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RÉSUMÉ 

Les cellules souches hématopoîétiques (CSH) sont chargées de produire tous les types de 

cellules sanguines toul au long de la vie de l'organisme. Les CSH sont maintenues dans la 

moëlle osseuse à l'état de repos dans un microenvironnement spécial nommé niche. Cette 

niche régule la réponse des CSH aux changements environnementaux. Un récepteur de la 

famille des Frizzled (Fzd), Fzd6, est exprimé sur les CSH et leurs descendants. Nous avons 

déjà démontré que Fzd6 joue un rôle important en régulant l'expansion des CSH et leur 

maintien à long terme. Nous voulons maintenant mieux comprendre les mécanismes par 

lesquels Fzd6 régule les CSH pendant l'hématopoîèse en situation de stress induite par 

lipopolysaccharide (LPS). Nous observons une fréquence significativement plus élevée de 

cellules de type CSH chez les souris WT comparativement aux souris Fzd6 KO. Cependant, il y 

a moins de CSH KO au stade GO du cycle cellulaire, suggérant qu'elles sont plus fortement 

activées que les CSH WT. Lorsque les cellules WT sont transplantées dans un environnement 

KO, elles réagissent au LPS au moins aussi fortement que dans un environnement WT. De 

plus, leur capacité à reconstituer un hôte secondaire n'est pas affectée. Ces résultats montrent 

que le défaut dans l'expansion des CSH Fzd6 KO est intrinsèque aux cellules hématopoîétiques 

et qu'il n'est pas dO à une réponse inefficace au LPS. Nous montrons également que la sortie 

des CSH Fzd6 KO de la moëlle osseuse vers le sang périphérique est altérée à la suite de 

l'injection de G-CSF et nous avons identifié MIP1 a, qui est produit par les macrophages, 

comme un candidat prometteur responsable de la suppression des CSH KO. Ces études 

suggèrent que Fzd6 a un effet protecteur dans la moëlle osseuse et pourrait aider à prévenir 

une suractivation de la réponse inflammatoire dans un contexte d'infection systémique. 



ABSTRACT 

Hematopoietic stem cells (HSCs) are in charge of the production of all blood cell types 

throughout the organism's lifetime. HSCs a're maintained in the bone marrow in a quiescent 

state in a special microenvironment called niche that regulates the HSCs response to 

environmental changes. The Frizzled (Fzd) family receptor Fzd6 is expressed on HSCs and 

their downstream progeny. We have previously shown that Fzd6 plays a pivotai role in 

regulating HSC expansion and long-term maintenance. Now we sought to better understand the 

mechanisms by which Fzd6 regulates HSCs during LPS-induced stress hematopoiesis. We 

observed a significantly higher frequency of HSC-like cells in WT mice as compared to Fzd6 KO 

mice. However, fewer KO HSCs were found in the GO stage of cell cycle, suggesting that they 

were more strongly activated. Also, when WT cells were transplanted in a KO environment, they 

responded to LPS at least as strongly as in WT environment. Moreover, their ability to 

reconstitute a secondary host was not i,mpaired. These results show that the defect in Fzd6 KO 

HSC expansion is intrinsic to hematopoietic cells and is not due to an inefficient response to 

LPS. We further report that Fzd6 KO HSCs show impaired egress from bone marrow to 

peripheral blood after G-CSF administration and identify macrophage-derived MIP1 a as a 

promising candidate responsible for KO HSC suppression. These studies suggest that Fzd6 has 

a protective effect in the bone marrow and may help prevent an overactivation of the 

inflammatory response in the context of systemic infections. 
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RÉSUMÉ RÉCAPITULATIF 

INTRODUCTION 

Le sang est un composant essentiel de la vie. Il est composé de nombreux types de 

cellules générées dans la MO à partir des cellules souches hématopoîétiques (CSH) et qui 

circulent dans les veines et les artères jusqu'aux organes périphériques pour devenir des 

cellules spécialisées. Chaque jour, plus de 1 OO milliards (Boulais et al., 2015) de cellules 

sanguines matures sont produites par le système hématopoîélique pour remplir de nombreuses 

fonctions importantes, telles que le transport de l'oxygène dans les organes périphériques, la 

surveillance des agents pathogènes étrangers et la régénération des organes. 

A l'état basal, les CSH à long terme (CSH-L T) se différencient séquentiellement en CSH 

à court terme (CSH-CT) et en progéniteurs multipotents (MPP) qui ont une capacité d'auto­

renouvellement limitée (Figure 1.1). Toutefois, le potentiel des MPP de se différencier en tous 

les types de cellules sanguines reste inchangé. Les MPP génèrent des progéniteurs 

lymphoîdes multipotents (LMPP). Ensemble, ces quatre types de cellules forment la population 

de cellules souches/progénitrices hématopoîétiques (CSPH), qui sont identifiées par la 

combinaison de marqueurs un-(B220"CD3eCD11b"GRfTer119") Sca1+cKit+ (LSK) chez la · 

souris. Les LMPP sont définis comme étant des LSK Flt3+ et représentent jusqu'à 25% des LSK 

(Adolfsson et al., 2005). Ils ont le potentiel de produire les lignées lymphoîdes et myélordes, 

mais ne produiront pas de mégakaryocytes ou de cellules érythroîdes (Adolfsson et al., 2005, 

Kahn étal., 2012). Les MPP2 et les MPP3 sont caractérisés comme étant des sous-populations 

des LSK Flt3- et les LMPP sont aussi nommés MPP4 (Wilson et al., 2008). Les LMPP/MPP4 

incluent les progéniteurs lymphoîdes précoces Rag1+ (lgarashi et al., 2002), qui migrent de la 

moëlle osseuse au thymus pour établir une population de early thymocyte progenitor (ETP) qui 

ont le potentiel de produire un grand nombre de lymphocytes T, mais qui ont une capacité 

restreinte de produire des cellules Natural killer (NK), des cellules dendritiques (DC) et des 

cellules B (Bell et al., 2008). Les progéniteurs lymphoîdes communs (CLP) génèrent des 

cellules B, des NK et des DC dans la moëlle osseuse (Kendo et al., 1997, Mansson et al., 

2010). Les CLP pourraient aussi avoir le potentiel de se différencier en lymphocytes T. En aval 

des MPP2/MPP3 se trouvent les progéniteurs myéloîdes communs (CMP) (Akashi et al., 2000, 

Manz et al., 2002), qui donnent naissance à des progéniteurs de granulocytes et macrophages 

(GMP) et à des progéniteurs de mégakaryocytes et érythrocytes (MEP) (Nakorn et al., 2003, 
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Pronk et al., 2007). Les granulocytes et les macrophages sont rapidement générés à partir des 

GMP (Akashi et al., 2000, Man<: et al., 2002). 

Le système hématopo"iétique à la capacité d'accroître rapidement et considérablement la 

production de cellules sanguines pour compenser une perte de celles-ci en conditions de 

stress, telles qu'une infection virale ou bactérienne, une irradiation, une chimiothérapie, etc. 

Dans ces cas, le système hématoporétique est activé pour s'adapter à une demande croissante 

de générer des nouvelles cellules sanguines. L'expression « hématopoîèse d'urgence » est 

utilisée pour distinguer les conditions causées par le stress et l'hématopoïèse de base. 

L'hématopoîèse d'urgence est caractérisée par l'expansion des CSPH et de leurs 

progénitures, en nombre et en proportion, en réponse à des conditions de stress dans la moëlle 

osseuse causées par des signaux environnementaux, tels que des cytokines inflammatoires ou 

des produits microbiens (Baldridge et al., 2010, Boettcher et al., 2014, Kwak et al., 2015). 

L'infection systémique par différents agents pathogènes d'origine virale, bactérienne ou 

parasitaire peut changer le débit normal de l'hématopoïèse dans la moëlle osseuse. Des 

infections in vivo avec des agents causatifs du paludisme ou de la toxoplasmose changent 

l'hématopoïèse de base avec une augmentation spectaculaire du nombre de granulocytes dans 

la moëlle osseuse tout en inhibant temporairement la différenciation des lymphocytes, des 

érythrocytes et des mégakaryocytes (Chou et al., 2012, Villeval et al., 1990). L'infection par 

Plasmodium chabaudi ou Pneumocystis carinii accroît les populations de CSH et de LSK dans 

la moëlle osseuse et le sang périphérique. Les progéniteurs qui découlent de ces populations 

étaient également plus nombreux (Belyaev et al., 2010, Shi et al., 2011). De plus, dans un 

modèle de souris, à la suite d'une infection chronique avec Mycobacterium avium, le niveau 

d'IFN-y avait dramatiquement augmenté dans le sérum des animaux infectés, menant à la 

prolifération des CSH-LT et des CSH-CT (Baldridge et al., 2010). Peu de temps après 

l'activation des CSH, elles passent de la moëlle osseuse au sang périphérique pour migrer vers 

différents organes dont fait partie la rate, ou les organes infectés, où elles débutent 

l'hématopoïèse extra-médul.laire et se différencient directement en cellules requises (Abidin et 

al., 2017, Burberry et al., 2014, Griseri et al., 2012, Haas et al., 2015). 

Pius spécifiquement, une augmentation rapide de la granuioporèse a été décrit dans 

différentes infections bactériennes. À la suite de l'infection, l'hôte produit du G-CSF, ce qui 

déclenche la granuiopoïèse d'urgence (Demetri et al., 1991, Lieschke et al., 1994). De la même 

manière, mimer une infection bactérienne systémique aigue in vivo en administrant du 

iipopolysaccharide (LPS) chez la souris mène à une augmentation des neutrophiles (Boettcher 
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et al., 2014). La granulopo"fèse d'urgence est définie comme étant la génération de neutrophiles 

de novo dans la MO pour remédier à la demande du système sanguin à la suite d'une infection 

bactérienne ou à une inflammation (Manz et al., 2014). La cascade d'urgence peut se diviser en 

trois parties. Premièrement, la présence d'agents pathogènes invasifs doit être détectée pour 

informer le système immunitaire et hématopoiëtique de l'urgence. Deuxièmement, la situation 

d'urgence doit être transmise via des signaux moléculaires pour induire la production de 

neutrophiles dans la MO. Troisièmement, le système hématopo·1ëtique doit récupérer et 

retourner à l'état basal (Manz et al., 2014). L'homéostasie sera rétablie à la suite de l'élimination 

des organismes pathogènes ou de la disparition des conditions de stress (Manz et al., 2014). 

Lorsque l'invasion d'un pathogène devient systémique chez un organisme vivant, la 

transmission de signaux pour alerter le système immunitaire est l'étape cruciale pour 

déclencher la cascade de la granulopoYèse d'urgence. Cela nécessite qu'un ou plusieurs types 

de cellules rencontrent des organismes étrangers et disposent d'un mécanisme permettant de 

détecter et traduire le signal en granulopol"èse d'urgence. Heureusement, des récepteurs qui 

reconnaissent certains motifs, tels que les récepteurs de type Toll (TLR), détectent et répondent 

à une variété de classes de motifs moléculaires conservés associés à un agent pathogène 

(PAMP). Deux modèles sont proposés pour détecter les signaux des agents pathogènes : une 

détection directe par les CSH et les progéniteurs exprimant des TLR et une détection indirecte 

transmise via des cellules hématopoietiques matures ou non-hématopoiétiques. Il a été 

démontré que les CSH-L T et leur descendance expriment des TLR qui peuvent directement 

répondre aux agents pathogènes chez l'humain (Chicha et al., 2004, De Luca et al., 2009) et la 

souris (Nagai et al., 2006, Schmid et al., 2011). La liaison des TLR sur les CSPH mène à leur 

prolifération, leur migration vers les organes périphériques et leur différenciation, en plus de 

contribuer à la réponse du système immunitaire (Manz et al., 2014). A la suite de la stimulation 

des TLR, les CSH deviennent plus nombreuses et subissent une différenciation spécifique vers 

la lignée myéloide (De Luca et al., 2009, Nagai et al., 2006, Schmid et al., 2011). La 

transmission directe des signaux via les TLR permettent aux CSH de combler rapidement la 

perte de cellules de l'immunité in.née causée par l'infection. Bien que la fonction des TLR dans 

la détection des pathogènes est bien décrite dans les cellules hématopoYétiques, les cellules 

non-hématoporétiques expriment aussi des TLR et contribuent à la propagation des signaux 

inflammatoires. Par exemple, les acariens provoquent de l'asthme allergique via le signal du 

TLR4 qui est exprimé sur des cellules épithéliales structurales des voies respiratoires (Hammad 

et al., 2009). Schilling et al. ont démontré que les souris déficientes pour le récepteur TLR4 

dans les cellules épithéliales de la vessie étaient incapables d'amorcer une réponse protectrice 
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pour contrôler une infection précoce par Escherichia co/i, bien que les cellules 

hématopoîétiques de ces souris exprimaient TLR4 (Schilling et al., 2003). L'étude montre 

également que les cellules épithéliales TLR4+ ne peuvent pas activer une réponse 

inflammatoire à elles seules, ce qui suggère que les signaux de TLR4 dans les cellules 

épithéliales et les cellules hématopoîétiqu.es sont nécessaires pour activer une réponse 

immunitaire efficace. Ces résultats démontrent que les cellules épithéliales de la vessie jouent 

un rôle crucial dans l'immunité innée médiée par TLR4 pour éliminer E. coti (Schilling et al .. 

2003). 

Le lipopolysaccharide (LPS) est une endotoxine et un composant de la membrane 

externe des bactéries à Gram négative. Le LPS comprend une région oligo- ou polysaccharide 

ancrée dans la membrane externe de la bactérie par une queue de lipide A. Le lipide A est la 

principale partie immunostimulante du LPS (Erridge et al., 2002). Le LPS est utilisé dans 

plusieurs modèles pour induire une inflammation systémique pour mimer un choc septique. Le 

LPS est reconnu par TLR4 qui est exprimé à la surface de différents types de cellules tels que 

les CSPH, les macrophages, les cellules endothéliales et les cellules mésenchymateuses 

(MSC) (Nagai et al., 2006, Vaure et al., 2014). Lorsque le LPS est lié à son récepteur, la 

signalisation de TLR4 dans les macrophages mène à l'activation des macrophages et à la 

sécrétion de médiateurs inflammatoires. et de chimiokines. Ces chimiokines sont des chimio­

attractants qui permettent le recrutement des neutrophiles, des ·lymphocytes T, des monocytes 

et des cellules dendritiques au site de l'inflammation (Amanzada et al., 2014, Tirosh et al .. 

2010). L'administration de LPS in vivo chez la souris mène à la liaison du LPS avec le TLR4 

exprimé sur les CSPH et les cellules endothéliales, permettant la prolifération des CSPH, la 

sécrétion de G-CSF et une augmentation significative de la production de neutrophiles. Par 

conséquent, l'hématopol'èse basal passe à la granulopol'èse d'urgence (Boettcher et al .. 2014). 

L'administration répétée de LPS entraîne l'activation des CSH au repos et leur entrée dans le 

cycle cellulaire. Cela se traduit par une capacité d'auto-renouvellement restreinte des CSH via 

la signalisation TLR4-TRIF-FOS-p38 (Takizawa et al .. 2014). Le choc septique peut être induit 

chez la souris par une injection intrapéritonéale de LPS de Pseudomonas aeruginosa à 3mglkg, 

ce qui inhibe la production de cellules myéloïdes et mène à l'épuisement des CSH (Zhang et al., 

2016). 

Les membres de la famille des Frizzled (Fzd) sont connus pour être les récepteurs 

principaux impliqués dans les voies de signalisation de Wnt. Fzd6 est exprimé sur les CSH, les 

progéniteurs lymphoïdes précoces (ELP), les CLP et les CMP (Yokota et al., 2008). Fzd6 est 
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aussi exprimé sur les MSC, les cellules endothéliales dans la moêlle osseuse (Dosen et al., 

2006) et dans différents organes chez l'humain tels que le coeur, le cerveau, le placenta, les 

poumons, le foie, les muscles squelettiques, les reins, le pancrêas, le thymus, la prostate, les 

testicules, les ovaires, le petit intestin et le colon (Tokuhara et al., 1998). Fzd6 est impliqué dans 

la voie de polarité planaire de la cellule, qui est nécessaire pour la transmission du signal de 

polarité dans les cellules épithéliales de l'épiderme (Wang et al., 2006). Récemment, Corda et 
al. ont montré une incidence accrue de l'expression de Fzd6 dans le sous-type du cancer du 

sein triple-négatif. En contrôlant l'assemblage du cytosquelette d'actine, Fzd6 régule la motilité 

et l'invasion de lignées cellulaires du cancer du sein (Corda et al., 2017). Fzd6 est un récepteur 

de Wnt4 pour les cellules progénitrices hématopoïétiques immatures, basé sur la réduction de 

l'expansion des CSPH médié par Wnt4 en absence de Fzd6 (Heinonen et al., 2011 b). Fzd6 a 

également un rôle dans la régulation de la survie et l'expansion des cellules souches et 

progénitrices hématopoïétiques (Abidin et al., 2015). Cependant, jusqu'à maintenant, les 

mécanismes fonctionnels de Fzd6 dans les CSH restent obscurs. 

