (5mL/kg; 

Sigma). Mice were sacrificed at the indicated times 2 hours to 11 days after injection. All experiments 

were performed on males and mice received a diet with standard iron content (250 mg iron/kg; 

SAFE, Augy, France). The number of mice challenged at each time point is indicated on 

Supplementary Table 1. Experimental protocols were approved by the Midi-Pyrénées Animal Ethics 

Committee.  

 

Quantitation of mRNA levels. Total RNA from mouse liver was extracted using Isol-RNA lysis reagent 

(5 PRIME). cDNA was synthesized using MMLV-RT (Promega). The sequences of the primers for the 

Inhbb, Hamp, Id1, Smad7, Il6, Il1, Tnf, Crp, Saa3, and Lcn2 target genes and the reference gene Hprt 

are listed in Supplementary Table 2. Quantitative PCR (Q-PCR) reactions were prepared with 

LightCycler® 480 DNA SYBR Green I Master reaction mix (Roche Diagnostics) and run on a 

LightCycler® 480 System (Roche Diagnostics). ΔCt values were obtained by subtracting the reference 

gene Ct to the target gene Ct. 

 

Serum hepcidin. Serum hepcidin levels were quantified using the Intrinsic LifeSciences (La Jolla, CA) 

Hepcidin-Murine Compete™ competitive ELISA. 

 



 

Protein extraction. Livers were homogenized in a FastPrep®-24 Instrument for 15 sec at 4 m/s. The 

lysis buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 5mM EDTA, pH 8, 0,1% NP-40) included inhibitors 

of proteases (complete protease inhibitor cocktail, Roche Applied Science) and of phosphatases 

(phosphatase inhibitor cocktail 2, Sigma-Aldrich). Liver proteins were quantified using the Bio-Rad 

Protein Assay. 

 

Western blot analysis. Fresh protein extracts were diluted in Laemmli buffer (Sigma-Aldrich), 

incubated for 5 minutes at 95° C, and subjected to SDS-PAGE. Proteins were then transferred to 

nitrocellulose membranes (Amersham). Membranes were blocked with 5% of dry milk in TBS-T buffer 

(10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.15% Tween 20). They were incubated with a rabbit 

antibody to phospho-Smad5 (Epitomics), phospho-Smad2 (Cell Signaling), or phospho-Stat3 (Cell 

Signaling) at 4° C overnight, and washed with TBS-T buffer. Following incubation with a goat anti-

rabbit IgG antibody (Cell Signaling) conjugated to horseradish peroxidase (HRP), enzyme activity was 

visualized by an ECL-based detection system (Millipore). Blots were then stripped and reprobed with 

a rabbit antibody to Smad5 (Epitomics), Smad2 (Cell Signaling), or Stat3 (Cell Signaling) 2 hours at RT 

before incubation with the goat anti-rabbit HRP-linked antibody. Blot imaging and analysis was 

performed on a Chemidoc MP Imaging System (Bio-Rad) with the Image Lab software. 

 

Statistical analyses. Means of quantitative PCR ΔCt values and serum hepcidin (log-transformed) in 

mice of the different genotypes were compared with ANOVA (one- or two-way, as applicable) 

followed by Sidak’s multiple comparison tests of planned contrasts between pairs of means and 

calculation of 95% confidence intervals (CI) for the ΔΔCts. Point estimates of the fold changes in gene 

expression between 2 groups (2-ΔΔCt) and their 95% CI were obtained by antilog2 transformation of 

the means and confidence limits of -ΔΔCts [29]. 

 



 

Results 

The lack of activin B has no impact on the liver production of inflammatory cytokines and acute 

phase proteins following endotoxin treatment or bacterial infection. Inhbb-/- animals (lacking activin 

B) present with a failure of eyelid fusion at birth and females show increased gestation time and 

decreased nursing ability [30]. We therefore mated Inhbb+/- mothers to Inhbb-/- fathers to obtain the 

Inhbb-/- males used in this study. The inflammatory response induced by LPS or by E. coli infection in 

wild-type and Inhbb-/- mice was compared at different time points (2, 4, 6, 15 and 24h for LPS; 2, 4, 

20 and 28h for E. coli infection) following challenge with LPS (Fig. 1A & 2A) or with E. coli. (Fig. 1B & 

2B). As shown on Fig. 1 and 2, both the magnitude of the induction and the evolution over time of 

the expression of the genes coding for the inflammatory cytokines Il-6, Il-1, and Tnf, the opsonins C-

reactive protein (Crp) and serum amyloid A3 protein (Saa3), and the iron metabolism-related protein 

lipocalin-2 (Lcn2) were similar in wild-type and in Inhbb-/- mice. Therefore, the liver production of 

inflammatory cytokines and innate immunity proteins does not appear affected by the lack of activin 

B. 

 

Activin B is responsible for liver activation of both canonical and non-canonical Smad signaling 

following challenge with LPS or E. coli in vivo. In liver hepatoma cell lines and in mouse primary 

hepatocytes, activin B stimulates both canonical SMAD2/3 and non-canonical SMAD1/5/8 signaling 

[27]. To examine whether, as expected from the in vitro data, the lack of activin B prevents 

stimulation of canonical Smad2/3 and non-canonical Smad1/5/8 signaling in vivo, we compared by 

western-blot analysis Smad2 and Smad5 phosphorylation levels in the liver of wild-type and Inhbb-/- 

mice challenged with LPS or infected with E. coli. As shown in Fig. 3, whereas these inflammatory 

stimuli strongly induce Smad2 and Smad5 phosphorylation 4 hours after LPS stimulation (Fig. 3A) or 

post E. coli infection (Fig. 3B) in wild-type mice, none of these Smad effectors is activated in mice 

deficient for activin B. These data clearly demonstrate that activation of Smad1/5/8 signaling 

observed in vivo in mice submitted to an inflammatory challenge results directly from the strong 

induction of activin B mRNA seen after LPS administration [16] or after E. coli infection 

(Supplementary Fig. 1). 

 

Unexpectedly, hepcidin is induced by LPS or E. coli infection in the absence of Smad1/5/8 activation 

by activin B. In human hepatoma-derived cells and in mouse primary hepatocytes, activin B not only 

induces SMAD1/5/8 phosphorylation but also hepcidin expression [16, 27]. Furthermore, 

pretreatment of these cells with the BMP type I receptor inhibitor LDN-193189 prevents both the 

induction of SMAD/5/8 phosphorylation and the upregulation of the hepcidin (HAMP) gene 



 

expression by activin B [16], suggesting that, at least in vitro, the effect of activin B on hepcidin 

expression is attributable to the activation of non-canonical SMAD signaling. Since activin B also 

activates non-canonical Smad1/5/8 signaling in vivo (Fig. 3), we expected that induction of hepcidin 

expression in response to LPS administration or to E. coli infection would be impaired in Inhbb-/- mice. 

However, the magnitude of hepcidin mRNA induction and its evolution over time was unexpectedly 

similar in wild-type and in Inhbb-/- mice challenged with LPS (Fig. 4A) or infected with E. coli (Fig. 4B). 

To confirm the data at the protein level, serum hepcidin was quantified by competitive ELISA in wild-

type and in Inhbb-/- mice before and 4 hours after a LPS-challenge. As suggested by the quantitative 

PCR data, and similarly to wild-type mice, Inhbb-/- mice produce on average three times more 

hepcidin after endotoxin administration (Fig. 4C). These results show that neither activation of 

Smad1/5/8 signaling nor activin B induction are necessary for upregulation of hepcidin production by 

inflammatory stimuli such as LPS administration or E. coli infection. Hepcidin induction during 

inflammation was previously shown to be partly due to direct transcriptional regulation by the 

IL6/STAT3 pathway [8-10]. Four hours after challenge with LPS or infection with E. coli, Stat3 

phosphorylation was similarly induced in wild-type and in Inhbb-/- mice (Fig. 3A & B), suggesting a 

preponderant role of Stat3 activation in hepcidin induction by inflammatory stimuli. 

 

Remarkably, a strong activation of Smad1/5/8 signaling by inflammatory stimuli is not consistently 

leading to a proportionate elevation of hepcidin expression. Mice lacking the iron-inducible 

Smad1/5/8-activating ligand Bmp6 have very low basal hepcidin levels [26]. However, they respond 

to LPS by inducing liver expression of Inhbb as much as wild-type mice [16] and, as shown on Fig. 5A, 

this leads to a similar induction of Smad1/5/8 phosphorylation in the two categories of mice. 

Importantly, despite a marginally significant increase in the amount of circulating hepcidin 4 hours 

after a LPS challenge in Bmp6-/- mice, the level reached after stimulation remains similar to that in 

unchallenged wild-type animals and about 3 times lower than that in LPS-challenged wild-type mice. 

These data clearly demonstrate that there is no proportionality between Smad1/5/8 signaling and 

hepcidin production in the inflammatory context. They further suggest that, although activin B is 

directly responsible for liver activation of Smad1/5/8 signaling in vivo, this signaling pathway is not 

governing upregulation of hepcidin production in animals submitted to inflammatory stimuli.  

 

In contrast to activation of Smad1/5/8 by iron, activation of Smad1/5/8 by inflammation has no 

impact on the expression of the hepatocyte targets Id1 and Smad7. Circulating iron and tissue iron 

both activate the Smad1/5/8 signaling cascade in the hepatocyte, which leads to the induction not 

only of hepcidin mRNA but also of the mRNA of other targets such as Id1 and Smad7 [20, 21]. We 

therefore examined whether activation of Smad1/5/8 phosphorylation by inflammation was also 



 

accompanied by an induction of Id1 and Smad7 gene expression. As shown on Fig. 6A & B, neither 

LPS nor E. coli infection led to the induction of Id1 or Smad7 mRNA in the liver of either wild-type or 

Inhbb-/- mice. Id1 mRNA expression was strongly repressed at the earliest time point (2 hours) but 

returned to baseline at 4 hours. Smad7 mRNA expression was also strongly repressed at 2 hours post 

LPS challenge or post E. coli infection, and remained below baseline for the whole timing. Notably, 

there were no differences in the kinetics of expression of these two genes between wild-type and 

Inhbb-/- mice. These data point out major differences between Smad1/5/8 activation by iron and by 

inflammation. Indeed, whether there is a good concordance between Smad1/5/8 activation by iron 

and induction of Hamp, Id1, and Smad7 gene expression [20, 21], such a concordance is totally 

lacking in the inflammatory context. 

 

Upregulation of activin B in the liver appears restricted to bacterial infections. The present data 

show that activin B has no physiological role in hepcidin induction by inflammation in vivo and the 

purpose of activation of both canonical Smad2/3 and non-canonical Smad1/5/8 signaling by activin B 

in this context is particularly interesting and should stimulate future research. To determine whether 

activin B gene expression is induced in any type of inflammation, we infected mice with different 

pathogens (bacteria, parasite) and injected them with turpentine to cause sterile tissue abscess. As 

shown on Fig. 7, liver Inhbb mRNA expression was induced not only in a mouse model of infection 

with the Gram-negative extracellular pathogenic bacteria E. coli (Fig. 7A) but also in mice infected 

with the Gram-negative intracellular pathogenic bacteria Salmonella enterica serovar Typhimurium 

(Fig. 7B) or the Gram-positive Staphylococcus aureus (Fig. 7C). However, despite notable induction of 

hepcidin (Hamp) mRNA, liver Inhbb mRNA expression was not significantly increased in the malaria 

model induced by Plasmodium berghei K173-infected red blood cells (Fig. 7D) or in the sterile 

inflammation induced by turpentine (Fig. 7E). The present data therefore suggest that production of 

activin B by the liver is a biomarker of bacterial infection. 

 



 

Discussion 

 

In the present study, we first showed that activin B, which is strongly induced by inflammatory 

stimuli such as LPS and bacterial infections, is actually the ligand that in vivo induces hepatic 

Smad1/5/8 phosphorylation in these conditions. Indeed, this signaling pathway is no longer activated 

in Inhbb-/- mice lacking functional activin B. However, lack of activin B and, as a consequence, lack of 

activation of Smad1/5/8 signaling does not impair the induction of hepatic hepcidin expression by 

these inflammatory stimuli. This was quite unexpected as activin B was found by us [16] and others 

[27] to induce Smad1/5/8 phosphorylation and hepcidin expression in cultured hepatoma cells or in 

primary hepatocytes. Furthermore, pre-treatment of HepG2 cells and mouse primary hepatocytes 

with the BMP type I receptor inhibitor LDN-193189 completely abolished activin B-mediated 

induction of Smad1/5/8 phosphorylation and hepcidin gene expression. Thus, activin B was using the 

classical BMP type I receptors to regulate Smad1/5/8 signaling and hepcidin expression when added 

to hepatocytes in vitro. The present data point out the limitations of using in vitro studies on 

hepatoma cell lines and primary hepatocytes that are removed from their natural environment in the 

liver. Previous examples of these difficulties exist in the literature. Indeed, many BMP ligands, 

including BMP2, BMP4, BMP6 and BMP9, have been reported to positively regulate hepcidin 

expression in vitro [31, 32]. However, in vivo, the endogenous regulator of hepcidin expression and 

iron homeostasis appears to be essentially BMP6, as the other Bmp molecules, which are functional 

in the severely iron overloaded Bmp6-deficient mice, do not compensate for the absence of Bmp6. It 

is thus important to exercise caution when generalizing results on the regulation of hepcidin gene 

expression obtained from in vitro experiments to the in vivo situation. 