RÉSULTATS 

Dans l'étude précédente, nous avons montré que Fzd6 contrôle l'expansion des CSH en 

réponse au LPS (Abidin et al., 2015). Il y avait moins de CSH dans la moêlle osseuse (MO) des 

souris Fzd6_,_ que chez les souris Fzd6+i+ trois jours après l'administration du LPS. Nous nous 

sommes alors demandé si ce résultat était dü à l'inefficacitè des souris KO à répondre au LPS 

ou si les CSH KO ne peuvent pas maintenir la prolifération en raison d'un auto-renouvellement 

défectueux. Pour répondre à cette interrogation, nous avons administré du LPS à des souris 

WT et KO à deux reprises à raison de 1 mg/kg/jour. Nous avons laissé 48 heures entre les deux 

injections et nous avons évalué les proportions de CSH toutes les 24 heures. Nous n'avons 

observé aucune différence dans la réponse au LPS des CSH KO en comparant avec les CSH 

WT à 24 et 48 heures (Figure 3.1 B, C). Cependant, après 48 heures, le nombre de CSH KO a 

diminué rapidement comparativement au nombre de CSH WT (Figure 3.1 B). Il n'y avait aucune 

différence dans les populations MPP KO lorsqu'elles sont comparées à leur contrôle WT. Nous 

avons également découvert que le nombre de CSH KO dans la phase G1 du cycle cellulaire est 

significativement plus élevé que pour les CSH WT (Figure 3.1 E). A la suite des résultats 

obtenus, nous concluons que les CSH KO ont effectivement perdu leur fonction. 

Pour étudier le rôle du microenvironnement dans l'activation des CSH, nous avons 

greffé des CSH WT à des souris receveuses WT et KO (Figure 3.2A). Chez les greffes 
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primaires, les CSH WT reconstituaient la MO et le sang périphérique des hôtes WT et KO de 

manière équivalente (Figure 3.28, C). Les CSH WT s'expandent aussi bien suite à l'injection du 

LPS dans un environnement KO que dans un environnement normal. De plus, le pourcentage 

et le nombre de CSH greffées étaient similaires à la 15• semaine suivant la greffe (Figure 3.2D, 

E). Les colonies générées à partir des cellules de la MO venant des souris receveuses KO 

étaient moins nombreuses que les colonies venant des souris WT. Cependant, les nombres de 

colonies générées à partir de cellules spléniques étaient inversés par rapport aux colonies de 

MO (Figure 3.2F), ce qui suggère que la MO KO est plus inflammatoire que la MO WT tandis 

que la rate des souris KO favorise la croissance des cellules formant des colonies. Nous 

concluons que l'impact de Fzd6 sur la réponse des CSH est intrinsèque aux cellules 

hématopoiétiques. Pour vérifier la capacité des CSH activées dans un environnement KO à 

générer le système sanguin chez des souris irradiées, nous avons greffé des cellules de la MO 

provenant des greffes primaires ayant reçu du LPS dans des souris congéniques (86.SJL) 

(Figure 3.3A). Les CSH activées dans un environnement WT ou KO reconstituent le sang 

périphérique et la MO des hôtes secondaires avec une efficacité similaire (Figure 3.38-E). 

Nous observons une concentration de G-CSF plus élevée dans la MO de souris KO que 

dans la MO WT à la suite de l'administration de LPS (données non montrées). G-CSF est aussi 

utilisé cliniquement pour la mobilisation des CSH (Anasetti et al., 2012). En se basant sur cela, 

nous voulions savoir si les CSH KO étaient mobilisées plus efficacement dans le sang et la rate. 

Nous avons administré du G-CSF à des souris WT et KO pendant trois jours consécutifs à 

25mg/kg/jour et nous avons ensuite analysé la MO, la rate et le sang périphérique des souris. 

Nous n'avons détecté aucune différence dans l'expansion des CSH WT et KO dans la MO 

(Figure 3.5A, 8). Il y avait une diminution significative de la mobilisation des CSH KO dans le 

sang et dans la rate en comparant avec les CSH WT (Figure 3.58, C). Le phénotype s'est 

confirmé avec les essais de formation des colonies à partir de cellules de la MO et la rate 

(Figure 3.5D). Finalement, nous concluons que Fzd6 contrôle la motilité des CSH de la MO. 

Pour étudier quels facteurs hématopoïétiques contrôlent la réponse des CSH lorsque la 

MO est en condition de stress, nous avons effectué une analyse par puce à protéines avec· du 

surnageant de MO provenant de groupes de souris traités et non-traités avec le LPS. Nous 

avons observé une augmentation significative de l'expression de CCL3, CXCL2 et TNF des 

échantillons de souris Fzd6_,_ injectées avec le LPS (Figure 3.6A). CCL3/MIP1a a été démontré 

comme un facteur inhibiteur des cellules souches. Nous avons alors sélectionné MIP1 a pour les 

analyses plus approfondies. Il y a une augmentation significative du niveau de MIP1 a au 3° jour 
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après un traitement de LPS dans la MO Fzd6-1- (Figure 3.6B). Nous avons également découvert 

que les macrophages sont une source importante de MIP1a (Figure 3.6C). MIP1a inhibe la 

croissance des colonies hématopoïétiques lorsque les cellules de MO WT sont mises en culture 

avec un surnageant de macrophages stimulés avec LPS (Figure 3.6D) . 

. DISCUSSION ET CONCLUSION 

Nous avons étudié le rôle fonctionnel de Fzd6 sur les CSH en utilisant un modèle de 

granulopoïèse d'urgence. Nos résultats montrent que l'impact de Fzd6 sur les CSH pour 

effectuer la granulopoïèse d'urgence induite par LPS est intrinsèque aux cellules. Nous 

montrons également que Fzd6 contrôle la migration des CSH vers le sang périphérique et la 

rate. De plus, MIP1a est un candidat qui sUpprime la réponse des CSH Fzd6-t- dans la MO en 

condition de stress. 

Récemment, Baba et al. ont rapporté que MIP1 a, qui est produit par les basophiles dans 

la MO, est un régulateur négatif de la prolifération des CSPH (Baba et al., 2016), tandis que 

Rhonda et al. ont démontré que MIP1a régule le nombre de CSH et la différenciation des 

progéniteurs myéloïdes (Staversky et al., 201 Ba). Dans notre étude, nous avons observé que 

les souris KO produisent un niveau significativement plus élevé de MIP1a dans la MO que les 

souris WT (Figure 3.6B). Nos résultats montrent aussi que le nombre de CSH KO diminue 

rapidement 3 jours après l'administration de LPS (Figure 3.1 B). Cela concorde avec le fait que 

MIP1a inhibe la prolifération des CSPH (Broxmeyer et al., 1990, Graham et al., 1990). Dans 

notre modèle, nous montrons que les macrophages dérivés de la moëlle osseuse produisent 

une grande quantité de MIP1 a après une stimulation avec LPS (Figure 3.6C). En utilisant les 

essais de colonies, nous avons mis en culture des cellules de MO avec du surnageant de 

macrophages dérivés de la MO stimulés avec LPS et nous avons évalué la production de 

colonies myéloïdes. Nos résultats confirment que le surnageant des macrophages, qui contient 

une concentration élevée de MIP1a, restreint la formation de colonies myéloïdes (Figure 3.6D). 

Ces résultats suggèrent que MIP1 a joue un rôle majeur en limitant l'expansion des CSPH dans 

la MO KO. Un niveau élevé de MIP1a dans la moëlle osseuse peut potentiellement créer plus 

d'inflammation et causer des dommages à la niche de la MO chez les souris KO. 

Une régulation à la hausse de Wnt5a a également été observée dans le sang de 

patients en choc septiqUe. Wnt5a promeut l'inflammation en induisant l'expression de différents 

gènes cibles pro-inflammatoires, tels que 1'11-6, 11-113, TNF et peut-être MIP1 a (Pereira et al., 
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2008). Nous avons déjà publié que Fzd6 est un régulateur négatif de CDC42 dans les CSPH 

(Abidin et al., 2015). CDC42 est un médiateur en aval de la signalisation de Wnt5a (Prasad et 

al., 2013), ce qui suggère que la signalisation de Wnt5a peut être fortement active chez les 

souris déficientes en Fzd6. Ici, nous proposons que Fzd6 est un médiateur qui contrôle 

négativement l'axe Wnt5a/MIP1 a. 

Nous rapportons dans notre modèle que MIP1a est un candidat pour empêcher 

l'expansion des CSH in vivo et induire l'inflammation. Le mécanisme est similaire au 

mécanisme du choc septique. En ciblant MIP1a, Fzd6 pourrait être une cible thérapeutique 

prometteuse pour les maladies inflammatoires et le choc septique. 
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CHAPTER 1 - INTRODUCTION 



1 HEMATOPOIETIC SYSTEM 

Blood· is an essential component of life. lt consists of many different cell types that are 

generated in the bone marrow from hematopoietic stem cell (HSC), circulating through veins 

and arteries to peripheral tissues to become terminal specialized ce lis. Everyday more th an 1 OO 

million (Boulais et al., 2015) mature blood cells are produced by the hematopoietic system to 

carry out many important functions such as transporting oxygen Io peripheral tissues, patrolling 

for foreign pathogens, and remodeling tissue. HSCs are blood-isolated, bone marrow-isolated 

cells that have the ability to self-renew, produce terminally differentiated cells, enter blood 

circulation from bone marrow and undergo apoptosis (Bethesda, 2001). The HSC concept was 

demonstrated by Till and McCulloch (Till and McCulloch, 1961). Back in 1961, they observed 

forming of colonies in the spleen after 8-12 days when they transplanted bone marrow and 

spleen cells into lethally irradiated mice. The colonies consisted mostly of myeloid cells such as 

megakaryocytes, macrophages, erythrocytes, and neutrophils (Till and McCulloch, 1961). 

Based on this definition, HSCs have self-renewal ability and potential to differentiate into other 

cell types. To self-renew an HSC Will divide to one or two daughter cells with the functions 

equivalent to mother ce!I via mitosis. This means that a whole genome of a mother cell and 

epigenetic marks will be copied Io the daughter cells Io preserve their stemness. Differentiation 

is a process where HSC gives rise Io daughter cells that gradually reslrict their differentiation 

ability, and finally become terminally differentiated cells with specialized function. There are two 

types of HSCs: the long-term HSCs (L T-HSCs) that are able to self-renew and differentiate into 

ail different cell types; and the short-term HSCs (ST-HSCs) that are a progeny of L T-HSCs. This 

population still has the mulli-lineage differentiation ability but possesses limited self-renewal 

potential (Bellantuono, 2004; Brown and Weissman, 2004). Mouse L T-HSCs are defined by a 

combination of surface markers Lin"c-Kit+sca-1+Fll3"CD48"CD150+ (Kiel et al., 2005). 

1.1 Developmental process of hematopoietic stem cell 

The development of HSCs was reported al very early stage of embryonic development. 

The initial site of blood production in a mouse is yolk sac (YS) which is a two-layer membrane 

surrounding the developing embryo. Hematopoiesis occurring in embryos is thought to comprise 

2 stages: primitive and definitive. ln the primitive wave, erythrocytes are generated at large 

numbers on day 7.5 of mouse embryos (E7.5) in the yolk sac blood islands (Medvinsky et al., 

2011; Palis et al., 1999) to carry oxygen and nutrition to the developing embryos with little 
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activity of HSC (Mikkola and Orkin, 2006). Embryonic macrophages and megakaryocytes have 

also emerged at this lime (Xu et al., 2001). Primitive erythrocytes are large, nucleated cells and 

contain embryonic globins (Palis et al., 1999). The definitive stage is characterized by the 

production of all the blood cell types and appearance of HSCs that have engraftment capacity. 

The definitive hematopolesis takes place in several tissues over a long period of lime, beginnlng 

at E8.5 in the YS and the para-aortic splanchnopleura with the appearance of erythroid-myeloid­

lymphoid progenitors (Godin et al., 1995), which have the ability Io give rise Io both myeloid­

lineage cell types and B, T progenitors. ln this wave, HSCs are found in the aorta-gonad­

mesonephros (AGM) region and the placenta at embryonic day 8.5 and 10, respeclively, as well 

as in the yolk sac (Gekas et al., 2005; Medvinsky and Dzierzak, 1996; Samokhvalov et al., 

2007). Later, hematopoielic progenitors migrate from YS, placenta, and AGM to colonize the 

fetal liver at E10.5-E11 (Gekas et al., 2005; Kumaravelu et al., 2002). By E12, the numbers of 

HSCs increase 14 limes in placenta and fetal liver (Gekas et al., 2005; Kumaravelu et al., 2002), 

and fetal liver also becomes the major HSC reservoir before HSCs colonizing bone marrow al 

E17 (Christensen et al., 2004). From E17.5 Io the first two weeks after birth, HSCs leave the 

liver to sellle in the bone marrow. 

1.2 Hematopoietic stem cell niche 

Niche acts as the special microenvironment to preserve self-renewal and long-term 

engraftment ability of HSCs. The stem cells and niche cells interact with each other by adhesion 

molecules and exchange molecular signais that help to maintain HSCs funclion. First mentioned 

by Schofield (Schofield, 1978), hematopoietic stem cell niche keeping HSCs at dormant stage is 

the concept that is still used today. The HSC niche was proposed to be composed of 

osteoblasts (Calvi et al., 2003), perivascular mesenchymal stromal cells, vascular endothelial 

cells (Ding et al., 2013, Ding et al., 2012, Mendez-Ferrer et al., 2010) as well as hematopoielic 

cell types such as megakaryocytes and macrophages (Bruns et al., 2014, Chow et al., 2011, 

Winkler et al., 2010, Zhao et al., 2014b). The contribution of different niche cell types will be 

reviewed below. 

1.2.1 Endothelial cells 

Endothelial cells (ECs) are specialized cells that form blood vessels for blood circulation as well 

as transport of oxygen and nutrients Io tissues (Carmeliet et al., 2011). ECs are an essential 
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system for llfe, not only to promote the growth of organs via forming the vascular network (Aird, 

2007, Kliche et al., 2011} but also to provlde the essential signais to support tissue regeneration 

and maintenance (Butler et al., 2010, Sasine et al., 2017). There are two major endotheiial 

niches that form the endothelial network in BM: the arterlolar niche identified by surface markers 

VE-cadher1n•co31•Endomucin•1-scA1h1ohVEGFR3"; and the sinusoïdal niche that ls defined by 

cell surface markers VE-cadher1n•cD31• Endomucin• SCA1 10w VEGFR3+ (Hooper et al., 2009, 

Poulos ·et al., 2015). Endothelial niche can decide HSC cell fate via AKT, MAPK signaling 

(Kobayashi et al., 2010}. HSC self-renewal ability was promoted by ECs activating AKT 

signaling via the expression of HSC supportive factors such as stromal cell-derlved factor 1 

(SDF-1/CXCL 12), stem cell factor (SCF/Kit ligand/Kitl}, and JAGGED-1 (Kobayashi et al., 

2010). HSC self-renewal and long-terrn regeneration increases profoundly after inhibition of 

canonical NF-kB pathway in endothelium (Poulos et al., 2016). Subsequently, ln vivo deletion of 

Kit/, Cxc/12, and Jag1 in ECs damaged the maintenance of HSC at steady-state (Ding et al., 

2013, Ding et al., 2012, Poulos et al., 2013), and caused profound defects in regeneration 

capacity following myelo-suppressive injury (Poulos et al., 2013). Additlonally, deletion of 

pleiotrophin (Ptn) (Himburg et al., 2010), epidermal growth factor (Egf} (Doan et al., 2013), and 

E-selectin expressed on endothelial cells in vascular HSC niche of the bone marrow (Winkler et 

al., 2012) destroys the regenerative capacity of HSCs. ln conclusion, these data suggest that 

the endothelial niche cell plays a vital role to preserve homeôstasis. 

1.2.2 Macrophages 

Macrophages are an essential cell type of HSC niche, and HSPCs in BM are found in 

contact with lhese cells. Macrophages in BM secrete an unknown soluble factor that induces 

MSC production of CXCL12/SDF1. ln turn CXCL12 anchors HSCs to the niche and maintain 

!hem at quiescent stage in the BM (Chow et al., 2011, Christopher et al., 2011). Depletion of 

CD1 ag• (Siglec1) macrophages in mice leads Io the mobillzation of HSPCs from BM to the 

bloodstream (Chow et al., 2011). Wlnkler showed that G-CSF administration into the mice 

rapidly depleted endosteal macrophages, lnhlbited formation of endosteal bone, down-regulated 

expression of factors that are required for retention and self-renewal of HSCs and consequently 

promoted mobilization of HSPCs (Winkler et al., 2010). ln addition, a-smooth muscle actin­

positive (a-SMA+} macrophages produce prostaglandin E2 (PGE2}, leadlng Io decreased 

generation of reactive oxygen species (ROS} and thus preserving HSPC function in the BM 

(Ludin et al., 2012). A subset of BM macrophages also express the Duffy antigen receptor for 

5 



cytokines (DARC), which directly makes contact with long-term HSCs (LT-HSCs) through 

interaction with CD82/KA11 that is highly expressed on LT-HSCs. This interaction maintained 

HSCs al dormant stage (Hur et al., 2016). Recenlly, Luo established the role of different 

macrophage polarization stages on HSC function ex vivo (Luo et al., 2018). ln this report, using 

in vitro culture system of polarized M1 (pro-inflammatory) and M2 (tissue repair) macrophages 

with HSCs, the authors claimed that they have opposite affects on mouse and human HSC self­

renewal and expansion: whlle M1 macrophages inhibit HSC expansion and self-renewal via 

secretion of NO, M2 macrophages show promotion of HSC self-renewal and expansion (Luo et 

al., 2018). 