 

Particularly puzzling in this study is the observation that a high level of Smad1/5/8 phosphorylation in 

the liver of mice challenged with LPS does not consistently lead to a high expression of hepcidin. 

Indeed, although LPS-treated Bmp6-/- and wild-type mice have similar induction of activin B and 

comparable activation of Smad1/5/8, the amount of circulating hepcidin in Bmp6-/- mice is about 

three times lower than in wild-type mice. This is in stark contrast to Smad1/5/8 activation by iron 

[20, 21] and could indicate that induction of Smad1/5/8 signaling by inflammatory stimuli takes place 

in non-parenchymal cells rather than in hepatocytes, which would explain its lack of impact on 

hepcidin expression or on the expression of other Smad1/5/8 targets in the hepatocytes such as Id1 

and Smad7. Recent data seem to suggest that, as for Bmp6 [33-36], non-parenchymal liver cells, 

most probably sinusoidal endothelial cells, are the predominant source of activin B [37]. However, in 

the absence of reliable tools for in situ analysis of Smad2/3 or Smad1/5/8 phosphorylation on 

histological slides, it is currently difficult to ascertain in which cells of the liver these signaling 



 

cascades are activated. In the light of our data, it is likely that, in contrast to BMP6, activin B does not 

exert its effect on hepatocytes but rather on non-parenchymal liver cells. Further investigations are 

necessary to determine what are the exact target genes induced by this signaling. Activin B could for 

instance contribute to activation of the BMP pathway in liver sinusoidal endothelial cells, which could 

affect the endothelial response to inflammatory stimuli and leucocyte recruitment to the hepatic 

parenchyma [38, 39]. Alternatively, and similarly to activin A, activin B could mediate at least part of 

the action of TGF-β on the production of collagen in hepatic stellate cells [40, 41]. In response to LPS, 

TLR4 activation sensitizes hepatic stellate cells to TGF-β signaling, which leads to hepatic fibrosis [42]. 

It would be interesting to know whether it also sensitizes these cells to activin B which, as shown in 

this study, is strongly induced in bacterial infections. 

 

Bmp6-/- mice have strong impairment of Bmp signaling, likely similar to the one reached when 

treating wild-type animals with the BMP type I receptor inhibitor LDN-193189 or the BMP ligand 

antagonist ALK3-Fc. When challenged with LPS, they hardly increase their hepcidin production to the 

level seen in unchallenged wild-type mice. Much higher circulating hepcidin levels would be expected 

if the inflammation-induced activator of hepcidin transcription and hepatocyte BMP signaling had 

additive transcriptional effects on hepcidin promoter. Rather, our in vivo observations suggest 

transcriptional synergy between iron (BMP) and inflammation signaling and explain why lowering 

BMP signaling in the hepatocyte using LDN-193189 or ALK3-Fc is sufficient to attenuate the induction 

of hepcidin gene expression by various inflammatory stimuli [14, 15, 17]. A similar attenuation is 

observed when BMP signaling is genetically impaired, as here in Bmp6-/- mice or in mice with liver-

specific deletion of Alk3 [43]. The present data are compatible with the previously proposed synergy 

between IL6/STAT3 and BMP/SMAD signaling in regulating hepcidin [11]. They show that full 

induction of hepcidin expression by inflammatory stimuli requires a functional BMP6-activated 

signaling pathway in the hepatocyte but is independent of activin B and its activation of Smad1/5/8 

signaling that likely occurs in other cells of the liver. 
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Figure legends 
 
 

Fig. 1. The lack of activin B has no impact on the production of inflammatory cytokines by the liver. 

Evolution over time of the mRNA expression of the inflammatory cytokines Il6, Il1, and Tnf was 

examined in wild-type and activin B (Inhbb)-deficient mice challenged with LPS (A) or infected with E. 

coli (B). Point estimates of the fold changes in gene expression relative to baseline (2-ΔΔCt) are shown 

on the graphs, together with their 95% confidence intervals (CIs). When the lower limit of the fold-

change CI exceeds 1, gene expression is significantly induced relative to baseline.  

 

Fig. 2. The lack of activin B has no impact on the production of acute phase proteins by the liver. 

Evolution over time of the mRNA expression of the acute phase proteins Crp, Saa3, and Lcn2 was 

examined in wild-type and activin B (Inhbb)-deficient mice challenged with LPS (A) or infected with E. 

coli (B). Point estimates of the fold changes in gene expression relative to baseline (2-ΔΔCt) are shown 

on the graphs, together with their 95% confidence intervals (CIs). When the lower limit of the fold-

change CI exceeds 1, gene expression is significantly induced relative to baseline.  

 

Fig. 3. Neither canonical nor non-canonical Smad signaling is activated by inflammatory stimuli in 

activin B (Inhbb)-deficient mice. Fresh membrane protein extracts were prepared from livers of wild-

type (WT) and activin B (Inhbb)-deficient mice 4 hours after a LPS challenge (A) or infection with E. 

coli (B). Phospho-Smad2, phospho-Smad5, phospho-Stat3, total Smad2, total Smad5, and total Stat3 

were detected by immunoblot techniques on a Chemidoc MP Imaging System (Bio-Rad).  

 

Fig. 4. Hepcidin induction by inflammatory stimuli is independent of activin B. Evolution over time 

of the hepcidin (Hamp) mRNA expression was examined in wild-type and activin B (Inhbb)-deficient 

mice challenged with LPS (A) or infected with E. coli (B). Point estimates of the fold changes in gene 

expression relative to baseline (2-ΔΔCt) are shown on the graphs, together with their 95% confidence 

intervals (CIs). When the lower limit of the fold-change CI exceeds 1, gene expression is significantly 

induced relative to baseline. Serum hepcidin levels were measured by competitive ELISA on wild-type 

and Inhbb-/- mice at baseline and 4 hours after LPS challenge (C). Values shown are geometric means 

 95% CIs. Comparisons of log-transformed serum hepcidin levels were made by two-way ANOVA 

followed by Sidak’s multiple comparison tests of planned contrasts. Results of comparisons with 

baseline levels in mice of the same genotype are shown above the bars. ****, p<0.0001. 

 



 

Fig. 5. In Bmp6-deficient mice, hepcidin induction by inflammatory stimuli is not proportionate to 

the level of activation of Smad5 signaling in the liver. Fresh membrane protein extracts were 

prepared from livers of wild-type and Bmp6-/- mice. Phospho-Smad5 and total Smad5 were detected 

by immunoblot techniques on a Chemidoc MP Imaging System (Bio-Rad) (A). Serum hepcidin levels 

were measured by competitive ELISA on wild-type and Bmp6-deficient mice at baseline and 4 hours 

after LPS challenge (B). Values shown are geometric means  95% confidence intervals (CIs). 

Comparisons of log-transformed serum hepcidin levels were made by two-way ANOVA followed by 

Sidak’s multiple comparison tests of planned contrasts. Results of comparisons with baseline levels in 

mice of the same genotype are shown above the bars. Results of comparison between wild-type and 

Bmp6-/- mice are indicated by connecting lines. **, p<0.01; ***, p<0.001; ****, p<0.0001. 

 

Fig. 6. Activation of Smad1/5/8 by inflammation has no impact on the expression of the 

hepatocyte targets Id1 and Smad7. Evolution over time of the Id1 and Smad7 mRNA expression was 

examined in wild-type and activin B (Inhbb)-deficient mice challenged with LPS (A) or infected with E. 

coli (B). Point estimates of the fold changes in gene expression relative to baseline (2-ΔΔCt) are shown 

on the graphs, together with their 95% confidence intervals (CIs). When the upper limit of the fold-

change CI is below 1, gene expression is significantly repressed relative to baseline. 

 

Fig. 7. Activin B is upregulated in mouse models of bacterial infection but not in models of malaria 

or sterile inflammation. Evolution over time of the mRNA expression of the activin B (Inhbb) and 

hepcidin (Hamp) in wild-type mice infected with E. coli (A), Salmonella enterica serovar typhimurium 

(B), Staphylococcus aureus (C), Plasmodium berghei K173-infected red blood cells (D) or in mice 

injected with turpentine (E). Point estimates of the fold changes in gene expression relative to 

baseline (2-ΔΔCt) are shown on the graphs, together with their 95% confidence intervals (CIs). When 

the lower limit of the fold-change CI exceeds 1, gene expression is significantly induced relative to 

baseline.  
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Supplementary Table 1. Number of mice (all males) used in the different inflammation models 

 

genotype stimulus/strain time-point 

          LPS baseline 2h 4h 6h 15h  24h 

WT C57BL/6 12 6 9 13 8 5 

Inhbb -/- C57BL/6 28 4 5 5 5 4 

WT CD1 4   4       

Bmp6 -/- CD1 4   4       

          E. coli baseline 2h 4h 20h 28h 
 WT C57BL/6 11 22 18 17 15 

 Inhbb -/- C57BL/6 9 4 8 6 6 
 

          Salmonella baseline 6h D1 D2 D3 D4 

WT C57BL/6 11 6 5 6 3 2 

          S. aureus baseline 2h 4h 14h 48h 
 WT C57BL/6 8 3 6 5 5 

 

          P. berghei baseline D2 D3 D5 D7 D11 

WT C57BL/6 8 5 5 5 5 5 

          turpentine baseline 6h 24h 48h 96h 
 WT C57BL/6 9 5 6 9 3 

 

         



 
 

Supplementary Table 2. Sequences of the primers used in quantitative PCR reactions 

 

  Forward (5’ -> 3’) Reverse (5’ -> 3’) 

Hprt CTG-GTT-AAG-CAG-TAC-AGC-CCC-AA CAG-GAG-GTC-CTT-TTC-ACC-AGC 

Inhbb TCA-GCT-TTG-CAG-AGA-CAG GAA-GAA-GTA-CAG-GCG-GAC 

Hamp AAG-CAG-GGC-AGA-CAT-TGC-GAT CAG-GAT-GTG-GCT-CTA-GGC-TAT-GT 

Il6 CTC-TGC-AAG-AGA-CTT-CCA-TCC-AGT CGT-GGT-TGT-CAC-CAG-CAT-CA 

Il1 ACC-TTC-CAG-GAT-GAG-GAC-ATG-AG CAT-CCC-ATG-AGT-CAC-AGA-GGA-TG 

Tnf CCA-CGC-TCT-TCT-GTC-TAC-TGA-AC GGT-CTG-GGC-CAT-AGA-ACT-GAT-G 

Crp GGC-TTC-TTT-GAC-TCT-GCT-TCC-A GCT-ACT-CTG-GTG-CCT-TCT-GAT-CA 

Saa3 CGA-GCA-GGA-TGA-AGC-CTT-CC GGC-TGT-CAA-CTC-CCA-GGA-TCA 

Lcn2 TCT-GTC-CCC-ACC-GAC-CAA-T CCA-GTC-AGC-CAC-ACT-CAC-CAC 

Id1 ACC-CTG-AAC-GGC-GAG-ATC-A TCG-TCG-GCT-GGA-ACA-CAT-G 

Smad7 GCA-GGC-TGT-CCA-GAT-GCT-GT GAT-CCC-CAG-GCT-CCA-GAA-GA 

 



 
 

 

Supplementary Fig. S1. Induction of activin B (Inhbb) mRNA in C57BL/6 mice challenged with LPS 

(A) or infected with E. coli (B).  
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Point estimates of the fold changes in gene expression relative to baseline (2-ΔΔCt) are shown on the 

graphs, together with their 95% confidence intervals (CIs). When the lower limit of the fold-change CI 

exceeds 1, gene expression is significantly induced relative to baseline.  
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Key Points

• Hyperactivation of the
BMP-SMAD pathway blunts
EPO-mediated hepcidin
inhibition.

• Lack of BMP-SMAD pathway
inhibition by matriptase-2
abrogates the ERFE-
mediated hepcidin suppression
in response to EPO.