1.2.3 Megakaryocytes 

HSPCs are also observed in direct contact with megakaryocytes. Megakaryocytes are an 

essential component of HSC niche, and contribute to maintain HSC quiescence during steady­

state and promote HSC regeneration after injury. Conditional depletion of megakaryocytes 

results in the loss of HSC quiescence, and data suggest that megakaryocytes directly preserve 

HSC self-renewal and long-term regeneration capacity via secreting cell cycle regulators like C­

X-C motif ligand 4 (CXCL4, also named platelet factor 4, Pf4), transforming growth factor 131 

(TGF-131) and TPO (Bruns et al., 2014, Nakamura-lshizu et al., 2014, Zhao et al., 2014b). ln 

aqdition, under bone marrow stress conditions, such as treatment of mice with a 

chemotherapeutic agent, 5-fluoruracil, megakaryocytes down-regulate TGF-131 and produce 

fibroblast growth factor 1 (FGF-1) to stimulate the expansion of HSPCs (Zhao et al., 2014b). 

1.2.4 Mesenchymal stromal cells 

Mesenchymal stromal cells (MSCs) are plastic adherent cells with a spindle shape, 

isolated from BM, adipose and other tissues. MSCs are thought to have a capacity of 

differentiation into bone, cartilage, marrow stroma! cells, adipocytes, muscle and connective 

tissue (Capian, 1991 ). MSCs have the surface phenotype CD105+co73•co9o+co45-co34-

co14-co19-co3-, MHClr and are known to express MHC class 1 molecules in vitro (Barry et al., 

2001, Barry et al., 1999, Pittenger et al., 1999). MSCs secrete several growth factors and 

chemokines like SDF-11CXCL 12, Kitl, Fll-3 ligand (FL), IL-6, IL-11, leukemia inhibitory factor 

(LIF), macrophage colony-stimulating factor (M-CSF), tumor necrosis factor (TNF)-a, and TGF-

131 (Jeltsch et al., 2011, Majumdar et al., 2000, Mishima et al., 2010). Evidence illustrates lhat 
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MSCs are a key component of HSC niche ln bone marrow and contribute ta homeostasis 

(Valtieri et al., 2008). Depletion of MSCs leads ta reduction of HSCs in the bone marrow 

(Mendez-Ferrer et al., 2010), Undifferentlated osteoblasts 810, a human MSC cell line, and 

osteob/ast-differentiated 810 (Ost-810) secreted SCF, FL, TPO that effective/y supported HSC 

expansion ex vivo (Mishima et al., 2010). Additionally, culture of human HSCs isolated from 

cord blood cells in presence of stroma! cell with TPO and IL6 can contrai HSC expansion and 

differentiation ex vivo (Rappold et al., 1999, Zhang et al., 2008). 

1.2.5 Osteob/asts 

Schofield and Lord reported that hematopoletlc stem/progenitor cells (HSPCs; identlfied 

as colony-forming unit-spleen at the time) preferentlally Jocated near the bone surface 

(Schofield et al., 1986). Later, Benayahu demonstrated that osteoblasts support hematopoies1s 

(Benayahu e_t al., 1992, Benayahu et al., 1989) by the production of hematopoietic growth 

factors like G-CSF and hepatocyte growth factor (HGF) (Taichman et al., 1996, Taichman et al., 

2001). Transplantation of HSPCs into non-ablated recipient mice results ln selective distribution 

of HSPCs in the endosteal region ·of bone marrow (Nilsson et al., 2001). Osteoblasts also 

contribute ta maintaining HSCs at a quiescent stage. Using Jmmunohistochemical staining, Calvi 

et al. indicated the expression of CXCL 12, SCF, IL-6 and Jagged 1, known as the Notch ligand 

on osteoblasts (Calvi et al., 2003). lncreased Notch signaling results in elevation of LT-HSC 

numbers, whereas inhibition of Notch pathway decreases LT-HSC numbers (Karanu et al., 

2000, Stier et al., 2002). Aral et al. showed that angiopoietin-1 expressed by osteoblasts binds 

ta Tie2 receptor on HSPCs ta promote HSPC quiescence, and maintenance of HSPCs ln v;tro 

(Aral et al., 2004). Osteoblasts also express thrombopoietin (TPO) which interacts with MPL 

receptor on quiescent HSCs. This interaction results ln up-regulation of beta1-integrln and 

cyclin-dependent kinase inhibitors in HSCs, and subsequentry induction of quiescence of LT ~ 

HSCs. Inhibition of TPO/MPL pathway by using antl-MPL neutralizing antibody, AMM2, or by 

decreasing TPO levers decreases the number of HSPCs at quiescent stage (Qian et al., 2007, 

Yoshihara et al., 2007). The other factor that regulates HSCs activity in osteoblastic niche is 

osteopontin, which restricts HSC expansion in bone marrow (Stier et al., 2005). ln the absence 

of osteopontin in culture conditions, human CD34+ cells increase Jagged1-Notch signallng by 

up-regulatlng stromal Jag1, angiopoletin-1, and Notch1 receptor(Jwata et al., 2004). Taken 

together, angiopoietin-1, osteopontin, and TPO are involved in the maintenance of the HSPC 

compartment and prevention of HSPC exhaustion. 
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1.3 Steady-state hematopoiesis 

After birth, the murine bone marrow is the primary site of hematopoiesis. To maintain the 

HSC pool, HSC will enter cell cycle and divide by symmetric or asymmetric division. There are 

three types of HSC division: 1) symmetric self-renewal, that is, one mother stem cell gives rise 

to two daughter cells wlth the phenotype and functlon whlch are identical to mother cell 

(Yamamoto et al., 2013); 2) asymmetric self-renewal occurs when one daughter cell remains 

stem cell and the other becomes a committed progenitor cell; and 3) symmetric commitment 

that occurs when both Iwo daughter ce lis are committed progenitor cells (lto et al., 2003, 

Yamamoto et al., 2013). 

At steady-state, L T-HSCs differentiate sequentially into ST-HSCs and multi-potent 

progenitor cells (MPPs) that are the progeny of L T-HSCs wlth restriction in self-renewal ability, 

but thelr differentiation into ail blood cell types is unchanged (Figure 1.1 ). MPPs generate 

lympho-myeloid primed MPPs (LMPPs), which have the potential to produce lymphoid and 

myeloid lineages . except megakaryocyte and erythroid (Adolfsson et al., 2005, Kohn et al., 

2012). The development process from LT-HSCs to ST-HSCs to LMPP to GMPs alsoreported in 

Nestorowa et al. (Nestorowa et al., 2016). The percentage of LMPP population is up to 25% ln 

Lln"(B220"CD3eCD11b"GR1Ter119")Sca1•cKit• (LSK) population in bone marrow. The LMPP 

subset is defined as Flt3•LsK (Adolfsson et al., 2005). Recently, MPP2 and MPP3 were 

characterized as sub-populations in Flt3"LSK fraction, with the Flt3•LsK fraction renamed MPP4 

(Wilson et al., 2008). LT-HSCs give rise independently ta MPP1 (known as ST-HSCs), MPP2, 

MPP3 and LMPP (Pietras et al., 2015). MPP2 and MPP3 bath have potential to produce 

myeloid output (Cabezas-Wallscheld et al., 2014). MPP2 and MPP3 were confirmed ta produce 

ail myeloid lineages in clonogenic methylcellulose assays. However, MPP2 showed extensive 

potential to give rise Io megakaryocytes meanwhile MPP3 displayed a dominant GM progeny 

(Pietras et al., 2015). ln addition, MPP2 and MPP3 populations could also able to differentiate 

into B, T cell when co-cultured with BM stroma! cell line OP9. ln vivo experiments showed 

MPP2 and MPP3 have distinct function from LMPP and these populations are myeloid-biased 

MPP subsets within LSK (Pietras et al., 2015). LMPP/MPP4s also include the Rag1• early 

lymphoid progenitor population (lgarashi et al., 2002), which migrate from bone marrow to 

thymus to establish an early thymocyte progenitor (ETP) population that has the potential Io 

efficiently boost up T cell numbers, but little ability to give rise to natural killer cell (NK), dendritic 

cell (DC) and B cells (Bell et al., 2008). Common lymphoid progenitors (CLPs) generate B cells, 

NK cells and DCs in the bone marrow (Kondo et al., 1997, Mansson et al., 2010). CLPs are also 
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thought to have some potential to develop into T cells. Further downstream of MPPs are 

common myeloid progenitors (CMPs) (Akashi et al., 2000, Manz et al., 2002), which in turn give 

rise to granulocyte-macrophage progenitors (GMPs) and megakaryocyte/erythrocyte 

progenitors (MEPs) (Nakorn et al., 2003, Pronk et al., 2007). Granulocytes and macrophages 

are rapidly created from GMPs (Akashi et al., 2000, Manz et al., 2002). Recently, research 

using different kinds of techniqùes such as single-cell transcriptome analysis, and Transposon 

(Tn) tagging has confirmed that Erythrocytes (E), Granulocytes (G), and Monocytes (M) share a 

common origin (Rodriguez-Fraticelli et al., 2018). The study also reveals that LT-HSCs display 

Mk-biased priming (Rodriguez-Fraticelli et al., 2018, Sanjuan-Pla et al., 2013) and Mk lineage is 

largely produced independently from other hematopoietic lineages (Rodriguez-Fraticelli et al., 

2018). 
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Figure 1.1 The adult hematopoietic hierarchy 

Long-term hematopoietic stem cells lie at the apex of the hierarchy, giving rise to all blood cell types that 
are shown in thîs model by bold arrow and potenf1al alternative differentiation routes are shown by thin 
arrows. 

1.4 Emergency hematopoiesis 

Dlfferent from steady-state hematopoiesis, the hematopoietic system has the capability 

of rapidly and dramatically boosting up its downstream cellular output ta compensate for blood 

cell loss during stress conditions such as viral or bacterial infections, irradiation, chemotherapy, 

etc. ln these cases, the hematopoietic system is actîvated ta adapt ta the încreased demand for 

generatlng new blood cells. The term emergency hematopoiesis has been used ta distinguish 

stress-induced conditions from steady-state hematopoiesis. 

Emergency hematopoiesis is characterized by the expansion of HSPCs and their 

progeny in bath proportion and numbers in response ta bone marrow stress conditions via the 

guidance of environmental signais such as inflammatory cytokines and pathogen products 

(Baldridge et al., 2010, Boettcher et al., 2014, Kwak et al., 2015). Systemic infection with 

varîous pathogens, such as bacterial, viral and parasitic organisms could change the normal 

output of BM. ln vivo infection with Plasmodium chabaudi adami and Toxoplasma gondiî 

switched from steady-state hematopoiesis ta a dramatic increase of granulocyte numbers in the 

BM, and temporarily inhibited lymphocyte, erythrocyte and megakaryocyte differentiation (Chou 

et al., 2012, Villeval et al., 1990). Infection with Plasmodium chabaudi or Pneumocystis 

carinii could expand HSC and LSK populations in the BM and peripheral blood. The 

downstream MMPs were aise expanded (Belyaev et al., 2010, Shi et al., 2011). Furthermore, 

following chronic infection with M. avium in a mouse mode!, IFN-y is dramatically increased 1n 

the sera of infected animais leading ta the prollferation of L T-HSCs, and ST-HSCs (Baldridge et 

al., 2010). Shortly after HSCs become activated, they enter peripheral blood from bene marrow 

ta migrate ta extra-medullary sites such as spleen, inflamed tissues where they directly 

differentiated ta the demanded target cells (Abidin et al., 2017, Burberry et al., 2014, Griseri et 

al., 2012, Haas ela/., 2015). 

Rapid increase in granulopoiesis has been described in various bacterial infections. 

Following infection hast produces G-CSF that triggers emergency granulopoiesis (Demetri et al., 

1991, Lieschke et al., 1994). Similarly, mimicking acute bacterial infection in vivo by injection of 

lipopolysaccharlde (LPS) ta experimental mice revealed a significant elevation in the neutrophil 
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number output (Boettcher et al., 2014). Homeostasis will be reestablished following the 

clearance of infected pathogens or the disappearance of stress conditions (Manz et al., 2014). 

These processes will be discussed in greater detail below. 

2 THE WNT SIGNALING PATHWAY 

ln 1982, Roel Nusse and Harold Varmus were the first to describe mouse mammary 

tumor virus (MMTV) inducing a tumor in the mammary gland in mice by an unknown gene called 

/nit (lntegration 1) (Nusse et al., 1982). ln 1973, Sharma had reported a fly gene named 

Wing/ess (Wg) whose mutation caused Drosophi/a melanogaster lack wings, and this gene was 

homologous to lntt in mammals (Cabrera et al., 1987; Rijsewijk et al., 1987). Mutations in this 

gene also caused defects in the segmentation of Drosophila embryos. Based on the 

conservation in amino acid sequences, a nove! family of genes was identified as Wnt (Nusse et 

al., 1991), and this family has expanded to comprise a number of proteins across vertebrate and 

invertebrate species. There are 19 genes encoding for Wnt proteins in human and mouse 

genome that have been characterized so far, and this nuniber in the zebrafish is 15 and 8 in 

Drosophila (Miller, 2002). The Wnt ligands are secreted proteins containing a cysteine-rich motif 

and require post-translational modification by adding sugars and lipids (Willer! and Nusse, 

2012). Wnt proteins consist of 350 to 400 amino acids in length and have a conserved region of 

22-24 cysteine residues, named cysteine-rich domain (CRD) (Takada et al., 2006). The 

Xenopus Wnt8 (XWnt8) crystal structure has 3.25A in size and is composed of amino-terminal 

(NTD) and carboxyl-terminal domains (CTD). The larger NTD comprises a six a-helix core that 

contains 10 conserved cysteine residues to form 5 disulfide bridges, whereas CTD brings 

together two j3-sheets with 6 disulfide bridges (Bazan et al., 2012, Chu et al., 2013). Wnts 

undergo posttranslational modifications by porcupine (Porcn), a Wnt-specific enzyme which is in 

charge for Wnt acetylation (Takada et al., 2006). Adding lipid to a serine residue in a conserved 

region, for example Ser209 of Wnt3a, is indispensable for processing before secretion and 

biological activity of almost all Wnts (Takada et al., 2006). On the other hand, glycosylation is 

not strictly required. When a Wnt protein is processed in the Endoplasmic Reticulum (ER) and 

Golgi, a multispan transmembrane protein encoded by Wntless gene (W/s) binds to Wnt protein 

and brings Wnt to the cell surface for secretion (Banziger et al., 2006, Goodman et al., 2006). 