Hepcidin, themain regulatorof ironhomeostasis, is repressedwhenerythropoiesis isacutely

stimulated by erythropoietin (EPO) to favor iron supply to maturing erythroblasts. Eryth-

roferrone (ERFE) has been identified as the erythroid regulator that inhibits hepcidin in stress

erythropoiesis. A powerful hepcidin inhibitor is the serine protease matriptase-2, encoded by

TMPRSS6, whose mutations cause iron refractory iron deficiency anemia. Because this

condition has inappropriately elevated hepcidin in the presence of high EPO levels, a role is

suggested formatriptase-2 in EPO-mediated hepcidin repression. To investigate the relation-

ship between EPO/ERFE and matriptase-2, we show that EPO injection induces Erfe

messenger RNA expression but does not suppress hepcidin in Tmprss6 knockout

(KO) mice. Similarly, wild-type (WT) animals, in which the bone morphogenetic

protein–mothers against decapentaplegic homolog (Bmp-Smad) pathway is upregulated

by iron treatment, fail to suppress hepcidin in response to EPO. To further investigate

whether the high level of Bmp-Smad signaling of Tmprss6KOmice counteracts hepcidin

suppressionbyEPO,wegenerateddoubleKOBmp6-Tmprss6KOmice. Despite havingBmp-Smadsignaling andhepcidin levels that

are similar to WT mice under basal conditions, double KO mice do not suppress hepcidin in response to EPO. However, pharmacologic

downstream inhibitionof theBmp-Smadpathwaybydorsomorphin,which targets theBMP receptors, improves thehepcidin responsiveness

to EPO in Tmprss6 KO mice. We concluded that the function of matriptase-2 is dominant over that of ERFE and is essential in facilitating

hepcidin suppression by attenuating the BMP-SMAD signaling. (Blood. 2016;127(19):2327-2336)

Introduction

The production of red blood cells (RBCs) is a coordinated process that
requires both the growth factor erythropoietin (EPO) and an adequate
iron supply. EPO, produced by the kidney during hypoxia, stimulates
the erythroid cells proliferation and differentiation.1 To acquire iron,
essential for hemoglobin (Hb) synthesis, erythroid precursors release
soluble factors that suppress the expression of the hepatic iron
regulatory hormone hepcidin in order to increase iron absorption and
recycling.2

Hepcidin is an iron-regulated hepatic peptide hormone that controls
ironabsorptionat the intestinal level, and iron release frommacrophages
and hepatocytes.3,4 Hepcidin binds to the plasma membrane iron
exporter ferroportin and induces its endocytosis and degradation,
preventing release of iron into the plasma.5 Hepcidin expression is
regulated through the bone morphogenetic protein–mothers against
decapentaplegichomolog(BMP-SMAD)pathway.6BMP6,7,8 amember

of the transforming growth factor-b superfamily, binds to a complex of
BMP receptors and the co-receptor hemojuvelin (HJV),9 leading to the
phosphorylation of the SMAD1/5/8 proteins, which translocate to the
nucleus after complexing with SMAD4.10

When iron requirements of erythroid progenitor cells are increased,
hepcidin expression is repressed by one or several circulating erythroid
factors produced by the bone marrow (BM),11 in order to increase
dietary iron absorption and release iron stored in hepatocytes and
macrophages. Although several candidates have been proposed, such as
growth differentiation factor 15 (GDF15)12 and twisted gastrulation
BMP signaling modulator 1 (TWSG1),13 it has been recently demon-
strated that erythroferrone (ERFE)14 is the circulating erythroid
factor responsible for hepcidin suppression in acute response to
erythroid stress. ERFE is an EPO-responsive gene. Phlebotomized
mice or mice injected with EPO rapidly induce Erfe messenger
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RNA (mRNA) expression in erythroid precursors in the BM and
the spleen. In addition, Erfe knockout (KO) mice fail to suppress
hepcidin acutely in response to phlebotomy or EPO injections,
indicating that ERFE is required for rapid hepcidin suppression in the
setting of increased erythroid activity.

Matriptase-2 (encoded by the TMPRSS6 gene) is a serine protease
expressed mainly in the liver. In humans, mutations in the TMPRSS6
gene are responsible for a hereditary autosomal recessive disorder
characterized by iron-refractory iron-deficiency anemia (IRIDA).15

Patients andmatriptase-2–deficient mice display microcytic hypochro-
mic anemia, low serum iron, and reduced transferrin saturation due to
high hepcidin level.16,17 In vitro studies have shown that matriptase-2
cleaves HJV,18 attenuating the BMP-SMAD pathway activation and
reducing hepcidin expression.

The relationship between ERFE and the in vivo hepatic inhibitor
of hepcidin, matriptase-2, remains to be clarified. Indeed, despite
anemia and high serum EPO levels, hepcidin is inappropriately
high in IRIDA patients and in Tmprss6 KO mice. Attempts have
been made to improve anemia and reduce hepcidin expression in
IRIDA patients and Tmprss6 KO mice with injections of EPO.
However, in the absence of matriptase-2, EPO injections do not
correct anemia,19,20 suggesting that either hepcidin expression is too
high to be significantly reduced by EPO, or matriptase-2 is required
for hepcidin repression by erythroid stress. The role of matriptase-2
in erythropoiesis-mediated hepcidin regulation is further strengthened
by studies focused on genetic loss or inactivation of Tmprss6 in
the context of b-thalassemia. b-thalassemia is a recessive disorder
characterized by decreased synthesis of b-globin chains, ineffective
erythropoiesis, and secondary iron overload due to hepcidin down-
regulation. Tmprss6 germinal inactivation21 or Tmprss6 downreg-
ulation by short interfering RNA22 or antisense oligonucleotides23

in thalassemia Hbbth3/1 mice rescue iron overload and ameliorate
anemia by increasing hepcidin levels and restricting the iron supply
to erythropoiesis. In the Tmprss6-Hbbth3/1 double mutant animals,
hepcidin expression remains high notwithstanding high EPO levels,
suggesting that matriptase-2 is indispensable for hepcidin inhibition
by the erythroid regulator(s).

Tounequivocally elucidate the role ofmatriptase-2 inEPO-mediated
hepcidin downregulation, we have treated Tmprss6 KO mice in com-
parisonwith iron-deficient (ID) and iron-replete littermateswith a single
EPO injection, and characterized the erythroid and hepcidin responses
at a short time after injection.

We demonstrate that EPO efficiently inhibits hepcidin in ID mice,
but not in Tmprss6KOmice. Lack of hepcidin inhibition occurs also in
wild-type (WT) animals when the Bmp-Smad signaling is upregulated
by iron overload, suggesting that high BMP-SMAD signaling blunts
ERFE-mediated hepcidin suppression. However, loss of Bmp6 in
Tmprss6 KO mice, where the pathway signaling activity is similar
to that of WT mice, does not rescue Erfe responsiveness. Interest-
ingly, further pharmacologic inhibition of BMP type I receptors
with dorsomorphin (DM) partially improves Erfe-mediated hepcidin
suppression, suggesting that the activation level of the specific
Tmprss6-Hjv-SMAD pathway influences the function of Erfe.

Materials and methods

Mice models, diets, and treatments

Animalsweremaintained in the animal facilities of INSERMUS006 and the San
Raffaele Scientific Institute (Milan, Italy) in accordance with European Union
guidelines. The studies were approved by the Midi-Pyrénées Animal Ethics

Committee and the Institutional Animal Care and Use Committee of the San
Raffaele Scientific Institute. Animals were given free access to tap water and
standard laboratory mouse chow diet (250 mg iron/kg; SAFE, Augy, France).

C57BL/6-Tmprss6 KO mice. Tmprss6 KO mice on a mixed genetic
background (129/OlaxC57BL/6)werebredby10 successivebackcrossesonto the
C57BL/6background.Maleswere analyzed at 8 to 11weeks of age andcompared
withC57BL/6WTmice. To generate doubleBmp6-Tmprss6KOmice, C57BL/6
Tmprss6 KO animals were bred with CD1 Bmp6 KOmice and heterozygous F1
mice were then intercrossed in order to obtain F2 littermates. Experiments were
performed on 9-week-old males.

Mixed 129/OlaC57BL/6 background-Tmprss6 KO mice. Tmprss6
KO mice (males and females, 4- to 5-weeks old)17 and control littermates were
maintained an iron balanced (IB; carbonyle iron 200 mg/kg; SAFE) or an ID
diet with virtually no iron (,3 mg iron/kg; SAFE) for 3 weeks to induce
stable changes of the iron status. To inactivate the BMP-SMAD pathway,
WT and Tmprss6 KO mice were treated with 2 doses of DM (12.5 mg/g in
dimethylsulfoxide; intraperitoneal [IP] injection) (Sigma-Alrich) every
8 hours. The second DM injection was combined with EPO (200 U; see
section to follow) or saline administration. Mice were euthanized 15 hours
after the EPO/saline injection.

ForEPOtreatment,mice fromapureormixedgenetic background receiveda
single IP dose of human EPO (200 U) (EMDMillipore, Billerica, MA or Eprex,
Janssen) and were analyzed 15 hours later.

To induce severe iron overload, sv129WTmicewere treatedwith a single IP
injection of iron dextran (1 g/kg; Sigma-Aldrich) and analyzed 1 week later. To
inducemild ironoverload,CD1 female (6-weeks old) receivedone subcutaneous
injection of iron dextran weekly for 2 weeks (185 mg/kg).

Animalswere anesthetizedand euthanizedby cervical dislocation.All efforts
weremade tominimize suffering. Livers, spleens, and kidneyswere snap-frozen
for isolation of RNAor fixed in 4% buffered formalin and embedded in paraffin.
Livers and spleen were dried for tissue iron content analysis. Spleens were
processed for erythropoiesis analysis. BM cells were isolated by flushing of
femurs and snap-frozen for RNA isolation or processed for erythropoiesis
analysis (see section to follow).

Analysis of hematologic and iron parameters

When euthanized, blood was collected for serum preparation and for complete
blood count analysis with a CELL-DYN Emerald system (Abbott, Lake Forest,
IL) or using a SysmexKX-21 automated blood cell analyzer (SysmexAmerica).

Iron parameters such as transferrin saturation, serum iron, liver iron content
(LIC), and spleen iron content (SIC) were analyzed as previously described24,25

and according to the method recommended by Torrance.26 Briefly, 100 mg of
tissue were homogenized with 150 mL water in a FastPrep-24 Instrument (MP
Biomedicals, Santa Ana, CA) for 60 seconds at 6 m/s, mixed with a solution of
HCl 30%/trichloracetic acid 10% in afinal volume of 1.5mL, and kept overnight
at 65°C before performing the colorimetric assay.

Deparaffinized tissue sectionswere stainedwith thePerls’Prussian blue stain
for non-heme iron and counterstained with nuclear fast red. Slides were scanned
on a Pannoramic 250 Flash II (3DHISTECH) and analyzedwith the Pannoramic
Viewer software.

Cell preparations and flow cytometry

Cell suspensions from BM and the spleen were filtered through a 70-mm cell
strainer and centrifuged at 350 g for 10 minutes. Cell pellets were suspended
in phosphate-buffered saline containing 0.1% bovine serum albumin. To analyze
erythroid precursors, cells were incubated with phycoerythrin-Cy7–conjugated
anti-CD11b (clone M1/70), phycoerythrin-Cy7–conjugated anti-B220 (clone
RA3-6B2),fluorescein isothiocyanate-conjugatedanti–TER-119 (cloneTER-119),
and antigen presenting cell-conjugated anti-CD44 (clone IM7) as described.27

The listed antibodies were from BD Biosciences. After washing, cells were
analyzed on the Navios Flow Cytometer (Beckman Coulter). Analyses were
performed with the FCS Express software (De Novo Software).

Quantitative real-time polymerase chain reaction (qRT-PCR)

Detailed experimental procedures are described in supplemental Materials and
Methods available on the BloodWeb site. Briefly, total RNAwas isolated using
Isol-RNA lysis reagent or Trizol reagent. RNAs fromBM cells were isolated by
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flushing of femurs with 1 mL of Trizol or the RNeasy Mini Kit. First-strand
complementaryDNA synthesis was performed usingMoloneymurine leukemia
virus–reverse transcriptase or using the High Capacity cDNA Reverse Tran-
scription Kit. Gene expression levels were measured by real-time quantitative
PCR using TaqMan Gene Expression Master Mix, SYBR Green Gene
Expression Master Mix, or LightCycler 480 DNA SYBR Green I Master
Reaction Mix. Results are expressed as mean 6 standard deviation (SD).
Values shown are means of 2DCt (ie, Ct Hprt 2 Ct target). The higher
the2DCt, the greater is the amount of target amplicon. Estimates of the fold
changes in gene expression (22DDCt) are shown on the graphs.

Western blot analysis

Detailed experimental procedures are described in supplemental Materials and
Methods. Briefly, livers were homogenized in lysis buffer and equal amounts
of proteins were subjected to sodium dodecyl sulfate-polyacrylamide gel

electrophoresis and then transferred to nitrocellulose membranes. Immuno-
blots were performed with p-Smad5, Smad5, and vinculin antibodies.

Enzyme-linked immunosorbent assay

Serum hepcidin levels were quantified using the Intrinsic LifeSciences (La Jolla,
CA) Hepcidin-Murine Compete competitive enzyme-linked immunosorbent
assay. Serum EPO levels were measured using the mouse EPO Quantikine set
(R&DSystems,Minneapolis,MN) according to themanufacturer’s instructions.