Once Wnt is secreted from the cell, Wls is recycled for a new cycle of Wnt secretion (Belenkaya 

et al., 2008, Coudreuse et al., 2006). 
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Frizzled family is known as the main receptors for Wnt proteins, while lipoprotein­

receptor-related protein (LRP)-5 and LRP6 are co-receptors participating in the canonical Wnt 

pathway (MacDonald et al., 2012). Fzd proteins are seven-transmembrane receptors, which 

belong to G protein-coupled receptor family. Fzd receptors are composed of 3 different 

demains, extracellular !ail, transmembrane and cytoplasmic demains. There are 10 Fzd 

receptors included from Fzd1-10 in mammals (Willer! et al., 2012). Wnt signaling can be divided 

into canonical and non-canonical pathways. Canonical Wnt pathway or Wnt/j3-catenin pathway, 

is the best documented Wnt signaling pathway, especially in hematopoietic cells. ln the 

abscence of Wnt protein ligand (Figure 1.2A, left), J3-catenin in cellular cytoplasm is targeted for 

degradation by a destruction complex composing of glycogen synthase kinase 3J3 (GSK3J3), 

casein kinase 1a (CK1a), the axis inhibition protein 1 (AXIN1), and the adenomatous polyposis 

coli (APC) (Stamos et al., 2013). CK1 and GSK3J3 continuously phosphorylate J3-catenin at 

several points leading to ubiquitination of phosphorylated J3-catenin and subsequent J3-catenin 

degradation by the proteosome: ln the nucleus, a repressor complex will be formed to silence 

targe! genes of Wnt pathway. Wnt protein engages the Fzd receptor and LRP5 or LRP6 at the 

cell membrane, leading to the recruitment of Axin to the membrane and thus inhibiting the 

formation of destruction complex. This leads to the accumulation of J3-catenin in the cytoplasm 

and ils translocation to nucleus (Stamos et al., 2013). Upon arriving in nucleus, J3-catenin binds 

to T cell factor (TCF) to activate transcription of target Wnt genes including cyclin 01, c-Myc, 

Cox2 and NOS (Staal et al., 2008) (Figure 1.2A, right). The canonical Wnt pathway includes 

Wnts-1, -2, -3, -Ba, -8b, -10a, and -10b and non-canonical includes Wnts-4, -5a, -5b, -6, 7a, -7b, 

and -11 (Siar et al., 2012). 

ln contras! to canonical pathway, non-canonical signalling does not require expression of 

J3-catenin and the co-receptor LRP5/6 but it needs Fzd receptor and the intracellular component 

Dvl (Figure 1.2). This signalling is subdivided into planar cell polarity (PCP) and Wnt/Ca2• 

pathway. ln the Wnt/Ca2• pathway, interaction of Wnt-Fzd complex leads to activation of 

phospholipase C (PLC). As a result the PLC cleaves phosphatidylinositol-4, 5bisphosphate 

(PIP2) to inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 activates downstream signal 

to release Ca2+ to cytoi:ilasm. lncreasing intracellular Ca2• subseguently leads to translocation of 

nuclear factor of activated T cells (NFAT) and transcription of target genes. The target genes 

differer between cell types (Figure 1.28, right) (Staal et al., 2008). Wnt protein exerts ils signal 

through DVL-Fzd complex and activates RAC1, JUN N-terminal kinase (JNK) in case of PCP 

pathway. Activation of JNK influences the cellular cytoskeleton and cell shape. DVL-Fzd 

complex also activates Dishevelled-associated activator of morphogenesis (DAAM1) and RAS 
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homologue gene-family member A (RHOA), whose downstream effector RHO-associated 

coiled-coilcontaining protein kinase (ROCK), then guides reassembly of cell cytoskeleton 

(Figure 1.28, left) (Endo et al. , 2005). 

Wnt signaling has been well documented in many different developmental processes, 

from establishing the polarity in a single cell in a tissue to specifying the mammalian body axis. 

Many researches have shown that Wnt signaling regulates stem cell self-renewal, apoptosis, 

and motility (MacDonald et al. , 2009, Staal et al. , 2016, Staal et al., 2005). 
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Figure 1.2 Overview of Wnt canonical and non-canonical pathway 

A, ln the absence of Wnt ligand, 13-catenin will be targeted for degradation by destruction complex (Wnt 
pathway in inactive stage, left). The interaction of Wnt protein with Fzd, and LRP co-receptor mediates 
increasing of cellular 13-catenin, subsequently translocation of 13-catenin to nucleus in order to turn on 
tar~et genes expression (panel A, right). B, Wnt non-canonical pathway divides into Wnt PCP and Wnt 
Ca + signaling. Engaged of Wnt and Fzd receptor leads to activate DVL and RAC1 , JNK in PCP (panel B, 
left). Wnt/Fzd complex also triggers Ca2

+ signaling to translocate NFAT to nucleus and transcribe 
cytoskeleton-related genes (panel B, right). Adapted from "Rapp et al. , Zhan et al. " (Rapp et al., 2017, 
Zhan et al., 2016). 
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2.1 Wnt signaling in embryonic hematopoiesis 

The first evidence of Wnt signaling in HSPCs was showed by Austin et al. (Austin et al., 

1997). Using reverse transcriptase-polymerase chain reaction, they showed the expression of 

Wnt-5a and Wnt-10b in murine hematopoietic tissue and HSPCs al E11 in the YS, and E14 in 

the fetal liver. They also reported the expression of four different murine Frizzled homologs 

(mFzd3, 4, 5, 7) in the YS and felal liver. Treatr:nent of HSC population with recombinant Wnt5a 

resulted in improved cell expansion, proliferation, and survival (Austin et al., 1997). This 

evidence supports the idea that Wnt pathway may be involved in controlling fetal HSCs. Later, 

the WnU13-catenin pathway was found to be active in the YS blood islands of Xenopus and 

mouse embryos (Cheng et al., 2008, Tran et al., 2010). The components of Wnt signaling such 

as Dishevelled, TCF, and 13-catenin, have been found at the lime of HSC appearance around 

E10-E12 in AGM. ln addition, expression of nuclear 13-catenin is restricted in endothelial cells in 

AGM, specifically intra-aortic hematopoietic clusters that contain HSC activity (Herguido et al., 

2012). When they cultured AGM isolated from mouse embryos with GSK3 inhibitor, SB216763, 

which increases stability of 13-catenin, they observed an increase in HSC activity. ln contras!, 

inhibiting the interaction of 13-catenin with TCF by a small molecule PKF-115-584 decreased 

HSC activity in irradiated mice (Herguido et al., 2012). 13-catenin and Wnt3a are reported to be 

expressed in the fetal liver at E12.5, when HSCs boost up their numbers (Luis et al., 2010). 

Knockout of Wnt3a gene in mice caused prenatal death at E12.5 due to severe defects in many 

developmental processes. Wnt3a deficient mice had reduced numbers of HSPCs in the fetal 

liver, and displayed poor long-term reconstitution ability in secondary recipient (Luis et al., 

2009). Other Wnt ligands such as Wnt3, 3a, 4, 5a, 5b, Ba, LRP5 and Wnt16 are up-regulated at 

primitive wave at YS and AGM of muri ne mouse embryos. Wnt3a, 5b, 6, 7a, 7b, and 1 Ob 

increased expression in the definitive phase at the AGM and early liver (Corrigan et al., 2009). 

Frizzled receptors were also expressed in the murine YS, AGM, fetal liver such as Fzd5, Fzd4 

lhereby supporting Wnt signaling related to the developmental hematopoiesis (Corrigan et al., 

2009). More recently, using zebrafish embryonic mode! Wnt16 ligand is observed in the somites 

that controlled a regulatory network required for HSC differentiation (Clements et al., 2011). 

2.2 Wnt signaling pathway in niche 

The interaction of HSCs with their niche is crucial Io maintain self-renewal and 

quiescence over a long period of lime. Wnt signaling has been described Io influence HSC 
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function and self-renewal (Richter et al., 2017). The question is whether Wnt pathway plays a 

role in the organization / maintenance of the HSC niche. Wnt signaling in stem cell niche has 

begun to be addressed in the las! decade. Inhibition of Wnt signaling in bone marrow 

microenvironment by using transgenic mice overexpressing DKK1, an antagonist of Wnt 

pathway, specifically in osteoblasts resulted in the Joss of HSC quiescence, and a severe 

decline in HSC self-renewal activity (Fleming et al., 2008). Secreted frizzled-related protein 1 

(Sfrp1) is expressed in stroma! cells, and is a natural inhibitor of Wnt signaling. Sfrp1-deficient 

mice have a reduction of HSC numbers in GO stage, and defects in self-renewal (Renstrom et 

al., 2009). Wnt inhibitor factor 1, Wif1, expressed by osteoblasts has been used as another 

mode! of natural Wnt inhibitor. HSCs from Wif1~- mice displayed an increased cycling activity 

under systemic stress by chemotherapy or after a transplant of wild type HSCs into Wifr'­

recipient mice, consequently resulting in the exhaustion of the HSC pool (Schaniel et al., 2011). 

Studies in adult mouse bone marrow have described the expression of Wnt signaling 

component in the microenvironment surrounding the HSCs. Wnt1 Ob is expressed in 

erythrocytes, immature B cells and myeloid cells (Congdon et al., 2008), whereas Wnt-5a was 

found in mature B cells (Liang et al., 2003). Wnt10b, Wnt2b, and Wnt5a are produced by bone 

marrow stroma! cell (BMSC) from fetal bone marrow (FBM) and adult bone marrow (ABM). 

Wnt5a is manifested in populations that are enriched for HSPCs in human bone marrow (Van 

Den Berg et al., 1998). Wnt5a, Wnt10b, and Wnt3a are expressed in the hematopoietic 

microenvironment in murine bone marrow at homeostatic condition (Reya et al., 2000) Wnt1 Ob 

expression is increased in the injured bone marrow microenvironment in mouse after 

chemotherapy (Congdon et al., 2008). There is also a relatively recent report on the expression 

of a variety of different Wnts in the bone. Wnt10b and Axin2 produced by Osterix-expressing 

osteolineage cells involve in regulation of bone proliferation and differentiation (Tan et al., 

2014). 

2.3 Wnt signaling in hematopoietic stem and progenitor cells 

ln order to understand the role of Wnt signalling in HSPC developmental process, proliferation 

and specification, there is a massive number of gain and Joss of of function studies that have 

been conducted in mouse, zebrafish models as well as in human cells. There are several 

approaches to investigate Wnt pathway such as treatment with soluble Wnt ligands, activation 

of translocation of [3-catenin to nucleus, and inactivation of downstream regulators of the Wnt 

pathway such as GSK-3[3. Supplementation of embryonic stem cells in culture with Wnt3a leads 
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to their proliferation and increased output of murine hematopoietic lineages; this canonical Wnt 

was also reported Io promote the expansion of human embryonic progenitor cells in culture 

(Corrigan et al., 2009). Austin et al. reported that culturing hematopoietic progenitors extracted 

from fetal liver with Wnt1 Ob induced proliferation and enhanced hematopoietic lineage output 

(Austin et al., 1997). Vijayaragavan et al. discovered that Wnt11 has the ability to promote the 

expansion of embryonic HSPC numbers in culture, suggesting the possibility that the non­

canonical Wnt signaling could also have a role in hematopoietic lineage fate-choice 

(Vijayaragavan et al., 2009). By culturing Fzd6~- and Fzd6•1• LSK from fetal liver in presence of 

Wnt4, Heinonen et al. demonstrated that Wnt4 mediates LSK expansion through planar cell 

polarity pathway with the participation of Fzd6 receptor (Heinonen et al., 2011 b). 

Disinhibiting 13-catenin is a common strategy that is used in both murine and human HSC 

research. The principle of this method is pharmacological inhibition of GSK-313 that leads to the 

stabilization of 13-catenin and results in ils translocation to nucleus to activate Wnt targe! genes. 

ln this direction, in vivo administration of GSK-313 inhibitors to immune-compromised recipient 

mice increased HSCs reconstitution capacity and sustained long-term repopulation (Trowbridge 

et al., 2006). Pre-treatment with an inhibitor of GSK-313 of human HSCs improves myeloid and 

lymphoid engraftment of in vitro expanded of HSC in xeno-graft transplantation models (Ko et 

al., 2011). Studies have further shown that inhibition of GSK-313 by administration of SB216763 

24 hours after total-body irradiation mitigated hematopoietic acute radiation injury and improved 

recovery of hematopoietic system in a mouse model (Lee et al., 2014). GSK-313 inhibition has 

also been described Io delay human cord blood cell cycling, reduce apoptosis, promote tight 

adherence to bone marrow stromal cells in vitro, and preserve the HSCs ability to reconstitute 

recipient mice (Holmes et al., 2008). Completed deletion of GSK-3a and GSK-3b by genetic 

knock-out induced acute myeloid leukemia (AML) disease in mouse in vivo. GSK-3b deficiency 

alone in mice impairs hematopoiesis by inducing myelo-dysplasia (Guezguez et al., 2016). 

The functional role of canonical Wnt signalling on hematopoiesis was also studied by 

directly targeting 13-catenin. Transduction of the active form of 13-catenin by using retrovirus into 

sorted HSCs from mice expressing Bcl-2 protein increases phenotypic HSCs numbers in culture 

setting-and-enhances-long-term-reconstitution-in-vivo-(Reya-et-al:;-2003):-Stabilized-active-13~-- -

catenin in lymphoid or myeloid progenitors in culture arrests differentiation of these cells and re­

enforces their potential to give rise to multiple lineages. For instance, in vitro expression of 

stable 13-catenin in CLPs generates phenotypic myeloid cells such as granulocytes, 

macrophages and the inverse results are seen when myeloid progenitors are cultured with 13-
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catenin (Baba et al., 2005, Baba et al., 2006). Strikingly, mice with inducible expression of 

constitutively active ~-catenin in hematopoietic system showed HSC expansion in number but 

blocked differentiation in lymphoid and myeloid progenitors, subsequently leading to the failure 

to reconstitute the hematopoietic system (Kirstetter et al., 2006, Scheller et al., 2006). Wnt 

signalling combined with inhibition of apoptotic signalling guides HSC self-renewal and long 

term repopulation abilities (Perry et al., 2011, Reya et al., 2003). Therefore the cellular level of 

~-catenin or ~-catenin in combination with apoptosis signalling may decide the fate of HSCs. ln 

a recent study, different mutations in Adenomatous polyposis coli gene, a negative regulator of 

~-catenin, were used to generate mice thal express different levels of ~-catenin. Using this 

model, Luis et al. demonstrated that HSC expansion or exhaustion depends on the level of 

active ~-catenin in vivo (Luis et al., 2011). 

To further investigate the physiological role of Wnt signalling in various HSC aspects 

such as growth, specification and function, many studies have been conducted where ~-catenin 

and the components of Wnt signalling are targeted for deletion. Wnt-3a deficient mice show a 

dramatic decrease of HSPCs numbers in the fetal liver and die before birth at day 12.5 of 

embryonic developmenl (Luis et al., 2009). Basides this, transplantation of purified LSK cells 

from Wnt-3a null mice to normal wild type recipient displays severe reduction in reconstitution 

abilily. Moreover, lack of Wnl-3a affects the development of myeloid lineages but not lymphoid 

cells at the progenitor level, suggesting a role of Wnt-3a with stem cell differentiation. 

Condilional deletion of ~-catenin in hematopoietic system using Vav-Cre transgene in 

developing mice supported these findings. ~-catenin deficient mice could form HSCs, but these 

cells displayed self-renewal and long-term reconstitution defects (Zhao et al., 2007). 

lnterestingly, deletion of ~-catenin in adult bone marrow progenitor cells by using IFN-induced 

Mx-Cre transgene did no! result in defects in HSC self-renewal or maintenance of hematopoietic 

lineages (Gobas et al., 2004). This result suggests that ~-catenin does not impair the self­

renewal ability of adult HSCs. 

2.4 Wnt signaling in inflammation 

Wnt signaling has a wide range of affects in tissue regeneration, survival, proliferation 

and differentiation. Accumulating experimental evidence recently has shown that in addition Io 

the raies mentioned previously, Wnt signaling also participates in bath promoling inflammation 

and controlling inflammation. The evidence for Wnt signaling involved in inflammatory 

responses came from the study of Sen et al. who observed an increased level of Wnt5a protein 
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in synovial tissue of rheumatoid arthritis (RA) patients and assigned a functional role for Wnt5a 

in RA pathogenesis (Sen et al., 2000). Later, Blumenthal et al. showed that Wnt5a and its 

receptor Fzd5 were found in lung biopsies of patients diagnosed with Tuberculosis. Wnt5a was 

secreted by macrophages after mycobacteria infection in a Toll-like receptor (TLR)-NF-KB 

dependent manner (Blumenthal et al., 2006). Wnt5a expression was also found Io be enhanced 

in different inflammatory diseases such as cutaneous lichen planus (Zhang et al., 2015), 

lesional skin of patients with psoriasis vulgaris (Reischl et al., 2007), and in the sera of septic 

patients (Pereira et al., 2008). lndeed, pathogen sensing through TLRs subsequenlly leads to 

production of Wnt5a by both murine and human macrophages following infection with 

Mycobacteria, or Leishmania major, Leishmania donovani (Chaussabel et al., 2003, Nau et al., 

2002). Similarly, induction of Wnt5a upon infection was also observed in Mycobacterium 

marinum-infected zebrafish mode! (van der Sar et al., 2009). Wnt5a mainly enhances pro­

inflammatory cytokine secretion not only in non-immune cells (Kim et al., 2010, Sen et al., 

2001), but also in a variety of immune cell types (Blumenthal et al., 2006, Ghosh et al., 2009, 

Ouchi et al., 2010, Pereira et al., 2008). Wnt5a was reported to up-regulate rapid expression of 

inflammatory genes in specific human aortic endothelial cells (HAECs) and HUVECs, and 

activate NF-KB pathway in these cells (Kim et al., 2010). Moreover, Wnt5a treatment inhibits ~­

catenin signaling in human retinal pigment epithelium (RPE) through promoting phosphorylation 

of ~-catenin leading to degradation. Reduction of ~-catenin signaling in RPE results in reducing 

the expression level of pro-inflammatory factors, such as TNF-a, NF-KB and vascular 

endothelial growth factor (VEGF) (Kim et al., 2015). More recently, Jang et al. reported an 

increase in the expression levels of ~-catenin Wnt3a, and Wnl5a when stimulating BEAS-28 

human bronchial epithelial cells with LPS. Treatment of this cell line with commercial Wnt3a, 

and Wnt5a resulted in increasing expression level of pro-inflammatory cytokines. Knock-down of 

Wnt3a, and Wnt5a expression blocked the inflammatory response, and treatment with Wnt 

antagonist DKK-1 or Porcn inhibitor LGK974 inhibited of inflammatory response (Jang et al., 

2017). From the evidence mention above, canonical Wnt signaling shows the ability Io promote 

inflammation. 

ln immune cells, for example, Wnt5a activates the Wnt/Ca2
• pathway _ _irl_ macro(Jhages 

that leads to elevated Ca2
• level in the cytoplasm, thereby activating Calcineurin and 

Ca2•1calmodulin-dependent protein kinase (CaMKll) (Pereira et al., 2008). Under homeostatic 

condition, Wnt5a signaling was shown to sustain function of macrophages in the immune 

system. lt was demonstrated that Wnt5a promotes phagocytosis, but it does not affect bacterial 

killing activity of macrophages (Maiti et al., 2012). Wnt5a and its receptor Fzd5 are expressed in 
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human mononuclear cells in peripheral blood. The expression of Wnt5a is dependent on the 

activation of NF-KB and signaling through TLR in sustaining innate immune macrophage 

response to E.coli/ LPS (Naskar et al., 2014). Functional studies showed that Wnt5a and Fzd5 

regulate the antibacterial activity of IL-12 on dendritic cells (DCs) and the production of IFNy 

from stimulated T cells (Cooper et al., 1995). These findings suggest that Wnt5a and ils 

receptor bridge the innate and adaptive immune responses against bacterial infection (Cooper 

et al., 1995). ln addition, Wnt5a signaling has been linked to pathogenesis of chronic diseases 

such as obesity (Ouchi et al., 2010), colitis (Sato et al., 2015), and psoriasis (Kim et al., 2016). 

Furthermore, Wnt5a is required for CXCL 12-CXCR4 signaling and migration of murine and 

human T cells (Ghosh et al., 2009). 

ln addition to induction of inflammation in experimental animal models, Wnt signaling 

also plays role in repressing inflammation. The evidence of this fate cornes from study of 

Neumann et al. where they infected mice with M. tuberculosis via aerosol route (Neumann et al., 

2010). The authors detected all 19 Wnt genes at different time points analyzed, and a significant 

reduction in the mRNA level of Wnt2, 2a, 3a, 4, 5a, 7a, Ba and 1 Ob during the course of 

infection (Neumann et al., 2010). On the other hand, Wnt 5b, 8b, 9a, 9b, 11 and Wnt16 

remained unchanged. From day1 to day 21 post-infection, there was a rapid increase of 

bacterial numbers in the lungs, and this number remained stable until day 42. Fzd1 receptor 

was up-regulated in lungs of the infected animais and also in vitro in macrophages cultured with 

M. tuberculosis. Moreover, in vitro culture of macrophages with IFN-gamma led to increased 

expression of Fzd1 on the surface. The authors also stated that the levels of IFNy, TNF, and 

pro-inflammatory genes were upregulated, while 13-catenin levels decreased in the lung of 

infected mice at day 21, 42 post-infection (Neumann et al., 2010). Expression of Axin2, a 13-

catenin targe! gene declined 70% at day 21, 42 post-infection (Neumann et al., 2010). 

Reduction in the 13-catenin activity was also reported in the lung of mice infected with 

Streptococcus pneumonia (Hoogendijk et al., 2011). Pre-incubation of macrophages with Wnt3a 

following infection with M. tuberculosis resulted in a significant decrease of TNF production by 

up to 45% at 24h post-infection. ln a separate setting, inhibition of GSK313 in macrophages 

leads to enhance expression level of Axin2, which was accomi:>anied bï_decreased TNF 

production (Neumann et al., 2010). This clearly demonstrated that Wnt/13-catenin signaling 

suppresses inflammation induced by M. tuberculosis. P2X7 receptor (P2X7R), a cell death 

receptor, is highly expressed on epithelial type 1 and type Il cells in alveolar (AEC 1, Il). Using 

P2X7R agonis! 2'-3'-0-(4-benzoylbenzoyl)-ATP (BzATP) to induce acute lung injury in a rat 

model lead to AEC 1 death by suppressing Wnt/13-catenin pathway through increasing GSK-313 
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activity. Treatment of rodents with Wnt3a or GSK-3~ inhibitor reduced AEC 1 death. Wnt3a also 

attenuated the AEC 1 damage in mouse acute lung injury model induced by LPS. These results 

suggest that Wnt3a recovers Wnt/~-catenin signaling by blocking the effect of P2X7R, and 

prevents AEC 1 death in animal models (Guo et al., 2014). Another canonical Wnt ligand, Wnt2 

has been indicated to inhibit inflammation induced by Salmonella and Escherichia coti in 

intestinal epithelial cells (Liu et al., 2012). 

Augmented Wnt/~-catenin signaling was described in sepsis, a dysregulated 

inflammatory response to infection that is life threatening without effective available therapy. 

Using small molecule inhibition of Wnt/~-catenin activity shows a reduction of organ injury and 

inflammation in a cecal ligation and puncture (CLP)-induced sepsis model. iCRT3, a chemical 

agent . called 2-(((2-(4-Ethylphenyl)-5-methyl-1,3-oxazol-4-yl)methyl)sulfanyl)-N-(2-phenylethyl) 

acetamide, that is a small compound with cell-permeable ability. This molecule binds directly 

to ~-catenin and blocks the interaction of ~-catenin and TCF, subsequently shutting down 

gene expression. iCRT3 was demonstrated to inhibit the production of pro-inflammatory 

cytokines in macrophages treated with LPS (Sharma et al., 2017). Treatment of septic mice 

with iCRT3 mitigated systemic inflammation and attenuated lung injury. A significant decrease 

of neutrophil recruitment in the lungs and inflammation as well as apoptosis was also described 

(Sharma et al., 2017). Multiple Wnt ligands were found with differential expression levels in 

blood of sepsis patients. LPS-induced systemic inflammation in mouse model also displayed a 

network of Wnt expression in the mouse serum that was partially similar to the results observed 

in human blood. Inhibition of Wnt signaling by targeting Wnt acylation and ~-catenin activity 

using pharmacological compounds dampens IL-6 and TNF in serum of LPS-injected mice that 

demonstrated a positive correlation with sepsis (Gatica-Andrades et al., 2017). ln another model 

of septic shock, male Wistar rats received high dose of LPS Io induce endotoxemia. ln the 

study, Wnt3a and Wnt5a exhibited distinct expression patterns in the lung of endotoxemic 

animais. 6 hours following administration, Wnt5a, Fzd5, and CaMKll were up-regulated in the 

lung of experimental animais whereas Wnt3a, phosphorylated GSK-3~ at Ser9, total ~-catenin, 

and nuclear ~-catenin, Fzd1, and Dsh1 were down-regulated (Hii et al., 2015). Furthermore, 

Wnt5a signaling was described to be activated very early in the lul'lgs of animal model of sei:isis H-H 

as well as from patients diagnosed with septic shock. Specifically, after stimulation with LPS in 

human bronchial epithelial BEAS-28 cells and human lung MRC-5 fibroblasts, Villar et al. 

observed a significant increase of Wnt5a, total ~-catenin, non-phospho ~-catenin, and cyclin 01 

and matrix metalloproteinase-7 (MMP7), two downstream targe! genes of the Wnt pathway. 

They also demonstrated that Wnt5a and MMP7 protein expression levels increased in rat lungs 
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18h after sepsis induction. ln septic patients who died within the first 24h, the levels of Wnt5a, 

and MMP7 were also markedly elevated in the lung biopsies (Villar et al., 2014). 

2.5 Frizzled receptor 6 

Fzd6 belongs to Frizzled family that is known as the main receptor for Wnt pathway. 

Fzd6 is expressed on HSCs, early lymphoid progenitors (ELP), CLPs and CMPs (Yokota et al., 

2008). ln addition, Fzd6 is also expressed on MSCs, endothelial cells in BM (Dosen et al., 2006) 

and in different tissues such as the heart, brain, placenta, lung, liver, skeletal muscle, kidney, 

pancreas, thymus, prostate, testis, ovary, sman intestine, and colon of human (Tokuhara et al., 

1998). Fzd6 gene is located on human chromosome 8q22.3-q23.1, and chromosome 15 in 

mouse (Tokuhara et al., 1998). 

Fzd6 is involved in the planar cell polarity (PCP) signaling pathway, which is required for 

polarity signal transmission in epidermal epithelial cells (Wang et al., 2006). Fzd3 and Fzd6 are 

expressed in inner-ear sensory epithelia in an asymmetric arrangement that correlates with the 

axis of cell polarity. These proteins have been reported to contrai neural tube closure and 

orientation of hair bundles on a subset of auditory and vestibular sensory cells (Wang et al., 

2006). ln another report, while the authors demonstrated that the absence of Fzd6 contributes 

to neural tube defects in human, they could not find evidence to link this kind of syndrome with 

Fzd3 (De Marco et al., 2011). Fzd6 expression has been shown in skin and hair follicles and it 

controls hair patterning in mouse (Chang et al., 2016, Guo et al., 2004, Wang et al., 2010). A 

wide range of developmental defects, such as broadening of neural plate, neural tube defects 

and shortened body axis have been demonstrated with mutations in PCP genes (Murdoch et al., 

2014). ln case of deletion of Fzd6 gene in mice, male newborns displayed abnormal claw 

morpliology, suggesting that Fzd6 regulates differentiation process of clawlnail formation (Cui et 

al., 2013, Frojmark et al., 2011), and a similar phenotype was seen in humans (Frojmark et al., 

2011, Naz et al., 2012, Wilson et al., 2013). The asymmetrical distribution of Fzd6 in dental 

lamina correlates with their growth direction during tooth development, especially in species with 

both temporary and permanent teeth (Putnova et al., 2017). 

There is some evidence of Fzd6 being involved in cancer development such as its 

overexpression in colorectal cancer (Caldwell et al., 2008), and down-regulation in acute 

myeloid leukemia (AML) cell lines (Garcia et al., 2013). Recently, Corda et al. have illustrated an 

increased incidence of Fzd6 expression in the triple-negative breast cancer subtype. By 
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controlling assembly of actin cytoskeleton, Fzd6 regulated motility and invasion of breast cancer 

cell lines (Corda et al., 2017). 

Fzd6 is a negative regulator of 13-catenin transcriptional activity in human colon cancer 

cell lines SW480 (Golan et al., 2004). Fzd6 activates TAK11NLK kinases, subsequently declines 

activation of target genes of 13-catenin via phosphorylation of nucleus transcription factor 

TCF/LEF (Golan et al., 2004). Down-regulation of Fzd6 in HelaS3 cells did not lead to increased 

nuclear levels of 13-catenin, or activation of RAC after exposure to canonical Wnt ligand Wnt3a, 

suggesting that Fzd6 is involved with non-canonical pathway (Sato et al., 2010). Fzd6 also 

inhibited gastric cancer cell proliferation and migration through activation of a non-canonical Wnt 

pathway (Yan et al., 2016). ln contras!, Fzd6 expression pattern was associated with increasing 

13-catenin levels in chronic B lymphocytic leukemia mouse model (Wu et al., 2009). The 

expression level of Fzd6 is positively correlated with canonical Wnt-3a in human mesenchymal 

stem cells (Kolben et al., 2012). 

Fzd6 is known as a receptor for Wnt4 in immature hematopoietic progenitor cells, based on 

a reduction in the expansion of HSPCs mediated by Wnt4 in the absence of Fzd6 (Heinonen et 

al., 2011 a). Fzd6 has also been shown to have a role in regulating the survival and expansion of 

HSPCs observed in competitive transplantation assays (Abidin et al., 2015). However, until 

now, the mechanisms of Fzd6 function in HSCs remain obscure. 

23 



3 EMERGENCY GRANULOPOIESIS 

Neutrophils are known as critical effector cells in the innate immune system that 

participate in patrolling organisms for microbial pathogens. When they detect signs of pathogen, 

neutrophils destroy !hem by releasing intracellular secretory granules, phagocytose !hem, or 

capture the pathogen by release nuclear materials to form neutrophil extracellular traps. 

(Rosales, 2018). They have a short lifetime, ranging from one to four days and they are 

constantly produced in the bone marrow from HSPCs, with the number of up to 1011 cells per 

day in steady-state (Chistiakov et al., 2015). Under steady-state conditions, neutrophils enter 

the circulation, migrate to peripheral tissues and are finally eliminated by macrophages to finish 

their lifecycle. ln emergency conditions such as local or systemic infections and inflammation, 

the organism consumes a huge number of neutrophils to sustain homeostasis. This requires 

production of large numbers of neutrophils to meet the body's demands (Chistiakov et al., 

2015). 

Emergency granulopoiesis is defined as the de novo generation of neutrophils in the 

bone marrow to fulfill the demands of the blood system in response to infection or inflammation 

(Manz et al., 2014). The emergency cascade can be divided into three phrases. Firstly, the 

presence of invading pathogens needs to be sensed to inform the immune and hematopoietic 

system of the emergency events. Second, the emergency case needs to be translated into 

molecular signais to induce production of neutrophils in the bone marrow. Third, the 

hematopoietic system needs to recover and return to steady-state conditions after clearance of 

an infectious pathogen (Manz et al., 2014). 

LPS, also named endotoxin is a component of the outer membrane of Gram-negative 

bacteria. LPS includes an oligo- or polysaccharide region anchored in the outer bacterial 

membrane by a lipid A tail. The lipid A component is the major immune-stimulatory part of LPS 

(Erridge et al., 2002). LPS is used in many models to mimic sepsis or inflammation (Fink, 2014, 

Nemzek et al., 2008). LPS can be recognized by TLR4 that is expressed on the surface of 

---various-eell-types-such-as-HSPGs,--macrophages,--MSGs-(Nagai-et-al~--2006-;-Vaure-et-a/;-;-201'4);------

0nce LPS binds to its receptors, TLR4 on macrophages results in macrophage activation and 

secretion of inflammatory mediators and chemokines. ln turn, those chemokines act as chemo­

attractants to recruit neutrophils, T lymphocytes, monocytes, dendritic cells to the site of 

inflammation (Amanzada et al., 2014, Tirosh et al., 2010). ln vivo administration of LPS in the 
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mouse model leading to LPS ligation with TLR4 expressed on HSPCs, results in proliferation of 

HSPCs and a significant increase in the output of neutrophils. As a consequence, steady-state 

hematopoiesis is switched to emergency granulopoiesis (Boettcher et al., 2014). Repetitive 

challenge with LPS leads to the activation of quiescent HSCs and their entry to cell cycle though 

TLR4 pathway. This results in the restriction of HSC self-renewal ability via TLR4-TRIF-ROS­

p38 signalling (Takizawa et al., 2014). Sepsis induced in mouse model by intra-peritoneal 

injection of 3mg/kg Pseudomonas aeruginosa LPS leads to suppressed generation of myeloid 

cells and exhaust of HSCs (Zhang et al., 2016). ln addition to bacterial products, viruses and 

parasites also promote emergency myelopoiesis. ln a previous · study, we showed that 

Leishmania donovani, a protozoan parasite that causes a chronic infection induces the 

proliferation of HSPCs in the BM and spleen, especially increase myelopoiesis with emergency 

GMP and HSC-like output during the course of infection. ln addition, increased parasite burden 

was correlated with enhanced myelopoiesis, which mostly produces granulocytes and 

monocytes which are downstream of GMP (Abidin et al., 2017). Mice infected with Toxop/asma 

gondii, another protozoan parasite, displayed a blockage in the generation of Erythrocytes, the 

precursor of red blood cells (RBC) and increased GMP progeny. However, the authors showed 

only a significant increase in monocyte numbers and a little change in granulocyte output (Chou 

et al., 2012). 

3.1 Sensing of pathogens 

When invading pathogens become systemic in a living organism, transmission of signais 

to alert the immune system is a crucial step to start the emergency granulopoiesis cascade. 

This requires a cell type or several cell types encounter the foreign organisms and have a 

machinery to detect and translate the signal into emergency granulopoiesis. Fortunately, pattern 

recognition receptors, such as TLRs, detect and respond to a variety of classes of conserved 

pathogen-associated molecular patterns (PAMPs). 

3.1.1 Direct sensing 

L T-HSCs and their downstream progeny in both humans (Chicha et al., 2004, De Luca 

et al., 2009) and mice (Nagai et al., 2006, Schmid et al., 2011) have been shown to express 

TLRs that can directly respond to pathogens. TLR ligation on HSPCs leads to their proliferation, 

migration to peripheral tissues and differentiation, and therefore contributes to the response of 
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the immune system (Manz et al., 2014). Following TLR stimulation, human (De Luca et al., 

2009) HSCs as well as murine HSCs (Nagai et al., 2006, Schmid et al., 2011) expand their 

numbers and undergo specific differentiation to myeloid lineages. Direct transmission of signais 

through TLRs enables HSCs to immediately reconstitute cells of the innate immune system after 

a rapid depletion during infection. lndeed, there is evidence that both migratory HSCs and bone 

marrow resident HSCs can respond directly to TLR danger signais (Manz et al., 2014). ln vitro 

stimulation of mouse HSPCs with TLR2 and TLR4 agonists leads to their proliferation in a 

cytokine-independent manner and promotes their differentiatiori to myeloid cells (Nagai et al., 

2006). Similarly, human CD34+ HSPCs subjected to in vitro TLR ligation enhances myeloid 

differentiation of these cells (De Luca et al., 2009, Sioud et al., 2007). There is a small 

proportion of HSCs that constantly enters peripheral blood circulation from the bone marrow and 

re-enters the bone marrow after that (Wright et al., 2001). Although it is not clear how important 

this event is, it is thought to be involved in patrolling for invading pathogens in remote tissues. 