Statistical analysis

Data are presented as mean 6 SD or standard error of the mean (SEM) as
indicated in the figure legends. Means of liver and SIC, analysis of erythroid
precursors, quantitativePCRDCtvalues, serumhepcidin, and serumEpo inmice
were compared with Student t tests or with one-way analysis of variance

Table 1. Hematologic parameters of C57BL/6 WT and Tmprss6 KO mice on a C57BL/6 pure genetic background

RBC 3 106 cells/mL Hb (g/dL) HCT (%) MCV (fL) MCH (pg) RDW (%)

B6 WT 9.4 6 0.8 15 6 1.2 41 6 3 43.9 6 1 16 6 0.3 36.6 6 0.4

Tmprss62/2 9.1 6 1.3 11.6 6 1.2* 27.6 6 4.2† 30.3 6 0.5† 12.9 6 0.6† 42.4 6 1.7†

Complete blood counts were measured from whole blood. Data are presented as mean 6 SD. Group sizes: B6 WT (n 5 5) and Tmprss6 KO (n 5 8).

HCT, hematocrit; MCH, mean corpuscular Hb; MCV, mean corpuscular volume; RDW, red cell distribution width.

*P , .05. Tmprss6 KO mice vs B6 WT mice.

†P , .0001.
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(ANOVA), followedbySidak’s or byNewman–Keulsmultiple comparison tests
to test planned contrasts between pairs of means as indicating in the figure
legends.

Results

EPO does not suppress hepcidin in Tmprss6 KO mice

As already published, Tmprss6 KO mice are anemic compared with
C57BL/6 WT animals (Table 1), have lower LIC (Figure 1A), and are
associated with increased hepcidin mRNA expression (Figure 1B) and
higher serum hepcidin levels (Figure 1C). In addition, Tmprss6 KO
mice have increased circulatingEpo levels (Figure 1D) and inductionof
ErfemRNA expression in the BM (Figure 1E), indicating that sensing
of anemia is retained when matriptase-2 is lost.

In contrast to the substantial decrease of hepcidin expression
observed inWTmice injectedwithEPO, hepcidinwas not significantly
reduced by EPO in Tmprss6 KO mice (Figure 1B) despite a further
increase in Erfe expression in the BM of these mice (Figure 1E). As
shown in Figure 1B-C, serum hepcidin levels reflect liver mRNA
expression. EPO injection neither reduces serum hepcidin (Figure 1C)
nor affects LIC (Figure 1A).Altogether, these results suggest that either
loss of matriptase-2 or persistent iron deficiency prevents the inhibition
of hepcidin expression by Erfe.

EPO-induced erythropoiesis changes and Erfe expression

To investigate the contributionof irondeficiencyor lack ofmatriptase-2
in hepcidin responsiveness to EPO, the phenotype of Tmprss6 KO
animals on a mixed background was compared with WT and het-
erozygous littermates maintained for 3 weeks with an IB or ID diet. As
expected, IDWTmicewere anemic comparedwith IBanimals (data not
shown). However, the degree of iron deficiency anemia inTmprss6KO
mice was more severe than in ID animals (Figure 2A-B), although Epo
serum levels (Figure 2C) were comparable between the two groups of
mice.

We analyzed BM and spleen erythroid precursors in basal
conditions and after EPO injection in WT and Tmprss6 KO mice. To
identify maturing erythroblasts in BM and the spleen, we considered
side scatter low CD11b2 B2202 TER1191 cells, plotting CD44
expression vs forward scatter value, as previously described.28 We
identified 5 density clusters corresponding to erythroblast populations
of progressive maturation stages (I-V) (Figure 3A and supplemental
Figure 1A).

Iron deficiency induced both by an ID diet and by the lack of
Tmprss6 affects BM erythroid precursors, causing a significant
reduction of the final step (stage V) of maturation and leads to the
increase of immature populations (stages I-III), a finding more evident
in Tmprss6 KO mice (Figure 3B,D and supplemental Table 1). In all
mice, EPO treatment reduces BM stage IV favoring maturation into
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Figure 2. Hematologic parameters and iron homeo-

stasis in EPO-treated ID and Tmprss6 KO mice. WT

littermates were fed an ID diet for 3 weeks and analyzed

in comparison with Tmprss6 KO animals on a mixed

genetic background. Hb levels (A) and MCH (B) are

shown from 4 to 10 mice per group. Serum EPO (C) was

measured in ID mice (n 5 5) and Tmprss6 KO animals

(n5 6). The BMP-SMAD target genes Hamp (D) and Id1

(E) were analyzed by qRT-PCR in liver samples from

Tmprss6 KO animals, on a mixed background, and control

littermates (6 to 13 mice per group) kept an ID diet for 3

weeks and were injected with saline or EPO. mRNA

expression was normalized to the housekeeping gene Hprt1.

(F) Non-heme LICwasmeasured in saline- or EPO-treated ID

and Tmprss6 KOmice. Error bars indicate6SEM. **P, .01;

***P , .001. ns, nonsignificant.
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stage V (Figure 3B,D and supplemental Table 3). Iron deficiency
increases erythroid precursors (stages I-V) in the spleen mainly in
Tmprss6 KO mice (Figure 3E, supplemental Figure 1A-B, and
supplemental Table 2). EPO enhances splenic erythropoiesis in
iron-replete mice, whereas it does not further increase erythroid
precursors in ID and in Tmprss6KO animals (Figure 3E, supplemental
Figure 1B-C, and supplemental Table 4), likely because stress eryth-
ropoiesis is already present in these conditions. From these results,
we conclude that EPO stimulates BM erythropoiesis both in IB and ID
WT animals and in Tmprss6 KO mice.

Because EPO modulates erythropoiesis, we investigated Erfe
expression in these animals. Erfe is highly expressed in the BM of
ID and Tmprss6 KO mice consistent with their high Epo levels
(Figure 2C). The upregulation of BM Erfe is due to increased
expression of Erfe in erythroid cells (Figure 3F). EPO injection
further increases Erfe expression both in WT and Tmprss6 KO animals,
suggesting that the response to EPO is maintained in conditions of acute
(ID)or chronic (Tmprss6KO) irondeficiency.To investigatewhether iron
deficiency modulates the EPO-dependent response, we analyzed liver
hepcidin expression in ID compared with Tmprss6 KO mice. In
untreated animals, hepcidin is strongly reduced in ID mice, whereas

it is inappropriately high in Tmprss6 KO mice as expected. EPO
injection inhibits hepcidin in ID animals but not in Tmprss6 KO
animals (Figure 2D) despite erythropoiesis expansion and a further
increase of Erfe mRNA expression (Figure 2F). Id1 expression
(Figure 2B) and LIC (Figure 2C) were unchanged after EPO
treatment. These results indicate that inactivation of matriptase-2
impairs EPO-mediated hepcidin inhibition.

Activated BMP-SMAD pathway blunts hepcidin repression

by EPO

It has been reported that hepcidin suppression by EPO/Erfe occurs
independently from the BMP-SMAD signaling, becauseHjvKOmice,
whohave thepathwaydownregulated,9 efficiently inhibithepcidin after
phlebotomy.14,29 Our results show that in WT mice EPO treatment
decreases Smad5 phosphorylation (Figure 1F and supplemental
Figure 2A-B), suggesting that the BMP-SMAD pathway may
contribute to the Erfe-mediated hepcidin suppression. Interestingly,
Smad5-phosphorylation is not reduced byEPO inTmprss6KOmice,
in which BMP signaling is activated (Figure 1F and supplemental
Figure 2A-B). Altogether, these results suggest that hyperactivation
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Figure 3. Flow cytometry analysis of BM erythropoiesis and ERFE expression. (A) Identification of clusters of BM erythroid precursors in WT littermates. (Left) Identification of
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of the BMP-SMAD pathway interferes with Erfe function. To test
this hypothesis, we treatedWTmice with a single IP injection of iron
dextran (1g/kg) to activate the pathway and then challenged the
mice with a EPO injection 1 week later. Iron-dextran–treated mice
show a strong increase in LIC (Figure 4A) and upregulation of the
BMP-SMAD signaling pathway, because Bmp6 (Figure 4C), Hamp
(Figure 4D), and Id1 (Figure 4E) are all increased. EPO strongly
upregulates BM Erfe expression in both iron-replete and iron-loaded
animals (Figure 4B). However, in iron-loaded animals, hepcidin
(Figure 4D) and Id1 (Figure 4E) are not reduced by EPO, similar to the
pattern observed during inactivation of matriptase-2. The lack of Erfe
responsiveness is not due to the degree of iron overload, because
animals treated with a protocol that induces a milder iron overload
also do not downregulate hepcidin when challenged with EPO
(supplemental Figure 3B) and in response to increased Erfe expression
(supplemental Figure 3C). Overall, these data suggest that hyper-
activation of the BMP-SMAD pathway interferes with the Erfe
function.

Inhibition of the Bmp6-dependent Smad pathway does not

restore hepcidin regulation by EPO in Tmprss6 KO mice

To confirm that high levels of the BMP-SMAD signaling impair the
EPO-mediated suppression of hepcidin in Tmprss6 KO mice, we
genetically inactivatedBmp6, oneof themain activators of thepathway,

in the Tmprss6 KO animals. In Figure 5, we compare WT, single
Tmprss6 or Bmp6 KO, and double KO littermates. As expected,
Tmprss6 KO mice are anemic (Table 2), have high Epo levels
(Figure 5A), and increased hepcidin expression (Figure 5C), whereas
Bmp6 KOmice have increased LIC (Figure 5B), iron accumulation in
extrahepatic tissues such as the pancreas (supplemental Figure 4), and
reduced hepcidin levels (Figure 5C).

Interestingly, the deletion of Bmp6 in Tmprss6 KO mice al-
leviates anemia (Table 2) and normalizes Epo levels (Figure 5A). In
contrast to Tmprss6KO, hepcidin expression (Figure 5C) is lower in
the double KOmice, reaching levels comparable to WT animals. As
a consequence, Bmp6-Tmprss6 double KO mice are not as iron
loaded as Bmp6KO animals (Figure 5B and supplemental Figure 4).
Indeed, their liver iron accumulation is mild (or absent for some
of them) and is essentially periportal instead of centrolobular as
observed in Bmp6 KO mice (supplemental Figure 4). Furthermore,
iron is not accumulated in extrahepatic tissues such as the pancreas,
kidney, and heart (supplemental Figure 4). Consistent with these
findings, Smad5 phosphorylation appears reduced in the double KO
animals (Figure 5D and supplemental Figure 2C-D) compared with
Tmprss6 KO animals, confirming that inactivation of Bmp6
mitigates the Bmp-Smad signaling in Tmprss6 KO mice. This
makes the double KO model an interesting tool to examine the
relationship between Erfe and hepcidin regulation in the absence of
matriptase-2.
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Figure 4. Modulation of Erfe, hepcidin, and Id1 by EPO

in iron-loaded mice. Sv129 WT mice were injected with

iron dextran and challenged with EPO or vehicle 1 week

later. Control mice (no iron) were treated with saline. Non-

heme LIC (A) was measured in untreated and iron-loaded

mice. Erfe expression was measured by qRT-PCR in BM-

derived cells. mRNA expression was normalized relative to

the erythroid marker GypA (B). Four mice per group were

analyzed. Bmp6 mRNA expression (C), BMP-SMAD target

genes as Hamp (D), and Id1 (E) were analyzed by qRT-

PCR in total liver of treated animals and normalized to the

housekeeping gene Hprt1. Error bars indicate 6 SEM.

*P , .05; **P , .01; ***P , .001; ****P , .0001. ns,

nonsignificant.
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We compared the response ofWT, Tmprss6KO, Bmp6KO, and
Bmp6-Tmprss6 double KO littermates to EPO injection. All mice
upregulate BM Erfe by EPO, independently of the genotype
(Figure 6A). However, whereas EPO efficiently inhibits hepcidin
in WT and Bmp6 KO mice (Figure 6B), in the Bmp6-Tmprss6
double KO animals it does not, despite the absence of anemia and a
degree of activation of the Bmp pathway within the range observed
in WT mice.

Overall, these results indicate that normalization of the Bmp-Smad
signaling pathway through the deletion of Bmp6 is not sufficient to
rescue EPO responsiveness in the absence of matriptase-2.

Downregulation of Bmp type I receptors by DM partially

improves the hepcidin inhibition by EPO in Tmprss6 KO mice

The evidence that genetic loss of Tmprss6 in Bmp6 KO animals
activates hepcidin as in WT mice led us to hypothesize that Bmp6
and Tmprss6 are working on two different pathways, as recently
proposed.30 To inhibit the Bmp type I receptors downstream of
Bmp6, Tmprss6KO animals on a mixed background were treated with

DM.31 First, we show that DM does not interfere with BM Erfe
upregulation in WT animals (supplemental Figure 5A), and that EPO
treatment does not interfere with the DM inhibitory effect on hepcidin
(supplemental Figure 5B) and Id1 (supplemental Figure 5C). Then,
Tmprss6KOmice were injected with DM or vehicle in the presence of
EPO. DM after EPO induces Erfe upregulation in BM (Figure 7A),
decreasing bothhepcidin (Figure 7B) and Id1 (supplemental Figure 6A)
in Tmprss6 KO mice, without changing the liver iron concentration
(supplemental Figure 6B). The reduction of hepcidin is sufficient
to decrease the SIC (Figure 7C). Overall, these data demonstrate
that Bmp-Smad pathway inhibition downstream Bmp6 ameliorates
hepcidin responsiveness to Erfe in the absence of matriptase-2.

Discussion

The optimal access of erythron to iron is ensured by an essential
crosstalk between hepcidin expression and the iron needs for
erythropoiesis. Hepcidin production is suppressed after hemorrhage,
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Figure 5. Bmp62/2-Tmprss62/2 mice are neither anemic

nor iron overloaded. F2 littermate mice (CD1-C57BL/6
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fold changes in gene expression (2-DDCt) are shown on the

graphs.

Table 2. Hematologic parameters of Bmp6-Tmprss6 genotype combinations

RBC 3 106 cells/mL Hb (g/dL) HCT (%) MCV (fL) MCH (pg) RDW (%)

Bmp61/1-Tmprss61/1 10.4 6 0.9 17.1 6 1.4 46.5 6 4.4 44.6 6 1.8 16.4 6 0.7 27.4 6 1.4

Bmp61/1-Tmprss62/2 9.5 6 0.6 12.1 6 0.8* 30.9 6 2.7* 32.4 6 1.3* 12.7 6 0.3* 35.5 6 1.4*

Bmp62/2-Tmprss61/1 9.5 6 0.8 16.7 6 0.8 44.1 6 2.8 46.7 6 1.8 17.8 6 1.2 25.1 6 5

Bmp62/2-Tmprss62/2 9.8 6 0.8 16.4 6 1.3† 44.2 6 3.6† 45 6 1.3† 16.7 6 0.5† 27.5 6 2†

Complete blood counts were measured from whole blood. Data are presented as mean6 SD. Group sizes: Bmp61/1-Tmprss61/1 (n5 6); Bmp61/1-Tmprss62/2 (n5 6);

Bmp62/2-Tmprss61/1 (n 5 7); and Bmp62/2-Tmprss62/2 (n 5 5). Bmp62/2-Tmprss62/2 mice vs Bmp61/1-Tmprss61/1 mice; no statistical significance was observed.

*P , .0001. Bmp61/1-Tmprss62/2 mice vs Bmp61/1-Tmprss61/1 mice.

†P , .0001. Bmp62/2-Tmprss62/2 mice vs Bmp61/1-Tmprss62/2 mice.
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hemolysis, and other conditions that trigger EPO increase and
stress erythropoiesis, so that absorption of dietary iron and release
of iron from stores are increased.32 Several secreted erythroid
factors have been identified as hepcidin suppressors: GDF15,12

TWSG113 and, more recently, ERFE.14 In contrast to GDF15 and
TWSG1, that do not appear to be physiological suppressors of
hepcidin in vivo, ERFE seems essential for recovering from an
erythropoietic stress.

Severely anemic IRIDA patients and Tmprss6 KO mice have
inappropriately high hepcidin levels16,17 and administration of EPO
does not resolve their anemia.19,20 In addition, it has been previously
reported that Tmprss6 deletion in b-thalassemia Hbbth3/1 mice,
characterized by high Epo, low hepcidin, and iron accumulation,
prevents iron overload and partially corrects anemia through hepcidin
upregulation,21 despite high Erfe expression.33 So far, little is known
about the mechanisms by which ERFE regulates hepcidin expression
in hepatocytes and whether this process requires the iron-regulatory
machinery, including the serine protease TMPRSS6.

In this study, we show that high hepcidin levels in Tmprss6 KO
mice are not due to abnormal sensing of anemia, as erythropoiesis and
Erfe mRNA expression are appropriately induced in Tmprss6 KO
mice. These observations suggest a role for matriptase-2 in preventing
EPO-mediated hepcidin downregulation. To address this possibility,we

inducedErfe expression in Tmprss6KOmice by a single EPO injection
and analyzed mice at a time point (15 hours) where Erfe is increased
and hepcidin fully suppressed, according to previously published
results.14 Although EPO treatment in established iron deficiency is
often ineffective34 unless accompanied by iron supplementation, we
observed that early EPO responsiveness is preserved in acute (ID
animals) and chronic (Tmprss6 KO mice) iron deficiency anemia.
Indeed, in all mice, EPO affects maturation of erythroid precursors,
inducingErfe expression. AlthoughErfe properly suppresses hepcidin
in EPO-treated ID animals, the genetic loss of Tmprss6 impairs
EPO-dependent hepcidin inhibition, suggesting that Erfe response
is inefficient in this model, independent from the iron deficiency
anemia.

Inactivation ofTmprss6 inappropriately upregulates theBmp-Smad
signaling, leading to increased Smad5 phosphorylation and higher
hepcidin levels compared with WT mice. Thus, erythroid factors such
as Erfe, normally intended to remedy stress erythropoiesis, might not
be efficient enough to counteract this high level of signaling. Indeed,
the inhibitory effect of Erfe is lost when the Bmp-Smad pathway is
hyperactive as shown in the iron-loaded animals. Consistent with
our results, hepcidin canbe inducedby iron supplementationeven in the
presence of high Epo levels, such as in mice constitutively over-
expressing Epo.35
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To assess the role of matriptase-2 in EPO-mediated hepcidin
suppression under the condition of reduced activation of the Bmp-
Smad signaling,we genetically inactivatedBmp6 inTmprss6KOmice.
Toachieve this aim, thedoubleTmprss6-Bmp6KOmice constitutes the
ideal model, since the anemia is completely rescued and the activation
of the Bmp-Smad pathway and hepcidin levels are comparable to those
of WT mice. Although hepcidin is strongly decreased in Bmp6 KO
mice, hepcidinmRNA expression in double Tmprss6-Bmp6 KO mice
is not as low as in Bmp6 KO mice, as previously observed.36 Such
a difference could be explained by the influence of the genetic
background of the mice being studied, because our Tmprss6 KO mice
are in a C57BL/6 pure genetic background, whereas the one from
Lenoir et al are inmixed129/Ola3C57BL/6background. Interestingly,
although ErfemRNA expression in the BM of the double KO mice is
induced by EPO, these mice are unable to suppress hepcidin when
compared withWT animals with comparable activation of Bmp-Smad
signaling, suggesting that Bmp6 and matriptase-2 control hepcidin
through two independent pathways, in agreement with the recently
proposed model.30

At variance with what we observed in Bmp6KO animals, Tmprss6
inactivation in Hjv KO mice does not activate hepcidin, implying that
Hjv and matriptase-2 are in the same hepcidin regulatory pathway.
Consistent with this hypothesis, the Hjv-Tmprss6 double KO mice
suppress hepcidin in response to EPO treatment.37

To further inhibit the pathway downstream of Bmp6, Tmprss6KO
animalswere treatedwithDM, a compound that inhibits theBmp type I
receptors. Pharmacologic inhibition of the Bmp pathway partially
improves EPO responsiveness, reducing hepcidin levels in Tmprss6
KO animals.

Overall, these findings suggest that activation of the Hjv-Bmp
signaling pathway in the setting of the loss of Tmprss6 impairs ap-
propriate hepcidin downregulation by EPO, possibly via Erfe. These
data also exclude the hypothesis that protease activity of matriptase-2
on Erfe or its receptor(s) is required for hepcidin regulation.

Hepcidin inhibition has the final goal of increasing iron supply for
erythropoiesis. The erythroid hepcidin-suppressive signals should
be inactivated when iron is high to avoid further iron acquisition.
For an accurate tuning of hepcidin levels, the function of ERFE
should be coordinated with that of the BMP-SMAD activating
pathways. By cleaving HJV, TMPRSS6 could rapidly reduce the
BMP-SMAD signaling, to allow hepcidin suppression by ERFE
in response to erythropoietic iron needs. In line with this hy-
pothesis, Smad phosphorylation and Bmp-Smad target gene ex-
pression are reduced by EPO in WT mice, but not in Tmprss6 KO
and in Tmprss6-Bmp6 double KO mice (supplemental Figure 7).
Careful examination of the kinetics of hepcidin expression in Erfe
KO mice shows a mild but significant (twofold) suppression of
hepcidin 12 hours after phlebotomy,14 although the suppression is
much more evident and sustained inWTmice. This early reduction of
hepcidin expression is Erfe-independent and may well reflect the
primary setting of the Bmp pathway inactivation that is Tmprss6
dependent.

Altogether, these data provide new insights on the regulation of
hepcidin expression in response to acute erythropoietic stress. They
suggest that in response to EPO, two signaling pathways are induced
in parallel: the Erfe pathway and the matriptase-2 pathway. As
demonstrated by Kautz et al,14 Erfe is produced by the erythroid
progenitors and binds to its still unidentified receptor at the hepatocyte
cell surface. In parallel, we hypothesize that matriptase-2 is activated or
stabilized in response to EPO, independently of Erfe, in order to inhibit
the Bmp-Smad signaling pathway. It is still unclear how matriptase-2
is activated or stabilized. We speculate that following EPO injection,

the rapid erythropoiesis expansion may cause a transient drop of
holo-transferrin and that transient iron deficiency can stabilize
TMPRSS6/matriptase-2 on the cell surface.38 Following matriptase-2
stabilization, the Bmp-Smad pathway is inhibited through the Hjv-
Bmp complex allowing a much more effective hepcidin inhibition
by Erfe. Our data demonstrate that lack of Bmp-Smad signaling
pathway inhibition prevents hepcidin suppression by Erfe. For
an accurate tuning of hepcidin, the function of Erfe should be
coordinated with that of the main hepcidin-activating pathway.

In conclusion, our datademonstrate for thefirst time thatmatriptase-
2 is essential for hepcidin repression by increased erythropoiesis and
that lowering the BMP-SMAD signaling is a prerequisite for the EPO
function via ERFE.
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ABSTRACT 

Malaria, a major global health challenge worldwide, is accompanied by a severe anemia 

secondary to hemolysis and increased erythrophagocytosis. Iron is an essential functional 

component of erythrocyte hemoglobin and its availability is controlled by the liver-derived 

hormone hepcidin. We examined the regulation of hepcidin during malarial infection in 

mice using the rodent parasite Plasmodium berghei K173 (PbK). Mice infected with PbK 

develop a severe anemia and die after 18 to 22 days without cerebral malaria. During the 

early phase of blood-stage infection (day 1 to 5), a strong inflammatory signature was 

associated with increased production of hepcidin. Between days 7 and 18, while infection 

progresses, red blood cell count, hemoglobin and hematocrit dramatically decreased. In the 

late phase of malarial infection, hepcidin production was reduced concomitantly to an 

increase in the mRNA expression of the hepcidin suppressor erythroferrone (ERFE) in the 

bone marrow and the spleen. Compared with wild-type mice, Erfe
-/- 

mice failed to 

adequately suppress hepcidin expression after infection with PbK. Importantly, the 

sustained production of hepcidin allowed by ERFE ablation was associated with decreased 

parasitemia, providing further evidence that transient iron restriction could be beneficial in 

the treatment of malaria. 

 

INTRODUCTION 

Malaria remains a major health burden in inter-tropical countries. According to the annual 

World Malaria Report of the World Health Organization, an estimated 214 million people 

were clinically affected by malaria in 2015 and approximately 438�000 of these patients 

died due to severe complications
1
. Infection initiates when Plasmodium sporozoites are 

injected together with anti-coagulant saliva during a blood meal of an infected Anopheles 
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mosquito. Sporozoites migrate to the liver in search of a favorable niche in the hepatocyte 

where they replicate extensively. Thousands of merozoites are then produced and released 

into the circulation to invade red blood cells
2
, in which parasites further replicate during the 

symptomatic blood stage of the asexual developmental cycle
3
.  

 

Nearly all forms of life, including plants and pathogens, utilize iron for fundamental 

processes such as DNA synthesis, oxygen transport and generation of ATP. Plasmodium 

species are no exception as replication of the parasite in the liver and in erythrocytes is 

highly dependent on iron
4
. Indeed, iron chelators can inhibit Plasmodium growth in vitro

5
, in 

murine models of malaria infection
6, 7

, and in malaria-infected monkeys
8
. In humans, iron 

deficiency appears to protect against severe malaria
9-11

, while iron supplementation 

increases risks of infection and disease
12-15

. Iron deficiency also provides protection against 

infection with Plasmodium berghei in mice
16, 17

. 

 

The host systemic iron availability is controlled by the iron regulatory hormone hepcidin
18-20

 

which could therefore influence the susceptibility to malaria. Iron is absorbed from the diet 

by intestinal enterocytes and recycled from senescent or damaged red blood cells by 

macrophages
21

. The export of iron across the basolateral membrane of enterocytes and 

from iron-recycling macrophages is ensured by the sole known iron exporter ferroportin. 