After encountering foreign microorganisms, HSPCs could directly differentiate in their progeny 

to fight against pathogens at the site of infection and support tissue repair (Manz et al., 2014). 

Ex vivo pre-stimulation of HSPCs with LPS followed by transplantation under the kidney 

capsule, and continued in vivo LPS stimulation has been indicated to generate a myeloid cell 

cluster within the kidney (Massberg et al., 2007). Furthermore, early treatment of HSPCs with 

TLR-agonist results in increased secretion of different hematopoietic growth factors including IL-

6. ln vivo treatment with 5-fluorouracil (5-FU) or ionizing radiation stimulates HSPCs to produce 

hematopoietic growth factors that enhance generation of myeloid lineages. ln addition, 

combining type 1 interferon and TLR7 signaling on common myeloid progenitors was reported to 

promote monocyte/macrophage differentiation (Buechler et al., 2016). BM WT was transplanted 

into TLR4 deficient mice (WT-> Tlr4 KO), and vice versa TLR4 deficient BM was transplanted 

into WT mice (Tlr4 KO->WT) (Liu et al., 2015). The authors then injected recipients with LPS 

low dose and observed a significant increase in HSPCs in KO mice, while there was no change 

in HSPC numbers in WT mice (Liu et al., 2015). Chimeric mice with a 60%:40% mixture of 

WT/KO was generated. At 12 week post-engraftment, mice were challenged with LPS. WT 

HSCs increased 3 fold compared to unchanged in Tlr4 deficient HSCs. ln vitro experiment 

where sorted~HSCs were cultured with LPS also displayed significant expansion 12 hours post 

stimulation (Liu et al., 2015). These results suggest that the effect of LPS on HSCs was direct 

via activation of TLR4 on HSCs. Taken together, the experimental evidence clearly proves that 

HSPCs express TLRs and can thus detect and respond directly to pathogens. 
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3.1.2 Indirect senslng 

Although TLR function in pathogen sensing is well described in hematopoietic cells, non­

hematopoietic cells also have TLRs and contribute to propagating inflammatory signais. For 

example, house dust mites induce allergie asthma via TLR4 signal that is expressed on 

structural airway cells (Hammad et al., 2009). Schilling et al. demonstrated that mice that are 

deficient in TLR4 in bladder epithelial cell were u nable to prime a protective response to control 

the early infection with E. coti although hematopoietic cells expressed TLR4 in these mice 

(Schilling et al., 2003). The study also showed TLR4+ epithelial cells alone could not activate 

inflammatory response, suggesting that TLR4 signais both on epithelial cells and hematopoietic 

cells were required for activation of the immune response. These results demonstrated that 

bladder epithelial cells play a crucial role in innate immunity mediated via TLR4 to eliminate E. 

coti (Schilling et al., 2003). ln another model, when T/r4·1- bone marrow was transplanted into 

Tlr4•1
• mice, and all resident macrophages and circulating leukocytes thus lacked Tlr4, these 

cells were completely non-responsive to LPS. However, when Tlr4+1+ bone marrow cells were 

transplanted to Tlr4·1• environment (Tlr4·1- endothelial cells), followed by LPS-induced systemic 

inflammation, the mice displayed little increase in the number of neutrophil migrating into lungs. 

This phenomenon suggests that endothelial cells were important for sensing and translating 

signal of LPS (Andonegui et al., 2003). TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, and TLR9 

expression was also reported in mesenchymal stromal cells, and bone marrow stromal cells 

promote monocyte egress from bone marrow in response to TLR stimulation with its agonis! 

(Hwa et al., 2006, Pevsner et al., 2007, Tomchuck et al., 2008). More recently, Manz et al. 

indicated that endothelial cells drive LPS-induced emergency granulopoiesis by signalling 

through TLR- myeloid differentiation primary response protein 88 (Myd88) axis. Subsequently, 

following LPS stimulation, signal was translated into G-CSF production by the endothelial cells 

Io switch bone marrow output from steady-state to emergency granulopoiesis. This.study also 

identified bone marrow endothelial cells as the main source of G-CSF, suggesting this cell type 

is a critical regulator of emergency granulopoiesis (Boettcher et al., 2014). 

ln addition Io non-hematopoietic cells, mature hematopoietic cells are also proposed as 

a model for indirect sensing of pathogen. Monocytes and macrophages are the initial cell types 

which sense the signal of pathogens in both local and systemic bacterial infection models 

(Hamilton, 2008, Kaushansky, 2006). This activity is largely dependent on TLR signaling, which 

leads Io the production of inflammatory cytokines and hematopoietic growth factors (De Waal 

Malefyt et al., 1991, He et al., 2009, Nishizawa et al., 1990). These characteristics make them 
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ideal cell types for pathogen sensing. However, the idea of monocytes/macrophages sensing 

the invading pathogen signais leading to proliferation of HSPCs and subsequently inducing 

emergency myelopoiesis has not been demonstrated yet in an in vivo experimental mode!. 

3.2 Cytokines regulating myelopoiesis 

3.2.1 Colony-stimulating factors 

Hematopoiesis is a process regulated by various hematopoietic growth factors including 

granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating 

factor (GM-CSF) (Hamilton, 2008, Kaushansky, 2006). G-CSF plays an important role in the 

production of granulocytes during steady state granulopoiesis, emergency granulopoiesis, and it 

is an important hematopoietic cytokine promoting HSC mobilization from the bone marrow 

(Demetri et al., 1991, Duhrsen et al., 1988). lnitially, G-CSF was used to induce neutrophil 

production in patients whose neutrophils are depleted as a side effect of using chemotherapy 

(Gabrilove et al., 1988). G-CSF is also used in clinic because it promotes rapid mobilization of 

HSC from bone marrow to peripheral blood; mobilized HSCs are then collected for several 

purposes such as transplantation (Anasetti et al., 2012). G-CSF signais via ils homo-dimeric 

receptor G-CSFR, which is mainly expressed on hematopoietic cells (Liu et al., 2000). Many cell 

types such as macrophages, epithelial cells, endothelial cells and fibroblasts secrete G-CSF in 

response to LPS, IFN-13, and IL-17 (Fessiez et al., 1996, Sano et al., 2007). G-CSF release from 

these cells boosts the generation of neutrophils within bone marrow and their mobilization to 

peripheral blood. Vast production of neutrophils and their progenitors creates a proteolytic 

environment due Io the secretion of matrix metallo-proteinases leading Io the degradation of 

adherent molecules that anchor HSCs with their niche, and subsequent HSC mobilization Io 

peripheral blood (Pelus et al., 2004). G-CSF or. G-CSFR null mice had 90% reduction in 

circulating neutrophils (Lieschke et al., 1994, Liu et al., 1996). The precise impact of G-CSF 

directly on HSCs during emergency hematopoiesis remains unclear. Studies of Zhan et al. 

showed a mitigated response of granulocytes and increased lethality of G-CSF deficient mice 

comparecnotneir counterpartsauring infection witn-nsteria monocYfogenes (Ciescnl<e etal.-, --

1994, Zhan et al., 1998). On the other hand, there was no difference between G-CSF null mice 

and contrai mice in a mode! of Candida albicans-induced emergency granulopoiesis (Basu et 

al., 2000). Administration of G-CSF activates quiescent HSCs and increases the proportion of 

HSCs, promoting emergency granulopoiesis (Tamura et al., 1987). G-CSF is proposed Io have 
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ability Io induce both quiescent normal and malignant HSCs enter cell cycling (Saito et al., 2010, 

Wilson et al., 2008). Recent researches show G-CSF promotes dormant HSCs migration from 

BM to peripheral blood without proliferalion (Bernitz et al., 2017, Kovtonyuk et al., 2016). G-CSF 

stimulates CD41+HSCs proliferalion, which is short-term HSCs with primarily potential to 

regenerate myeloid lineages (Bernitz et al., 2017). However, G-CSF produced by endothelial 

cells is required for the induction of emergency granulopoiesis in response to LPS, promoting 

accelerated generation of granulocyte-monocyte progenitors (Boettcher et al., 2014). 

Expression of G-CSFR on HSCs was not required for HSCs mobilization by G-CSF, suggesting 

G-CSFR-dependent signais act in trans to mobilize HSCs from bone marrow to peripheral blood 

most likely by decreasing adhesion molecule CXCL 12 (Liu et al., 2000). The available evidence 

proposes that G-CSF mostly acts downstream of HSCs such as on CMPs, GMPs, and 

granulopoietic progenitors but not on HSCs (Kovtonyuk et al., 2016). 

GM-CSF enables HSPC differentiation toward myeloid lineages (Gasson, 1991, Lang et al., 

1987). GM-CSF deficient mice presented a significant depletion of myeloid cells in the bone 

marrow and in inflamed tissues, resulling in a failure to control L. monocytogenes infection 

(Zhan et al., 1998). ln addition, in a model of chronic infection with Mycobacterium avium GM­

CSF null mice were unable to increase myeloid progenitor numbers followihg infection (Zhan et 

al., 2000). Taken together, GM-CSF seems to be important for emergency myelopoiesis. 

3.2.2 lnterleukin-3 

IL-3 has a function in promoting steady-state hematopoiesis. ln the early 1990s, Yang et 

al. showed that a gibbon T cell line secreted a hematopoietic growth factor, which slimulates 

formation of colony in culture setting. This factor was later identified homologous to murine IL-3 

(Yang et al., 1986). Culture of human bone marrow cells with recombinant gibbon IL-3 in 

methylcellulose promoted the growth of myeloid progenitors. This finding suggests that IL-3 

stimulates the proliferation of myeloid lineages (Yang et al., 1986). Recent studies have shown 

the functional activity of IL-3 in emergency hematopoiesis. ln a cecal ligation and puncture 

model of sepsis, it was observed that IL-3 contributes to the enhancement of leukocyte numbers 

in bone marrow and peripheral blood (Weber et al., 2015). Moreover, innate response aclivator 

(IRA) B cells developed from B1a B cells were identified as the main source·of IL-3 this model 

(Weber et al., 2015). ln that setting, IL-3 enhanced the generation of Ly-6Chlgh monocytes and 

neutrophils that switched from steady-state to emergency myelopoiesis. The high level of IL-3 in 

serum also enhanced the cytokine storm that leads to an increase in the death rate. Therefore 
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inhibition of IL-3 production enhanced the survival of septic mice. However, the functional raie of 

IL-3 from IRA B cells during more general emergency hematopoiesis still needs to be 

investigated (Weber et al., 2015). 

3.2.3 lnterleukin-6 

IL-6 is a cytokine that has many different functions. IL-6 plays crucial roles in several 

different biological processes, including hematopoiesis as well as the immune response. IL-6 

receptor is a protein complex consisting of two subunits: a ligand-binding a chain (IL-6Ra; also 

known as CD126) and a signal-transmitting ~ subunit glycoprotein 130 (gp130; or CD130) 

(Schaper et al., 2015, Scheller et al., 2011). T cells and macrophages secrete IL-6 in response 

to infection, trauma, and tissue damage (Scheller et al., 2011 ). Osteoblasts secrete IL-6 to 

support the formation of osteoclasts. IL-6 is not important for steady-state hematopoiesis (Kopf 

et al., 1994), and the expression of other cytokines could compensate for the loss of IL-6, but it 

has a critical role in the development of lineages under stress conditions such as inflammation 

(Maeda et al., 2005). Treatment of mice with phenyl-hydrazine (PHZ), which is known to lyse 

erythrocytes, led to severe hemolytic anemia, with depletion of white blood cells, and 

granulocyte/monocyte progenitors. IL-6 deficient mice displayed defects in hematopoietic 

recovery compared to wild type mice, indicating a role of IL-6 in the regulation of HSPC 

proliferation and differentiation (Bernad et al., 1994). Likewise, IL-6 deficient mice showed a 

severe impairment of neutrophil response to systemic Candida albicans infection. This defect is 

reversed by the administration of IL-6 (Romani et al., 1996). MPPs and myeloid progenitors 

express IL-6Ra, while L T-HSCs and ST-HSCs do not have this receptor (Reynaud et al., 2011). 

When these MPP populations are stimulated with IL-6, there is a rapid increase of myeloid cell 

lineages and blockade of CD19• B cell formation (Reynaud et al., 2011). ln a model of 

emergency granulopoiesis where both G-CSF and GM-CSF, and IL-6 were deleted, the triple 

mutant mice displayed a significant decrease of neutrophil activity in response to LPS. This 

impairment is recovered following exposure to IL-6, suggesting that IL-6 has a role in controlling 

emergency granulopoiesis (Walker et al., 2008). Recently, Schürch et al. reported that 

-~---cos•-cytotox1c Tœlls secrete IFllJ-y Cluring acute virallnfection, wmcninâuced-MSCs1ntne--~ 

bone marrow to secrete hematopoietic cytokines including IL-6. IL-6 secretion by MSCs 

subsequently promotes HSPC proliferation and differentiation into myeloid cell lineages 

(Schurch et al., 2014). Furthermore, Zhao et al. showed direct pathogen sensing through TLRs 

led to IL-6 secretion by HSPCs. The authors used chimeric mice transplanted with wild type and 
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IL-6 null HSPCs to eliminate the effect of mature myeloid cells, which are the major source of IL-

6. IL-6 competent wild type HSPCs produced myeloid cells effectively in response to LPS as 

compared Io IL-6 null HSPCs. The outcome of this study suggests that HSPC-derived IL-6 plays 

arole in emergency response to bone marrow stress conditions (Zhao et al., 2014a}. 

3.2.4 lnterferon gamma 

IFNs are known as inflammatory cytokines that have well-studied functions in the immune 

system against a large number of pathogens. IFN-y has several effects on HSC production, 

proliferation and function. lt was shown that inflammatory signaling positively regulates the 

formation of embryonic HSPCs in bolh mouse and zebrafish models. ln the absence of IFN-y 

signalling, there was a significant decrease of HSPCs in AGM. Knock-down of IFN regulator 

factor 2 (IRF2}, which is known as negative regulator of IFN signaling, resulted in increasing 

expression of IFN targe! genes and HSPC production in the embryonic zebrafish. IFN-y 

signaling does not seem to impact HSC survival or proliferation in AGM (Li et al., 2014). Besides 

that, there are several studies demonstrating that IFN-y directly activates quiescent HSCs that 

express IFN-y receptor on their surface. Chronic infection wilh Mycobacterium in mice shows 

L T-HSC expansion in both number and proportion during the course of the infection. The 

authors report increased output of HSCs in the course of infection. Completely knocking-out the 

lfng gene results in less proliferative activity of L T-HSCs compared to wild type mice in steady­

state and chronically infected conditions. The outcome of these experiments suggests that the 

response of LT-HSCs to a chronic infection requires IFN-y signalling (Baldridge et al., 2010). 

Another study in favour of this hypothesis is that an acute Ehrlichia muris infection transiently 

converts dormant HSCs to an active stage in IFN-y-dependent fashion (MacNamara et al., 

2011). During an acute infection with LCMV, the total HSC pool does not increase even though 

increasing in cell division, suggesting that most cells division does not contribute to self-renewal 

event during LCMV infection, but the divided cells contribute to differentiation and migration Io 

peripheral blood (Matatall et al., 2014). The study also reported that IFN-y plays a more 

important role in myeloid-biased HSCs (My-HSCs) !han lymphoid-biased HSCs (Ly-HSCs) 

----oaseâ on increasing proliferation on\lly:RSCs post recombinant IFN-y injection (Matatall et al., 

2014). On the other hand, IFN-y induced cell division promotes differentiation and inhibits self­

renewal. Mice repeatedly infected with Mycobacterium avium developed pancytopenia, 

characterized by decreased red and white blood cell and platelet counts following exposure with 

pathogen. A significant increase in the levels of IFN-y in serum of infected mice sustained 6 
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months post infection lead to HSCs depletion through impaired self-renewal ability, and 

enhanced expression of BATF2 that leads to increased terminal differentiation (Matatall et al., 

2016). Bruin et al. published an article in contradiction with these findings, as the authors 

illustrate that IFN-y reduces the proliferative capacity of HSCs in mouse mode!. Culture of 

purified HSCs with recombinant IFN-y caused a significant reduction in HSPC percentage and 

numbers. lndeed, transplantation of cultured HSCs in competition with WT cells into recipient 

mice showed long-term reconstitution failure of JFN-y-treated HSCs compared to wild type cells 

(De Bruin et al., 2012). Furthermore, IFN-yR1-1- HSCs recover to normal levels much better 

compared to their counterparts on day 8 of infection with the acute Armstrong strain of LCMV 

(De Bruin et al., 2013). To exclude the indirect effect of IFN-y on HSCs, JFN-yR1 chimeric mice 

(WT:IFN-yR1-1-) were generated and challenged with Armstrong strain. Similarly, IFN-yR1~­

HSCs recovered better !han WT ones. The authors concluded that IFN-y inhibits HSC recovery 

following viral infection. IFN-y also enhances suppressor of cytokine signalling (SOCS) 1 level in 

HSCs, which inhibits phosphorylation of STAT5 via TPO, therefore down-regulating key cell­

cycle genes, Ccnd1 (Gye/in 01) and p57 (De Bruin et al., 2013). IFN-y is also reported to 

indirectly influence HSPCs. This conclusion cornes from the study of Schurch et al. where the 

authors described that cytotoxic CD8+ T lymphocytes produced IFN-y, mediating the secretion 

of IL-6 from bone marrow MSCs and thus promoting myeloid Jineage differentiation (Schurch et 

al., 2014). 