Hepcidin binds to ferroportin and causes its internalization and degradation
19, 20

. The loss of 

ferroportin from the cell surface prevents iron efflux from intestinal enterocytes and from 

macrophages, leading to iron retention in these cells and subsequent hypoferremia. 
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Multiple studies have shown that hepcidin is upregulated during malarial infection in 

humans
22-24

 and in murine models
25, 26

. The underlying mechanisms may involve parasite-

induced inflammatory pathways but they are still unclear. Under the influence of high 

hepcidin concentration, as iron is redistributed to macrophages, the flow of iron into plasma 

is decreased, which routes iron away from the parasite and thereby prevents its 

multiplication. As a consequence, combined to red blood cell destruction by the parasite, 

this may worsen the host anemia because of restricted iron availability for erythropoiesis.  

 

Although the majority of studies on hepcidin and malaria have demonstrated an increased 

production of hepcidin during malarial infection, three recent studies have shown that in 

certain circumstances, hepcidin suppression may also occur. One study reported that among 

all children presenting with malaria, those with severe anemia had the lowest hepcidin 

levels
27

. Another study demonstrated that children with uncomplicated malaria had higher 

hepcidin levels than those who could be classified as either presenting with severe anemia 

or cerebral malaria
28

. Finally, a group of children with severe malarial anemia exhibited very 

low hepcidin serum levels
29

. Taken together, these studies clearly indicate that during 

severe malarial anemia, the signaling pathway that suppresses hepcidin can override the 

activation pathway associated with parasite-induced inflammation.  

 

The mechanisms of hepcidin suppression in severe malaria syndromes are not well defined. 

In the two human studies that monitored erythropoietin levels and serum hepcidin in 

malaria infection, erythropoietin and hepcidin were negatively correlated
27, 29

. One animal 

study has also demonstrated a significant negative correlation between serum 

erythropoietin and hepcidin in mice infected with Plasmodium berghei
24

. We recently 
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showed that high levels of erythropoietin cause hepcidin suppression indirectly by inducing 

the production of the erythroid regulator erythroferrone (ERFE) by erythroid progenitors in 

the bone marrow and the spleen
30

. ERFE is secreted in the circulation and acts on the liver 

to suppress hepcidin expression and increase dietary iron absorption and iron release from 

macrophages
30

. To assess the role of ERFE in hepcidin suppression observed in severe 

malaria, we first checked whether Erfe expression was upregulated in a murine model of 

malaria induced by Plasmodium berghei K173 (PbK), a strain that causes severe malarial 

anemia. Mice injected with PbK-parasitized red blood cells develop high parasitemia and 

severe anemia and die without cerebral symptoms 18-22 days post-infection
31

. We then 

infected Erfe-deficient mice and examined the impact of Erfe deletion on hepcidin 

expression, parasitemia and red blood cell indices. By highlighting the contribution of ERFE 

in hepcidin regulation during malaria, this study may suggest new therapeutic strategies to 

combat malaria. 

 

METHODS 

Mice and infection 

Since iron parameters and hepcidin levels differ significantly between male and female 

mice
32, 33

, only male mice were used in this study. 9 week-old C57BL/6 wild type (WT) mice 

(5 to 10 per time-point) were infected intra-peritonally (IP) with 10
6
 Plasmodium berghei 

K173-infected red blood cells and given free access to tap water and standard laboratory 

mouse chow diet (250 mg iron/kg; SAFE, Augy, France) during 18 days post infection. All 

animals were kept in pathogen-free animal facilities in Toulouse, and analyzed at days 0, 1, 

2, 3, 4, 5, 7, 9, 11, 13, 16 and 18 post-infection. Plasmodium berghei K173 was serially 
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passaged in vivo in C57BL/6 mice. Infected blood was harvested at day 5-7 post-infection 

and stored as frozen stabilates in Grau solution. 

Erfe
-/-

 mice on a C57BL/6 background were maintained at UCLA on a standard chow (200 

ppm iron; Labdiet, MO). Control WT C57BL/6J males were purchased from The Jackson 

Laboratory (Bar Harbor, Me). 8 week-old WT and Erfe
-/-

 mice were infected intra peritonally 

(IP) with 10
6
 Plasmodium berghei K173-infected red blood cells (6 mice per genotype). 50 µl 

of blood was sampled on days 0, 7, 10, 13 to determine complete blood count and hepcidin 

levels and mice were sacrificed on day 16. To monitor the effect of repetitive blood 

puncture, control WT and Erfe
-/-

 mice were injected intraperitoneally with normal saline and 

manipulated similarly to the infected mice (4 mice per genotype).  

 

Ethic statement 

Experimental protocols were approved by the Midi-Pyrénées Animal Ethics Committee (n° 

MP/07/59/10/11). Experiments including Erfe
-/-

 mice were conducted in accordance with 

guidelines by the National Research Council and were approved by the University of 

California, Los Angeles (protocol #2011-114-13C).  

 

Measurement of hematologic parameters and parasitemia 

Complete blood counts were obtained with a CELL-DYN Emerald Hematology System 

(Abbott Diagnostics France) or with a HemaVet blood analyzer (Drew Scientific) for the 

experiment performed at UCLA. Serum iron concentration was determined using  the IRON 

Direct Method kit (BIOLABO, Maizy, France). Parasitemia (i.e the percentage of infected 

RBCs) was assessed at each time point by microscopic counts of Giemsa’s solution-stained 

thin blood smears (Diff-Quick, Medion Diagnostics, Switzerland). 



7 

 

 

Quantitation of mRNA levels 

Total RNA from mouse liver, spleen, kidney or bone marrow was extracted using Trizol 

(Invitrogen). cDNA was synthesized using MMLV-RT (Promega). Quantitative PCR (Q-PCR) 

reactions were prepared with LightCycler® 480 DNA SYBR Green I Master reaction mix 

(Roche Diagnostics) and run in duplicate on a LightCycler® 480 System (Roche Diagnostics). 

For experiments in which WT and Erfe
-/-

 mice were compared, cDNA was synthesized using 

iScript (Biorad). Quantitative PCR reactions were prepared with Sso advanced Sybr Green 

supermix (Biorad) and run in duplicate on a CFXconnect Instrument (Biorad). Primer 

sequences are indicated in Supplemental Table 1. Tnf, Ifng, Hamp, Erfe, Gypa, Gdf15 and 

Twsg1 mRNA transcript abundance was normalized to the reference gene Rpl4. Epo mRNA 

expression was normalized to the reference gene Hprt. Results are expressed as -ΔCt ± 

standard error of the mean (i.e., the cycle threshold differences between reference and 

target genes within each group of mice). 

 

Serum hepcidin Enzyme-linked immunosorbent assays 

Serum hepcidin and serum IL-6-levels were quantified using the Intrinsic LifeSciences (La 

Jolla, CA) Hepcidin-Murine Compete™ competitive ELISA and the R&D Mouse IL-6 

Quantikine ELISA Kit respectively, according to the manufacturer's instructions.  

Statistical analysis 

The statistical significance of differences between groups was evaluated by One-way ANOVA 

followed by Dunnett’s multiple comparisons test using GraphPad Prism version 6.00 

(GraphPad Software, La Jolla, CA). The Student t-test was used to compare WT and Erfe
-/- 

mice. A P value < 0.05 in a two-tailed test was considered as statistically significant. 
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RESULTS 

Plasmodium berghei K173 infection causes inflammation and leads to severe anemia 

We first assessed parasitemia and the hematological parameters 1 to 18 days after infection 

of mice with Plasmodium berghei K173 (PbK). The parasites became detectable in the 

bloodstream 3 days after injection and multiplied exponentially to nearly 70% of parasitized 

red blood cells 18 days after infection (Figure 1A). White blood cells count (WBC) increased 

concomitantly with the parasitemia from day 7 to day 18 (Figure 1B). We next examined the 

expression of inflammatory cytokines during PbK infection. Tnf mRNA expression was 

induced 8-fold at day 1 and more than 30-fold at day 18 in the liver of PbK-infected mice 

compared to control mice (Figure 1C). Similarly, interferon gamma (Ifng) expression was 

slightly increased at day 2 and maximally increased 30 to 60-fold between day 5 and day 18 

after infection with PbK compared to controls (Figure 1D). On the contrary, red blood cells 

count (RBC), hemoglobin concentration, and hematocrit dramatically decreased between 

day 7 and day 18 after infection (Figure 2A-C) whereas mean corpuscular volume (MCV) 

increased between days 13 and 18. Collectively, these results indicate that infection with 

PbK leads to a severe malarial anemia with subsequent death after 18 days. 

 

Hepcidin expression in PbK-infected mice is first induced by parasite-induced 

inflammation and, in a second phase, suppressed while anemia worsens 

Increased production of the liver-produced hormone hepcidin has proven beneficial to 

prevent superinfections
25

. However, hepcidin expression is stimulated by inflammation 

during infections but also repressed by increased erythropoietic activity during anemia. We 

therefore measured circulating levels of hepcidin and liver hepcidin mRNA expression in PbK-
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infected mice. Consistent with the inflammatory status, serum hepcidin concentration and 

liver hepcidin mRNA expression were increased approximately 2-fold 3 to 5 days after 

infection with PbK compared to control mice (Figure 3A, B). Since hepcidin expression is 

regulated by iron and inflammation, we next assessed the iron parameters and the 

production of IL-6 and Activin B, two activators of hepcidin expression during inflammation. 

Serum iron concentration was only marginally increased 3 to 5 days after infection while liver 

Bmp6 mRNA expression decreased 4 and 5 days after infection (Figure 4A, B) suggesting that 

changes in circulating iron and liver iron content do not contribute to hepcidin upregulation 

during malarial infection. Changes in serum iron concentration are concomitant with the 

increase in parasitemia 3 days after infection. Erythrocytic forms of Plasmodium degrade 

approximately 60% to 80% of the total RBC hemoglobin content, which generates free 

heme and reactive oxygen species34. We therefore surmise that the slight increase in 

serum iron observed at days 3 to 5 may be attributable to the release of free iron after 

hemoglobin degradation or to positive interference of contaminating heme with the 

colorimetric procedure during the measurement35. Compared to mice injected with LPS, 

serum IL-6 concentration and liver Activin B (Inhbb) mRNA expression (Figure 4C, D) were only 

modestly increased after infection with PbK and hepatocytes STAT3 phosphorylation was not 

detectable (Supplementary Figure 1). These results suggest that these molecules are not 

major contributors in the stimulation of hepcidin production during malaria. While anemia 

progressed, serum hepcidin concentration decreased below baseline levels 13 to 18 days 

after infection (Figure 3A). Hepcidin mRNA expression was also repressed approximately 8 to 

32-fold between 13 and 18 days after infection with PbK compared to control mice (Figure 

3B).  
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Hepcidin suppression coincides with increased erythropoietic activity and erythroferrone 

production 

In parallel, erythropoietin (EPO) mRNA expression in the kidney was upregulated between 

days 7 and 18 in mice infected with PbK compared to control mice (Figure 5A). Similarly, 

spleen index increased from day 4 to day 18 after infection with PbK (Figure 5B) and 

glycophorin A (Gypa) mRNA expression, a marker of erythropoiesis, was elevated 

approximately 5 to 64-fold in the spleen between days 7 and 18 (Figure 5C). Collectively, 

these results show a progressive increase in erythropoietic activity that is proportional to 

the degree of anemia in PbK-infected mice and accompanied by extramedullary 

erythropoiesis. Interestingly, Gypa mRNA expression was reduced 2 to 5 days after infection 

in the bone marrow and 3 days after infection in the spleen, presumably because of an 

inhibition of erythropoiesis by inflammatory cytokines
36

 during Plasmodium berghei 

infection. To decipher the mechanism involved in hepcidin suppression we studied the 

expression of the known negative regulators of hepcidin: Erfe
30

, Gdf15
37

 and Twsg1
38

. We 

found that erythroferrone (Erfe) mRNA expression mirrored circulating levels of EPO and 

was induced in the bone marrow (~128-fold) and in the spleen (~2000-fold) of PbK-infected 

mice compared to control mice at day 18 (Figure 5D). The increase in Erfe mRNA expression 

in the spleen is mostly attributable to the expansion of the splenic erythroid compartment, 

as shown by Gypa mRNA expression (Figure 5C). On the contrary, Gdf15 and Twsg1 mRNA 

expression did not correlate with hepcidin suppression during malarial infection. Indeed, 

Gdf15 mRNA expression was only slightly increased between day 1 and day 9 in the bone 

marrow and the spleen of infected mice and returned to normal before hepcidin 

suppression (Supplementary Figure 2). Similarly, Twsg1 mRNA expression showed only 
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minor fluctuations in the spleen and was significantly decreased in the bone marrow 11 and 

13 days after infection compared to control mice (Supplementary Figure 2). 

 

Erythroferrone contributes to hepcidin suppression during malarial anemia and its 

absence in Erfe
-/-

 mice has a significant impact on parasitemia 

To determine whether ERFE contributes to hepcidin suppression during malarial infection, 

we compared WT and Erfe
-/-

 after infection with PbK. Six mice per genotype were infected 

with PbK and blood was repetitively sampled on days 0, 7, 10 and 13 before the mice were 

analyzed on day 16. The repetitive blood puncture did not influence serum hepcidin 

concentration (Figure 6A). We found that serum hepcidin concentration was similarly 

elevated in WT and Erfe-deficient mice 7 and 10 days after infection compared to baseline 

at day 0 (Figure 6B). However, whereas serum hepcidin concentration was reduced below 

baseline in WT mice 13 and 16 days after infection, hepcidin suppression was totally blunted 

in Erfe-deficient mice. In the same line, hepatic hepcidin mRNA expression was 6-fold higher 

in Erfe
-/-

 mice compared to wild-type mice 16 days after infection with PbK (Figure 6C). As a 

consequence of higher circulating levels of hepcidin, Erfe
-/-

 mice had higher spleen iron 

content compared to WT mice 16 days after infection (Figure 6D), which is consistent with 

hepcidin-induced degradation of the iron exporter ferroportin at the cell surface of 

macrophages. These results clearly demonstrate that ERFE contributes to hepcidin 

suppression and mobilization of iron from the stores during malarial infection. Interestingly, 

determination of parasitemia revealed lower parasite count in Erfe-deficient mice compared 

to WT mice 13 days after infection (Figure 7A) suggesting that iron retention in the reticulo-

endothelial system temporarily impeded the multiplication of the parasite. Despite higher 

hemoglobin concentration and RBC in Erfe
-/- 

compared to WT mice at day 10, the drop in 
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hemoglobin (Figure 7B) and RBC (Supplementary Figure 3) was more prominent in Erfe
-/-

 

mice than in WT mice between day 10 and day 13 after infection with PbK (Figure 7B). 

Indeed, Erfe
-/-

 mice had significantly lower hemoglobin at day 13 compared to WT mice. 

Similarly, mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH) were 

also lower in Erfe-deficient mice compared to WT mice at day 13 (Figure 7C, D) indicating a 

mild iron restriction in Erfe
-/-

 mice. This shows that, by preventing complete suppression of 

hepcidin, the absence of ERFE leads to transient iron restriction during Plasmodium berghei 

infection and has a significant impact on parasitemia. 

 

DISCUSSION 

Malaria is currently one of the most geographically widespread and deadly diseases 

resulting in around half a million deaths every year
1
. Iron and its regulatory hormone 

hepcidin play a crucial role in determining the multiplicity of malaria infections within the 

host. In accordance with previous studies on other murine models of malaria infection
25, 26

, 

we observed that injection of PbK-infected red blood cells to C57BL/6 mice led to a rapid 

upregulation of hepcidin production. Circulating levels of hepcidin more than doubled 3 to 5 

days after infection but the mechanisms involved in this upregulation remain unclear. 

Although IL-6 has been shown to be correlated with hepcidin in some studies
27-29

, in another 

study urinary IL-6 and hepcidin were not significantly associated
23

. Furthermore, in one ex 

vivo study, human peripheral blood mononuclear cells co-incubated with Plasmodium-

infected red blood cells exhibited a significant upregulation of hepcidin mRNA without 

concomitant IL-6 mRNA increase
39

. Finally, a study investigating the mechanisms by which 

blood-stage malaria infection can prevent the establishment of a liver-stage infection, which 

is thought to be modulated by hepcidin, found that liver-stage inhibition was preserved in 



13 

 

mice treated with anti-IL6 antibodies
25

. Thus, the role of IL-6 in hepcidin induction in malaria 

remains controversial. Notably, in comparison to mice injected with lipopolysaccharide 

(LPS)
40

, we did not observe any physiologically relevant increase in serum IL-6 concentration 

4 and 5 days after infection with PbK and phosphorylated STAT3 was not detected in 

hepatocytes (Figure 4 and Supplementary Figure 1). Activin B is a ligand of the TGFβ 

superfamily that is upregulated by inflammatory stimuli such as LPS and was shown to 

increase hepcidin expression through SMAD1/5/8 signaling in hepatoma cell lines
40

. 

Similarly to IL-6, we detected only a mild induction of activin B mRNA expression compared 

to mice challenged with LPS (Figure 4). It is therefore unlikely that IL-6 and activin B 

stimulate hepcidin expression during Plasmodium berghei infection. Dissecting the 

pathways leading to early hepcidin upregulation in response to parasite exposure 

represents a major goal for future studies.  

 

Although the mechanism stimulating hepcidin in malaria is unclear, increased hepcidin 

production appears to have several advantages for the host. First, as seen in this study, 

sustained hepcidin production leads to iron relocalization in macrophages that is reflected 

by the increased splenic iron content in Erfe-deficient mice compared to WT mice. Although 

hepcidin upregulation also blocks iron absorption from the diet, which together with iron 

retention in macrophages probably contributes to the malarial anemia, it routes iron away 

from pathogens that could potentially exploit circulating iron, limiting Plasmodium growth 

and proliferation. Interestingly, the increased hepcidin caused by blood-stage infections was 

shown to significantly reduce the development of liver-stage Plasmodium infection by 

limiting the access of proliferating parasites to iron in hepatocytes
25

. Clearance of an on-

going blood-stage infection with chloroquine returned hepcidin mRNA to normal levels and 
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allowed the development of a secondary liver infection. Thus, the redistribution of iron 

caused by hepcidin is a key factor that can determine the outcome of liver Plasmodium 

infection and may protect children living in endemic areas of malaria from superinfections
41

.  

 

Iron sequestered in macrophages is not available for an efficient bone marrow response to 

increased erythrophagocytosis of both parasitized and non-parasitized red blood cells
42

. As a 

consequence, starting at day 7, mice infected with PbK present with a progressive decrease 

in the number of red blood cells, hemoglobin, and hematocrit. A few days later, massive 

erythrocyte lysis due to elevate parasitemia and the negative effects of inflammatory 

cytokines, including TNF-α and IFN-γ, on reticulocyte production leads to severe anemia in 

this experimental model. Stimulation of erythropoietic activity translates into a dramatic 

increase of erythropoietin expression and extramedullary erythropoiesis. These 

manifestations are reminiscent of severe anemia observed in some children living in 

endemic areas of malaria
27, 29

 and is accompanied by a strong repression of hepcidin 

expression, both at the mRNA and the protein level. There is therefore a turning point post-

infection where the signaling pathway that suppresses hepcidin overrides the activation 

pathway associated with blood-stage parasitemia.  

 

Consistent with previous studies
27, 29

, we observed that the suppression of hepcidin starting 

at day 7 was negatively correlated with the increase in erythropoietin. More interestingly, 

we show here that this suppression is also negatively correlated with the expression of the 

recently described erythroid factor erythroferrone (ERFE) in the bone marrow and in the 

spleen. Given that ERFE suppresses hepcidin during increased erythropoietic activity, we 

used Erfe-deficient mice to demonstrate that ERFE was indeed involved in the suppression 
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of hepcidin in mice infected with Plasmodium berghei K173. We showed that, in contrast to 

wild-type mice, Erfe-deficient mice failed to repress their hepcidin below the level of non-

infected mice. As a consequence, they retain more iron in cells of the reticuloendothelial 

system than wild-type mice, which translates into higher splenic iron content and lower red 

blood cell indices. Most interestingly, parasitemia is significantly lower at day 13 post-

infection in Erfe-deficient mice compared with wild-type mice. These data indicate the 

potential benefit of maintaining even a moderate hepcidin production during the course of 

severe malarial. 

We also observed a decrease in hepcidin production in Erfe-deficient mice between days 7 

and 10 after infection which may be attributable to the resolution of the inflammatory 

pathway stimulating hepcidin or to potential additional regulators. Similar results were 

observed in mice treated with heat-killed Brucella abortus particles
43

. However, hepcidin 

levels only returned toward baseline and we did not observe any suppression of hepcidin 

in Erfe-/- mice indicating that ERFE represses hepcidin during malarial anemia. Further 

investigation will be necessary to identify the mechanism leading to hepcidin upregulation 

during malarial infection.  

Surprisingly, Erfe
-/-

 mice had higher RBC and hemoglobin levels compared to WT mice 7 to 

10 days after infection despite comparable parasitemia and hepcidin levels. We speculate 

that ERFE deficiency is somewhat protective against the ability of the parasite to invade or 

to replicate in RBCs during the early stage of infection.  

Given the hepcidin suppressive effect of ERFE
30, 43, 44

 and the clear advantage of Erfe-

deficient mice during malaria infection, ERFE inhibitors would be expected to maintain 

hepcidin levels high enough to impede Plasmodium growth and proliferation and promise to 

be useful adjuvants in the treatment of malaria. However, inhibition of ERFE during malarial 
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infection may also worsen the anemia
30, 43

. Thus, after clearance of the parasite from the 

bloodstream, ERFE or related agonists could, in a second step, accelerate the recovery from 

malarial anemia by increasing intestinal iron absorption and mobilization of iron from the 

stores. 

Importantly, our study focused on the blood stage infection as the liver stage was 

completely bypassed by direct injection of infected RBCs into mice. However, the malaria 

parasite also requires iron during the exoerythrocytic phase of replication in the liver. 

Indeed, hepcidin peptide injection or hepcidin overexpression by transgene or viral vector 

can reduce parasite survival in the liver
25

. It remains to be determined whether ERFE 

contributes to the asymptomatic liver stage and the release of merozoites into the 

bloodstream. 
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FIGURE LEGENDS 

Figure 1: Plasmodium berghei K173 infection is accompanied by a strong inflammatory 

response. Parasitemia (A) and white blood cell count (B) progressively increased from day 7 

to day 18. Hepatic Tnf mRNA expression (C) increased from day 1 to day 18 in the liver of 

mice infected with PbK. Similarly, Interferon γ (Ifng) expression (D) significantly increased by 

day 2 and reached a plateau at day 5 after infection with PbK. Data shown are means ± 

s.e.m and were compared for each time point to values for control mice at t = 0 (n = 5 to 10 

mice per group except at day 18 where only 3 mice had survived) by one-way ANOVA. ***P 

< .001, **P< .01, *P< .05. 

Figure 2: Mice infected with Plasmodium berghei K173 (PbK) develop a severe anemia. 

Red blood cell count (A), hemoglobin concentration (B) and hematocrit (C) decreased 

dramatically from day 7 to day 18. Conversely, MCV was increased 13 to 18 days after 

infection with PbK. Data shown are means ± s.e.m and were compared for each time point 

to values for control mice at t = 0 (n = 5 to 10 mice per group except at day 18 where only 3 

mice had survived) by one-way ANOVA. ***P < .001, **P< .01, *P< .05. 

Figure 3: Bi-phasic regulation of hepcidin production during P. berghei K173 infection. 

Consistent with the inflammatory stimulation, serum hepcidin concentration (A) and 

hepcidin (Hamp) mRNA expression in the liver (B) were increased between day 3 and day 5 

but progressively returned to normal between day 5 and 11 and were significantly reduced 

between day 13 and day 18. Data shown are means ± s.e.m and were compared for each 

time point to values for control mice at t = 0 (n = 5 to 10 mice per group except at day 18 

where only 3 mice had survived) by one-way ANOVA. ***P < .001, **P< .01, *P< .05. 

Figure 4: Serum iron and IL-6 concentration and liver Bmp6 and Inhbb mRNA expression 

during P. berghei K173 infection. Serum iron concentration (A) was slightly increased at 

days 4, 13 and 16 whereas Bmp6 mRNA expression (B) was decreased 5 days after infection 

with PbK. Serum IL-6 concentration (C) and liver activin B (Inhbb) mRNA expression (D) were 

marginally increased 4-5 days after infection with PbK compared to mice challenged with 

LPS
40

. Data shown are means ± s.e.m and were compared for each time point to values for 

control mice at t = 0 (n = 5 to 10 mice per group except at day 18 where only 3 mice had 

survived) by one-way ANOVA. ***P < .001, **P< .01, *P< .05. 

Figure 5: Erfe mRNA expression is highly increased during infection with PbK. Epo mRNA 

expression was highly induced in the kidney of infected mice (A). Increased EPO production 

was accompanied by a massive increase in spleen index (B), Gypa (C) and Erfe mRNA 
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expression (D) in the bone marrow and the spleen. Gypa mRNA expression (C) decreased 

between day 0 and day 3 in the bone marrow and the spleen and increased in the spleen 

between day 15 and 18. Data shown are means ± s.e.m and were compared for each time 

point to values for control mice at t = 0 (n = 5 to 10 mice per group except at day 18 where 

only 3 mice had survived) by one-way ANOVA. (A, B) ***P < .001, **P< .01 and (C, D) ***P < 

.001, *P< .05 for the marrow and ### P < .001, ## P< .01, # P< .05 for the spleen. 