3.2.5 lnterferon type 1-a, 13 

IFNs are anti-viral cytokines that are secreted by host cells in response to tumors, and 

pathogens such as viruses, bacteria, and parasites (Chiba et al., 2018). Type 1 IFNs include 

IFNa and IFN13, which are produced by different cell types such as fibroblasts and monocytes. 

The mechanism of anti-viral activity of these cytokines is to inhibit the replication and production 

of viral genome. Type 1 IFNs engage with their cell surface receptor complex that is composed 

of IFN-a receptor 1 (IFNAR1) and IFNAR2 subunits (Chiba et al., 2018). The raie of IFN-a/13 on 

hematopoiesis mostly came from the research of viral infection using lymphocytic 

---cnoriomeningitisvirus (ŒIV1V) moael and miection of mice with poly l:C. treatment of HSPCs 

with IFN-a or IFN-al13 deficient mice, concluded that type 1 IFNs repress progenitor cell 

proliferation and differentiation (Chiba et al., 2018). Mice treated with poly l:C every 2 days for a 

month showed detectable level of IFN-ls from day 3 to 30 in sera. Along with chronic production 

of type 1 JFNs, bone marrow cells such as B lymphocytes, and granulocytes were depleted. This 
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depletion was dependent on IFNAR (Pietras et al., 2014). Chronic exposure to IFN-1 led to a 

transient augmentation in HSC proliferation but the HSC pool remained unchanged in number. 

lmportantly, HSCs exposed to IFN-1 rapidly re-enter quiescent state (Pietras et al., 2014). 

Infection with non-cytopathic LCMV leads to greatly depleled hematopoietic progenitor numbers 

in the bone marrow of wild type mice (Sato et al., 2009). Using IFN regulator factor 2 (lrf2) 

deficient mice, a transcriptional suppressor of type 1 IFN signalling expressed in HSCs, the 

authors demonstrated that lrf2 preserves HSC self-renewal and reconstitution of multi-lineage 

differentiation ability (Sato et al., 2009). Injection of IFNa in vivo caused HSC conversion from 

dormant stage to active cell cycle (Essers et al., 2009). ln response Io IFNa treatment, HSCs 

up-regulated the expression of downstream targets of IFNa genes, phosphorylation of STAT1, 

and PKB/Akt signalling, and increased the expression of stem cell antigen-1 (Sca-1 ). At steady 

state, Foudi et al. characterized approximately 1 % phenotypic HSCs enter cell cycle by using 

label retention assay (Foudi et al., 2009). Following injection with poly l:C the percentage of 

HSCs cycle was six to seven fold higher for up Io 3 days, led to accumulation of reactive oxygen 

species and DNA damage in remaining HSCs. DNA damage thus induced HSCs senescence 

via IFN-dependent signaling. 

3.2.6 Macrophage inflammatory Protein -1 alpha 

Macrophage inflammatory protein-1 alpha (MIP-1a, also known as CCL3) is a chemokine that is 

secreted by activated macrophages. Human and mouse MIP-1a engages with its receptors 

CCR1, CCR5, and D6. Mouse MIP-1a also binds Io CCR3 (Nibbs et al., 1997). CCR1 is in 

charge of the mobilization of HSPCs via CCL3 (Broxmeyer et al., 1999). CCL3 shows potential 

ability in hematopoietic regulation in physiologie conditions, and regulates HSPC proliferation in 

BM (Cook et al., 1995). MIP-1a cDNA was first cloned as an endogenous inflammatory 

mediator from RAW264.7 mouse macrophage cell line that was stimulated with LPS (Davatelis 

et al., 1988). lmmediately after the identification of CCL3 cDNA, Graham et al. described CCL3 

as a stem cell inhibitor when they observed the inhibition of colony formation when primitive BM 

cells were cultured with supernatant from the J774.2 macrophage cell line (Graham et al., 

1990)~Suosequent researcnillustrates tnaCCCC3 couRnnllioiCtneformation of colony an<r----­

proliferation of HSPCs both in vitro and in vivo (Broxmeyer et al., 1990, Graham et al., 1990). 

CCL3 inhibits primitive progenitor cell proliferation but induces more mature progenitor 

proliferation (Broxmeyer et al., 1989, Broxmeyer et al., 1990). Moreover, CCL3 blocks cell cycle 

entry and therefore maintains HSCs at quiescent stage (Verfaillie et al., 1994). Injection of high 
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dose of CCL3 to mice (Lord et al., 1995) and tiumans (Broxmeyer et al., 1998) causes rapid 

mobilization of HSCs from BM to peripheral blood. Recently, Staversky et al. by using CCL3 

deficient mice demonstrated that CCL3 regulates HSC numbers and myeloid differentiation in 

steady-state (Staversky et al., 2018a). Moreover, Baba et al. revealed basophils consitutively 

produce CCL3 at steady-state to negatively control normal hematopoiesis, especially basophil­

derived CCL3 regulates HSCs regeneration post transplantation (Baba et al., 2016). Using 

model of chronic myeloid leukemia (CML) the study also showed that basophil-like leukemic 

cells generate CCL3 in BM, and in turn this molecule impacts their biological function on CCR1, 

CCR5-expressing non-leukemic cells to maintain leukemia initiating cells (LICs), which are 

formed by transformation of normal HSCs (Baba et al., 2016). CCL3 could actas an inducer of 

normal HSPC mobilization from BM to peripheral blood (Baba et al., 2013), reorganizing 

leukemic niche cells in BM to support the maintenance of LICs (Schepers et al., 2013). 

MIP-1 a regulates acute and chronic inflammatory responses of host organisms at the 

site of infection or injury by recruitment of pro-inflammatory cells (Maurer et al., 2004). MIP-

1 a is expressed in the lung of mice after injection with LPS in a time-dependent fashion, 

resulting in the infiltration of neutrophils and macrophages in the lungs. Administration of anti­

MIP-1 a antibody reduces neutrophil and macrophage infiltrate and decreases lung permeability 

(Standiford et al., 1995). Hsieh et al., 2008 demonstrated that MIP-1 a has an important function 

in mediating the acute inflammatory response following trauma-hemorrhage. MIP-1a null mice 

show attenuated acute inflammatory responses, rapid recovery, and less remote organ injury 

after trauma (Hsieh et al., 2008). 
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Hematopoietic stem cell lies at the apex of hematopoietic hierarchy that is in charge for 

all blood cell types production throughout the lifetime of the organism. Most HSCs remain in a 

quiescent stage that helps !hem to avoid aberrant proliferation leading to DNA damage and 

exhaustion. Boettcher et al. showed in 2014 that systemic inflammation caused by LPS, a 

component of the gram-negative bacterial coat, was sensed by endothelial cells. Subsequently, 

endothelial cells translate the pathogen signal into a switch from steady-state to emergency 

granulopoiesis by secreting granulocyte-colony stimulating factor (G-CSF). G-CSF promotes the 

differentiation of granulocyte-monocyte progenitor cells to finally meet the high demand of 

neutrophil output after LPS injection in vivo. Although the mechanisms promoting HSPC 

activation and egress are well characterized, il is less clear what promotes their survival and 

return to the bone marrow. 

ln a previous study, our laboratory has shown that Fzd6, a non-canonical Wnt receptor 

expressed in HSPCs, regulated self-renewal and long-term engraftment of hematopoietic stem 

cells in irradiated recipient mice. Using the LPS-induced emergency granulopoiesis model, Fzd6 

deficient HSCs failed to expand after the second LPS injection compared to their counterpart 

wild type HSCs (Abidin et al., 2015). Thus, we seek to understand why Fzd6 null HSCs could 

not expand in response to the bone marrow inflammatory stress. We also want to know the 

molecular mechanisms that regulate Fzd6 deficient HSC behavior and evaluate the contribution 

of Fzd6-deficient environment. ln competitive transplantation assays, where we transplanted 

Fzd6 KO or WT BM mixed ·1: 1 with competitor BM into irradiated recipients, Fzd6 KO HSCs 

showed poor reconstitution ability at 4 weeks after transplantation. The defects in resconstition 

became more pronounced at week 12 and 16 postransplant. These results suggest that the 

impairment in regeneration ability observed in Fzd6 KO HSCs is cell intrinsic (Abidin et al., 

2015). We therefore hypothesize that the impact of Fzd6 in hematopoietic stem cells is 

hematopoietic cell intrinsic. We proposed two objectives: 

1. To study the mechanism of Fzd6 signaling during steady-state and HSC activation. 

2. To investigate the role of Fzd6-deficient microenvironment in HSC response to LPS. 

------------------- -- ---- ------ ----- -
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1 SUMMARY 

Emergency hematopoiesis involves the activation of bone marrow hematopoietic 

stem/progenitor cells (HSPCs) in response to systemic inflammation. HSPCs are maintained in 

the bone marrow in a special microenvironment that regulates their response to environmental 

changes. We have previously shown that Fzd6 plays a pivotai raie in regulating HSPC 

expansion and long-term maintenance. Now we sought to better understand the underlying 

mechanisms. Using the LPS-induced emergency granulopoiesis mode!, we show that the defect 

in HSPC expansion was intrinsic to Fzd6-deficient hematopoietic cells and not due to inefficient 

LPS sensing. Rather, Fzd6-deficient HSPCs were more strongly activated, but their 

differentiation and mobilization to peripheral blood were impaired. Fzd6-deficient macrophages 

further contributed to HSPC loss by secreting myelosuppressive MIP-1 a. These studies suggest 

that Fzd6 has a protective effect in the bone marrow to prevent an overactive inflammatory 

response. We further propose that mobilization may promote HSPC survival during bone 

marrow inflammation. 

2 INTRODUCTION 

Emergency hematopoiesis is. characterized by the expansion of hematopoietic 

stem/progenitor cells (HSPCs) and their progeny in response to a combination of signais from 

their immediate environment, such as inflammatory cytokines and pathogen-associated 

molecular patterns (Baldridge et al., 2010, Boettcher et al., 2014, Burberry et al., 2014, Haas et 

al., 2015, Kwak et al., 2015, Mànz et al., 2014). ln the prototypical mode!, Toll-like receptor 

(TLR)-4 ligation on HSPCs by lipopolysaccharide (LPS) leads to HSPC proliferation, promotes 

myeloid differentiation, and ultimately results in functional HSPC exhaustion in the presence of a 

persistent stimulus (Liu et al., 2015, Takizawa et al., 2017). ln contras!, HSPC migration to 

peripheral sites, such as spleen, is not dependent on direct pathogen sensing by the HSPCs but 

rather results from the secretion of granulocyte colony-stimulating factor (G-CSF) by the 

endothelial cells in the bone marrow hematopoietic niche (Boettcher et al., 2014, Burberry et al., 

2014, Haas et al., 2015). The concomitant increase in granulocyte differentiation in response Io 

G-CSF and their release Io circulation serves to replace these short-lived cells that are being 

recruited to the site of infection or inflammation. Moreover, bone marrow myeloid cells will also 

signal back Io HSPCs by producing reactive oxygen species that will further stimulate HSPC 

proliferation and differentiation (Kwak et al., 2015, Zhu et al., 2017). 
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HSPC activation generally corresponds to changes in Wnt signaling activity, with the 

various intracellular signaling pathways promoting either activation or quiescence (Abidin et al., 

2015, Lento et al., 2014, Staal et al., 2016, Sugimura et al., 2012). Different Wnt signaling 

pathways have also been linked to the regulation of inflammation: while the canonical Wnt/13-

catenin signaling appears to promote the secretion of pro-inflammatory cytokines in response to 

LPS and to induce lung injury in sepsis (Gatica-Andrades et al., 2017, Sharma et al., 2017), the 

prototypical non-canonical ligand Wnt5a has been shown to slimulate phagocytosis and 

cytokine secretion by macrophages (Maiti et al., 2012), but also to promote the differenliation of 

tolerogenic dendritic cells (Oderup et al., 2013, Valencia et al., 2011 ). However, the precise role 

of Wnt signaling in emergency myelopoiesis is not well established. We have shown in a 

previous study that the Wnt/polarity receptor Fzd6 is necessary for the efficient HSPC 

expansion after competitive transplant and in response to LPS (Abidin et al., 2015), but the 

underlying cellular and molecular mechanisms remained unclear. 

We now show here that Fzd6 simultaneously protects HSPCs and promotes their 

mobilization to the periphery, most likely by a combination of cell-autonomous and indirect 

mechanisms mediated by other hematopoietic cells, such as bone marrow macrophages. Fzdtr'· 

HSPCs display an efficient immediate-early response that cannot be sustained as the cells 

become more rapidly exhausted. Furthermore, they mobilize less efficiently to the spleen and 

generate fewer progeny in situ in the bone marrow. Fzdtr'- macrophages contribute to the 

inefficient response by secreting large quantities of myelosuppressive factors, such as MIP-1a. 

These results show that hematopoietic Fzd6 is required for normal emergency granulopoiesis 

and lead us to propose that HSPC mobilization could actually promote their survival by 

removing !hem from an inflammatory bone microenvironment. 

3 RESULTS 

3.1 Initial HSC response to LPS is intact in Fzd6"1
" bone marrow 

Our previous data showed a decreased expansion of Fzdtr'- CD150+ un· Sca-1• cKith' 

(LSK) HSPCs in the bone marrow on day three after the first injection of LPS (Abidin el al., 

2015). This could be explained either by defective LPS sensing or lack of HSPC self-renewal, 

translating into exhaustion, cell differentiation, or cell death. To better discriminate between the 

two possibilities, we analyzed HSPC activation also al earlier time points at 24h and 48h after 

the first injection (Fig. 3.1A). There was no difference in HSPC expansion on day 1 (Fig. 3.1 B), 
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indicating that the initial LPS sensing was not affected by the absence of Fzd6. However, the 

decline in HSPC numbers following the second injection was much more pronounced in the 

Fzdo'- bone marrow, resulting in the overall deficit in HSPC number as compared to Fzd6•1
• 

controls. This was accompanied by an initial decrease in the proportion of CD15o•co4a- LSKs 

that are enriched in hematopoietic stem cells (HSCs) when compared to CD15o•co4a• 

multipotent progenitors (MPPs); however, in contras! to Fzd6+i+ controls in which the proportions 

returned to normal by day 3, the relative frequency and number of CD15o•co4a- LSKs were 

decreased in Fzdo1
• bone marrow, suggesting a potential defect in the ability of the bone 

marrow to return to quiescence after stimulation (Fig. 3.1 C, 3.1 D). 
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Figure 3.1 
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Fzd6-deficiency impairs LPS-induced HSC expansion. 

(A) Experimental design for LPS-induced emergency granulopoiesls. (B) Representative flow cytometry 
-----data-and-gating-strategy-of-tPS0treated-BM-HSPCs--ni-Fzâ6'1'-(WT) anâ-Fwo'--(KO)mice at varlous 11rne-·­

points. BM cells were first gated on Lin· (8220- CD3e· CD11 b- GR1" Ter119") and identified according to 
Sca-1 and c-Kit (CD117) expression. Stem cell-like megakaryocyte progenitors (MkP) were identified as 
CD41+ CD150+ wlthin the Lin"cKit"' Sca1• (LSK) population. HSC-like cells were defined as CD150+ 
CD16/CD32" co41· LSKs. Graphs show the absolute numbers of dlfferent subpopulations in the bone 
marrow (two tibiae + two femora). (C) Representative flow cytometry data showing CD150 and CD48 
expression on LSKs. Bar graphs on the right show the contribution of CD48- HSCs and CD48+ myeloid­
biased MPP2 cells to CD150 LSKs. (D) Graphs show the percentage contribution and absolute numbers 
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of the different bone marrow LSK subpopulations as defined by CD150 and CD48 expression. (E) Ki-
67/Hoechst co-staining was used to distinguish the GO, G1, and S/G2/M cell cycle phases of CD1 so• 
CD48- HSCs at different lime points after LPS injection. Ali graphs represent mean + SEM, pooled from at 
least three independent experiments with a total of at least 5 mice per group *P<0.05; **P<0.01; 
***P<0.001. 