Figure 6: Ablation of Erfe leads to impaired regulation of hepcidin and iron retention in the 

stores during infection with PbK. Repetitive blood puncture did not influence serum 

hepcidin concentration in saline controls (A). Serum hepcidin levels (B) were significantly 

decreased below baseline at days 13 and 16 after infection in wild-type mice (solid line, 

dotted symbols) but not in Erfe-deficient mice (dashed line, triangle symbols). At day 16 

after infection with PbK, Hamp mRNA expression (C) was suppressed in WT but not in Erfe
-/-

 

mice. As a result,  

Erfe
-/- 

mice had higher spleen iron content than wild-type mice (D). (A, B) The same mice 

were monitored between day 0 and 16 (n=6 mice per genotype for PbK-treated mice and 4 

mice per genotype for saline controls). Data shown are means ± s.e.m and were compared 

for each mice at each time point to values at t = 0 (***P < .001, **P< .01, *P< .05) and 

between WT and Erfe
-/-

 mice (### P < .001, (## P < .01, # P< .05) by two-tailed Student t-test 

(n = 6 mice per group). (C-D) Data shown are means ± s.e.m and were compared for each 

genotype between mice injected with saline and PbK (***P < .001, **P< .01) and between 

WT and Erfe
-/-

 mice (## P < .01, # P< .05) at day 16 by two-tailed Student t-test. 

Figure 7: Parasitemia, hemoglobin, MCV and MCH in WT and Erfe
-/- 

mice during infection 

with PbK. WT and Erfe
-/- 

mice exhibited similar parasitemia at days 7 and 10 post-infection 

but Erfe
-/-

 had lower parasite count at day 13 (A). Hemoglobin (B) dramatically decreased 

during infection whereas MCV (C) and MCH (D) increased between day 10 and 16. 

Compared to WT mice, the drop in hemoglobin between day 10 and 13 was more 

prominent in Erfe
-/- 

mice despite lower parasitemia. MCV and MCH were lower in Erfe
-/-

 mice 

than in WT mice at day 13 suggesting iron restriction. The same mice were monitored 

between day 0 and 16 (n=6 mice per genotype for PbK-treated mice and 4 mice per 

genotype for saline controls). Data shown are means ± s.e.m and were compared for each 

mice at each time point to values at t = 0 (***P < .001, **P< .01, *P< .05) by One-way 

ANOVA and between WT and Erfe
-/-

 mice (### P < .001, (## P < .01, # P< .05) by two-tailed 

Student t-test. 
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Supplementary table 1 : Primer sequences 

gene forward reverse 

Hprt CTGGTTAAGCAGTACAGCCCCAA CAGGAGGTCCTTTTCACCAGC 

Rpl4 
TGAAAAGCCCAGAAATCCAA 

 
AGTCTTGGCGTAAGGGTTCA 

 

Hamp 
AAGCAGGGCAGACATTGCGAT 

 
CAGGATGTGGCTCTAGGCTATGT 

 

Epo GCCTCACTTCACTGCTTCGG 
GGAGGCGACATCAATTCCTTC 

 

Erfe ATGGGGCTGGAGAACAGC TGGCATTGTCCAAGAAGACA 

Gypa GGAGGAATGCCGTCACCAA 
TAATCCCTGCCATCACGCC 

 

Tnfa AATGGCCTCCCTCTCATCAG GCTACGACGTGGGCTACAGG 

Infg CAGCAACAGCAAGGCGAAA AGCTCATTGAATGCTTGGCG 

Gdf15 GCTGTCCGGATACTCAGTCCA TTGACGCGGAGTAGCAGCT 

Twsg1 AGCGACAAAGAGCGCATGTG CACTGGTGGATGGACATGCAG 

 

Supplementary methods: 

Immunohistochemistry 

Four-micrometer sections of paraffin-embedded tissues were mounted on glass slides. 

Antigen retrieval was performed by incubating tissue sections with Citrate buffer pH6 for 10 

min at 98°C. Cell membrane was permeabilized using Triton 0.3% for 10 min. Endogenous 

peroxidase activity was quenched by incubating specimens with Dako REAL Peroxidase 

Blocking Solution (Dako, Trappes, France). Tissue sections were then blocked with normal 

horse blocking serum (Vector Laboratories, Burlingame, CA, USA) and incubated overnight 

at 4°C with the primary anti-Phospho-Stat3 (Tyr705) (D3A7) antibody (1/150; Cell Signaling 

Technology) diluted in PBS-1% BSA. Immunohistochemical staining was performed using the 



ImmPRESS Reagent (ImmPRESS Anti-Goat Ig peroxidase Kit; Vector Laboratories) according 

to the manufacturer’s instructions. Sections were counterstained with hematoxylin. 

  



 

 

 

 

 

Supplementary Figure 1: Immunohistochemical detection of p-STAT3 in the liver of mice 

infected with PbK. Phosphorylation of STAT3 was not detectable in the liver of mice at days 

1 (A), 2 (B), 3(C), 4 (D), 5 (E) after infection with PbK. On the contrary, p-STAT3 was found in 

hepatocytes nuclei 1h after LPS administration (F). Original magnification x40. Scale bars 

represent 50 µm. 
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 Supplementary Figure 2: Gdf15 and Twsg1 mRNA expression in the bone marrow and 

spleen of WT mice infected with PbK.  Gdf15 mRNA expression (A) increased in the bone 

marrow (solid line, dotted symbols) and the spleen (dashed line, triangle symbols) between 

day 1 and day 9 (bone marrow) or 13 (spleen). Twsg1 expression (B) was unchanged in the 

spleen and slightly decreased in the bone marrow at days 11 and 13. Data shown are means 

± s.e.m and were compared for each time point to values for control mice at t = 0 (n = 5 to 

10 mice per group except at day 18 where only 3 mice had survived) by one-way ANOVA. 

***P < .001, **P< .01 for the bone marrow and ### P < .001, ## P< .01, # P< .05 for the 

spleen. 
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Supplementary Figure 3: Red blood cell count in WT and Erfe-/- mice during infection with 

PbK. RBC dramatically decreased during infection with PbK. Compared to WT mice, the drop 

in RBC between day 10 and 13 was more prominent in Erfe-/- mice despite lower 

parasitemia. The same mice were monitored between day 0 and 16 (n=6 mice per 

genotype). Data shown are means ± s.e.m and were compared for each mice at each time 

point to values at t = 0 (***P < .001, **P< .01, *P< .05) by One-way ANOVA and between 

WT and Erfe-/- mice (### P < .001, (## P < .01, # P< .05) by two-tailed Student t-test. 
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RESUME 

 Le fer est un élément essentiel à de nombreux processus physiologiques 

fondamentaux. Lors d’une infection, une forte compétition entre l'hôte et l'agent pathogène a 

lieu ; alors que la bactérie a besoin d’acquérir le fer de l’hôte, pour son développement et sa 

virulence, l’hôte déploie de nombreux mécanismes pour protéger ses stocks de fer. Il sécrète 

notamment un peptide capable de moduler l’homéostasie du fer au niveau systémique, 

l’hepcidine, qui va causer une diminution de la quantité de fer sérique, une rétention 

intracellulaire du fer et donc une restriction du fer accessible aux pathogènes.  

 Lors d’une inflammation, l’expression de l’hepcidine est décrite dans la littérature pour 

être principalement induite via l’activation de deux voies de signalisation : la voie STAT3 et la 

voie BMP/SMAD, l’altération de chacune de ces voies conduisant à un défaut d’induction 

d’hepcidine. Cependant, nos précédentes observations publiées ont infirmé le rôle de l’IL6, 

ligand de la voie STAT3, dans la régulation de l’hepcidine en réponse au LPS, et ont 

suggéré l’implication d’un peptide appartenant à la famille du TGFb, l’activine B, dans la 

régulation de l’hepcidine via l’activation de la voie BMP/SMAD in vivo. 

 Dans cette étude, nous nous sommes intéressés au rôle de l’activine B dans la 

régulation de l’hepcidine in vivo, lors d’une infection. Grâce à l’utilisation de souris invalidées 

pour le gène codant l’activine B (Inhbb-/-), nous avons confirmé que l’activine B était un ligand 

endogène de la voie BMP/SMAD dans le foie, puisqu’elle induit la phosphorylation des 

effecteurs SMAD en réponse au LPS. Cependant, nous avons pu clairement démontrer que 

l’activine B, et donc l’augmentation de la phosphorylation des effecteurs SMAD, ne 

participaient pas à la régulation de l’hepcidine in vivo, en réponse à l’infection.  

 Nous nous sommes alors intéressés à l’implication de l’IL6 dans la régulation de 

l’hepcidine. Alors que l’absence d’Il6 n’altère pas l’induction de l’hepcidine in vivo en réponse 

au LPS, cette cytokine semble jouer un rôle clé pour la réponse de l’hôte lors d’une infection 

par une bactérie. Dans ce contexte,  la littérature décrit l’importance de l’IL6 pour une 

réponse immunitaire protectrice de l’hôte lors d’une infection.  

 Lors d’une infection, nous proposons donc l’implication d’une nouvelle voie de 

signalisation dans l’expression de l’hepcidine. De plus, nous suggérons un rôle important de 

l’IL6, non pas dans la régulation transcriptionnelle de l’hepcidine, mais pour la protection de 

l’hôte lors d’une infection bactérienne. Enfin, nos résultats montrent qu’un niveau d’activation 

basal de la voie BMP/SMAD est requis pour une induction d’hepcidine lors d’inflammation, et 

que l’augmentation de la phosphorylation des effecteurs SMAD observée en réponse à 

l’inflammation ne participe pas à cette régulation.  



 

Iron and innate immunity: toward a better understanding of the mechanisms 

developed by the host to reduce the iron availability for pathogens” 

 Iron is essential for several fundamental metabolic processes. During 

infection, a strong competition between the host and the pathogen occurs; while the 

bacteria needs to acquire iron from the host, for its growth and virulence, hosts have 

developed several mechanisms to protect its iron stores. In particular, the host 

produces a peptide in order to modulate systemic iron homeostasis, hepcidin. 

Hepcidin decreases the amount of circulating iron, causes intracellular iron retention 

and thus a restriction of accessible iron to pathogens. 

 During inflammation, hepcidin expression is described in the literature to be 

mainly mediated through activation of two signaling pathways: the STAT3 and the 

BMP/SMAD pathways. Impairment of one of these pathways leads to an impaired 

hepcidin induction. However, our previous published observations did not support the 

role of IL6, the major ligand of STAT3 pathway, in the regulation of hepcidin in 

response to LPS, but suggested the involvement of another protein, that belongs to 

the TGFb family, activin B, in the regulation of hepcidin via the activation of the 

BMP/SMAD pathway in vivo. 

 In this study, we investigated the role of activin B in the regulation of hepcidin 

in vivo, during infection. By using knockout mice for the gene encoding activin B 

(Inhbb-/-), our results suggest that activin B is not involved in the regulation of 

hepcidin in vivo in response to infection. 

 We then investigated the function of IL6 in the regulation of hepcidin. Although 

the absence of IL6 does not affect the induction of hepcidin in vivo in response to 

LPS, this cytokine appears to play a key role in the host response during bacterial 

infection. Indeed, the literature describes the importance of IL6 for a protective 

immune response of the host during infection. 

 During infection, we hypothesize that another signaling pathway regulates 

hepcidin expression. In addition, we suggest an important role of IL6, not in the 

transcriptional regulation of hepcidin, but for the host protection during a bacterial 

infection. Finally, our results also show that basal level of BMP/SMAD pathway is 

required for an appropriate induction of hepcidin during inflammation. 
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RESUME 

Les organismes eucaryotes et procaryotes ont besoin de fer pour assurer des 

fonctions essentielles à leur survie. Lors de maladies infectieuses, une compétition 

entre l'hôte et l'agent pathogène a donc lieu et la disponibilité du fer impacte la 

virulence du pathogène mais aussi les défenses antimicrobiennes de l’hôte. 

L’hepcidine est le régulateur central du métabolisme du fer chez les eucaryotes et, 

lors d’infections, son action cause la rétention du fer dans les cellules, afin de limiter 

l’accès au fer aux pathogènes. Dans ces processus, les données de la littérature 

décrivent l’implication de deux voies de signalisation, la voie BMP/SMAD et la voie 

STAT3, dans l’induction de l’hepcidine. L’objectif de ces travaux est de mieux 

comprendre les mécanismes qui régulent l’expression de  l’hepcidine chez l’hôte, lors 

d’une infection. 

Nos résultats montrent que la régulation de l’hepcidine lors d’une infection est 

complexe et remettent en question certaines données de la littérature. Nous 

suggérons notamment l’implication d’une nouvelle voie de signalisation dans la 

régulation de l’hepcidine, indépendante des voies de signalisation BMP/SMAD et 

STAT3. Nous mettons également en évidence l’importance d’une cytokine, 

l’interleukine-6, dans la protection de la réponse de l’hôte lors des infections. 
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