Allhough the vas! majority of adult HSCs are usually in a quiescent state in the GO 

phase of the cell cycle, they can be activated in response to myeloablation or the production of 

inflammatory cytokines, such as seen in the emergency response to LPS (Baldridge et al., 

2010, Liu et al., 2015, Pietras et al., 2016, Takizawa et al., 2017, Wilson et al., 2008). The 

proportion of CD150+CD48" LSKs in GO decreased significantly in Fzd6+i+ contrais as well as in 

Fzdff1- mice in response to LPS (Fig. 3.1 E); however the relative frequency of quiescent HSCs 

was lower in the Fzdff1" bone marrow al 48h and 72h. Together with the decrease in cell 

numbers, these results point toward an overactivation and potential exhaustion of HSCs, rather 

!han inefficient expansion due to impaired LPS sensing. 

3.2 HSC exhaustion is dependent on Fzd6-1- hematopoietic cells 

Although repeated exposure to LPS can lead Io HSC exhaustion directly via TLR4 

expression on HSCs themselves (Liu et al., 2015, Takizawa et al., 2017), emergency 

granulopoiesis and LPS-induced extramedullary hematopoiesis in the spleen are dependent on 

non-hematopoietic cells, such as endothelial cells (Boettcher et al., 2014, Boettcher et al., 

2012). Given that Fzd6 expression has been reported in the bone marrow stromal compartment 

(Lento et al., 2013). we wished Io evaluate whether the apparent induction of HSC exhaustion in 

Fzd6"1
- bone marrow was due to fÙnctional deficiencies in non-hematopoietic cells. We therefore 

reconstituted irradiated Fzd6•1
• and Fzd6"1

- recipient mice with congenic (CD45.1 + CD45.2+) 

bone marrow cells (Fig. 3.2A) and evaluated their emergency response 16 weeks alter 

transplant. We first confirmed that there was no difference in the proportion of peripheral blood 

cells (Fig. 3.2B) or bone marrow progenitor cells before LPS injection (Fig. 3.2C). There was 

also no difference in the proportion or number of bone marrow HSPCs between Fzd6+i+ and 

Fzd6"1
- hosts on day 3, alter the induction of emergenc)( m)(elopoiesiL(Eig._3.2Q,-3.2E). ___ . 

suggesting that Fzd6"1
- stroma was fully able to support both normal and emergency 

hematopoiesis from wild-type HSPCs. Although there was a slight decrease in the number of 

granulocyte-monocyte colonies obtained from the bone marrow of Fzd6"1
- recipients when 

compared to their Fzd6+i+ counterparts, this difference was not statistically significant (Fig. 

3.2F). Moreover, there was actually an increase in the number of colonies obtained from the 
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spleen of Fzdo'- hosts, suggesting that the decrease in bone marrow colony formation could be 

due to an increased release of HSPCs to the periphery (Fig. 3.2F). 
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{A) Experimental design for primary transplants. (B) Peripheral blood analysis of recipient mice 16 
weeks after transplant, showing the proportion of different blood cells within donor-derived cells (overall 
peripheral blood chimerism was >95% for ail recipients). Data are pooled from two independent 
transplants, with each individuel dot representing one mouse. Horizontal lines represent the sample 
mean. Similar results were obtained in a third independent experiment. {C) Representative flow cytometry 
analysis of bene marrow aspirates 16 weeks after transplant, showing the proportion of donor-derived 
bene marrow HSPCs. The numbers within different quadrants depict mean percentage within donor­
derived cells. (D) Representative flow cytometry analysis of LPS-injected chimeras on day 3. (E) 
Percentages and absolute numbers of donor-derived HSPCs in the bene marrow on day 3. Data are 
pooled from two independent transplants and shown as mean + SEM (n=6 for Fzdff1• and n=B for Fzdo'­
hosts). Similar results were obtained in a third independent experiment. (F) Numbers of myeloid colonies 
derived from bene marrow (left) and spleen (right) of LPS-injected chimeras. Daia are pooled from two 
independent transplants and shown as mean +SEM (n=6 for Fzd6•1

• and n=B for Fzdff1
- hosts). 

Given that increased mobilization could lead te the loss of bone marrow HSCs with the 

ability te reconstitute secondary hosts, we further transplanted bone marrow cells isolated from 

LPS-injected chimeras into congenic CD45.1 + recipients (Fig. 3.3A). The secondary recipients 

showed no evidence of differentiation bias induced by Fzdfr'- environment (Fig. 3.38). 

Moreover, there was no decrease in donor chimerism within peripheral blood granulocytes, 

suggesting that bone marrow cells recovered from Fzdo'· hosts had no major repopulation 

defects (Fig. 3.3C). Lastly, we also determined the frequency and number of donor-derived 

HSPCs in the bone marrow and observed no major difference between cells derived from 

Fzd6•1
• and Fzdo1

• primary hosts (Fig. 3.30, 3.3E). These results demonstrate that the Fzdo'· 

environ ment alone is net sufficient to induce defective HSC expansion and function during LPS­

induced emergency hematopoiesis. They rather confirm our previous findings (Abidin et al., 

2015), indicating that the defect is hematopoietic cell-autonomous. 
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(A) Experimental design for secondary transplants. (B) Peripheral blood anatysis of recipient mice 16 
weeks after transplant, showing the proportion of different blood cells with in primary donor-derived cells 
(overall peripheral blood chimerism was _>90% for all recipients). (C) Peripheral blood donor chimerism in 
secondary recipients within GR1 hi SSCh' granulocytes at different times after transplant. Data in (B) and 
(C) are pooled from two independent transplants, with each individual dot representing one mouse. 
Horizontal fines represent the sample mean. (D) Proportion of various HSPC populations within donor­
derived cells in the bone marrow of secondary recipients at 16 weeks post-transplant. (E) Absolute 
numbers of donor-derived HSPCs in the bone marrow of secondary recipients at 16 weeks post­
transplant. Data in (D) and (E) are pooled from two independent transplants and shown as mean + SEM 
(n=9 for both groups). None of the differences were statistically significant. 

3.3 Fzd6 promotes LPS-induced bone marrow emergency myelopoiesis 

One potential explanation for decreased HSC expansion in the Fzdo'- bone marrow 

could be their accelerated differentiation. LPS injection induces a rapid release of neutrophil 

granulocytes and inflammatory Ly-6Chi monocytes from the bone marrow, followed by an 

upregulation of myeloid differentiation programs and a shutdown of B lymphopoiesis (Boettcher 

et al. , 2014, Liu et al. , 2015). To evaluate the potential for accelerated myeloid differentiation in 

Fzder'- mice, we determined the number of granulocyte-monocyte progenitor cells (GMPs; 

CD16/CD32+ cKit+ CD41" CD150- Lin-) at different times after LPS injection. There was no 

difference between Fzd6+i+ and Fzder'- bone marrow at steady state (Fig. 3.4A, 3.48), as we 

have previously published (Abidin et al. , 2017). Conventional Sca-1- GMPs peaked at 48h and 
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returned back to baseline levels by 72h (Fig. 3.4A, 3.48); however, the peak numbers tended to 

rema in lower in the absence of Fzd6. A similar trend could also be seen for Sca-1 • emergency 

GMPs, which were still detectable in Fzd6+t+ bone marrow at 72h, but whose numbers were 

approximately 3-fold lower in Fzder'- individuals (Fig. 3.4A, 3.48). The initial release of myeloid 

cells from the bone marrow was highly similar in both groups, once more suggesting that the 

initial LPS sensing was intact even in the absence of Fzd6. However, there was a decrease in 

granulocyte and monocyte accumulation in the Fzder'- spleen (Fig. 3.4C, 3.40), and the surge of 

myeloid differentiation seen at 72h in Fzd6•1
• bene marrow was absent in Fzdo'- individuals (Fig. 

3.40). These results demonstrated that the impaired emergency response in Fzd6-1- bone 

marrow was not restricted to HSCs but impacted aise their downstream differentiation. 

Naivewr WT+LPS72h KO+LPS 72h 

Figure 3.4 Decreased emergency myelopoiesis in Fzd6-1- mice. 

A) Representative flow cytometry data and gating strategy for bone marrow myeloid progenitor cells. 
Conventional GMPs were first gated on Lin- Sca-1" cKithi and then identified as CD16/CD32+ CD150" and 
CD41 -. Emergency GMPs (eGMPs) were defined as CD16/CD32+ CD150- CD41" LSKs. Mean percentage 
for each cell subset is indicated within flow cytometry plots. (B) Numbers of GMPs and eGMPs in Fzd6+i+ 
(WT) and Fzdo'· (KO) mice at various time points. (C) Representative flow cytometry data and gating 
strategy for myeloid cell subsets in the spleen. The same strategy was used for bone marrow as well. 
Neutrophil granulocytes were defined as SSChi GR1 hl. Ly-6Chi CD11 b + monocytes were selected within 
the "NOT granulocyte" population. Mean percentage for each cell subset is indicated within flow 
cytomet!X plots. (D) Numbers of GR1hi granulocytes and Ly-6Chi monocytes in bone marrow and spleen 
in Fzd6+ + (WT) and Fzdfi1- (KO) mice at various time points. Ali graphs represent mean + SEM pooled 
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from al least three independent experiments with a total of al least 5 mice per group. *P<0.05; **P<0.01; 
***P<0.001. 

3.4 Fzd6 is necessary for efficient HSC mobilization in response to G-CSF 

LPS-induced emergency myelopoiesis is largely mediated by G-CSF, secreted by 

endothelial cells in response to TLR4-mediated signais (8oettcher et al., 2014, 8oettcher et al., 

2012). G-CSF induces granulocyte and HSPC mobilization, activates bone marrow 

macrophages, and promotes granulopoiesis in the· bone marrow. Therefore, a deficient 

emergency response as seen in Fzd6·1- bone marrow could be due to a decrease in G-CSF 

production or an inability to properly react to G-CSF. Given that the Fzd64
- environment was 

able to support emergency hematopoiesis from wild-type HSPCs, the former possibility seemed 

unlikely. We rather administered G-CSF intraperitoneally on three consecutive days, and then 

analyzed HSPC activation and mobilization to evaluate the potential of Fzdô1
- bone marrow 

cells to respond to G-CSF. 

There was no difference in the relative proportion or absolute number of HSPC subsets 

in the bone marrow between Fzd6•1
• and Fzdô1

" mice (Fig. 3.5A, 3.58), suggesting that they 

were able to respond to G-CSF mediated activation. However, the proportion of HSCs that were 

mobilized to the peripheral blood was decreased in Fzdô1
- mice when compared to controls 

(Fig. 3.5C). This difference was even further accentuated in the spleen, where the number of 

HSCs was 2-fold lower after G-CSF treatment (Fig. 3.58). Similar pattern was also seen for 

downstream MPPs (Fig. 3.58) and for myeloid colony-forming cells (Fig. 3.50), whose 

recruitment to the spleen was significantly reduced in the absence of Fzd6. These results 

indicate that Fzdô'- HSPCs become normally activated in the bone marrow, but are then less 

efficiently mobilized to the periphery. Rather, they undergo cell death as shown by the increased 

frequency of cells with pyknotic nuclei (Fig. 3.5E). 
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Figure 3.5 
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Fzd6 promotes G-CSF-induced HSC mobilization to peripheral blood and spleen 

(A) Representative flow cytometry data for LSKs and HSPC subsets as identified by CD150 and CD48 
staining in the bone rnarrow of PBS- and G-CSF-treated Fzd6+i+ (WT) and Fzdo'· (KO) mice. Numbers 
within panels represent mean percentage within total bone marrow. (B) Numbers of HSPCs in the bene 
rnarrow (top) and spleen (bottorn) from PBS- and G-CSF-treated mice. (C) Relative frequency of HSCs in 
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peripheral blood of PBS- and G-CSF-treated mice. (D) Myeloid colony-forming assay from bone marrow 
and spleen of G-CSF-treated Fzd6•1

• and Fzdo1
• mice. (E) lmaging flow cytometry analysis of pyknotic 

nuclei with condensed chromatin as shown by morphology and DAPI staining intensity. Ali bar graphs 
represent mean + SEM with 3 mice per group for mock and 5 per group for G-CSF-treated mice pooled 
from three independent experiments. *P<0.05; **P<0.01. 

3.5 Fzd6·1- bone marrow macrophages inhibit HSPC expansion 

The decrease in HSPC survival could be due to overactivation, as suggested by the cell 

cycle analysis in Figure 3.1. An alternative, but not mutually exclusive, explanation for the loss 

of Fzd(f1" HSPCs could be the presence of myelosuppressive factors in the bone marrow 

environment. Our previously published results in the context of a chronic parasitic infection 

suggested that soluble factors present in the Fzd6·1- bone marrow could suppress HSPC 

proliferation and myeloid differentiation (Abidin et al., 2017). To address this question in LPS­

induced emergency myelopoiesis, we analyzed the soluble factors present in bone marrow cell 

suspensions from LPS-treated Fzd6•1
• and Fzd(f1" mice as well as Fzd(f1" hosts reconstituted 

with congenic wild type hematopoietic cells by protein arrays. We identified three factors that 

appeared upregulated by at least two-fold in the Fzdff'· bone marrow following LPS 

administration, and whose upregulation was dependent on Fzd(f1" hematopoietic cells: 

CCL3/MIP-1a, CXCL21MIP-2a, and TNF-a (Fig. 3.6A). We focused on CCL3/MIP-1a, as we 

also found it upregulated in Leishmania-infected Fzd(f1" bone marrow (Abidin et al., 2017), and it 

is well known for its inhibitory affects on HSPC function in vivo and in vitro (Baba et al., 2013, 

Broxmeyer et al., 1990, Schepers et al., 2013, Staversky et al., 2018b). 
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Figure 3.6 
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Fzd6_,_ bone marrow macrophages secrete more MIP-1 a in response to LPS and 
inhibit HSPC proliferation 

(A) Analysis of soluble pro-inflammatory factors from bone marrow of LPS-injected and contrai mice by 
protein array. Results are presented as ratio over naïve contrai bene marrow. (B) Quantification of 
CCL3/MIP-1a by ELISA from bene marrow extracellular fluid. (C) CCL3/MIP-1a secretion by bone marrow 
derived macrophages stimulated with 1 OO ng/ml LPS for 24h. (D) IL-3-dependent colony formation by WT 
bone marrow progenitors in the presence of supernatants obtained from LPS-stimulated macrophages. 
Ali bar graphs represent mean + SEM from three independent experiments. *P<0.05; **P<0.01 ; 
***P<0.001. 

We first went on to better quantify CCL3/MIP-1a levels in the bone marrow by ELISA 

and confirmed the results obtained from the protein array (Fig. 3.68). The concentration of MIP-

1 a was significantly higher in Fzdô1
- bone marrow du ring LPS-induced emergency myelopoiesis 

as compared to Fzd6+i+ mice. Moreover, MIP-1 a concentration was decreased in LPS-treated 

chimeric mice, and the stronger responses corresponded to individuals with a larger proportion 

of remaining Fzdo1
• host hematopoietic cells (not shown). These results strongly suggested that 

the increased MIP-1a production was in large part due to Fzdo'· bone marrow hematopoietic 

ce lis. 

Next we wanted to directly investigate the contribution of bone marrow macrophages. We 

first generated bone marrow-derived macrophages (BMDMs) in culture from Fzdo1
• and Fzd6+t+ 

progenitors. We have previously shown that there is no major difference in BMDM maturation in 

culture between Fzd6+t+ and Fzdo'· progenitors (Abidin et al., 2017). However, when stimulated 
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with LPS, Fzdô'- BMDMs secreted more MIP-1a (Fig. 3.6C), indicating that Fzdô'- macrophages 

may be more sensitive to LPS and could thus contribute to the strong initial bone marrow 

response seen in vivo. Furthermore, we tested the growth-inhibitory potential of the in vitro­

stimulated BMDMs and saw that the Fzdô1
- BMDM-conditioned medium was very effective in 

suppressing HSPC proliferation and colony formation in response to IL-3 (Fig. 3.6D). 

Collectively these results show that Fzdô'- hematopoietic cells, such as macrophages, secrete 

large amounts of pro-inflammatory cytokines and chemokines, including MIP-1a, which may 

then contribute to the establishment of a myelosuppressive bone marrow environment that will 

prevent HSPC expansion and differentiation during LPS-induced emergency hematopoiesis. 

4 DISCUSSION 

Emergency myelopoiesis in acute infections serves to replace short-lived myeloid cells 

that have been recruited to peripheral tissues to counter the infectious organism. lt can be 

conceptually divided in three parts: 1) mobilization of granulocytes and monocytes from the 

bone marrow; 2) activation and mobilization of bone marrow HSPCs; and 3) preferential 

differentiation of HSPCs into myeloid cells. Each of these parts is regulated by a combination of 

signais provided by microbial products, immune cells and non-immune cells. We have examined 

here the implication of Wnt signaling, and more specifically the importance of the Wnt receptor 

Fzd6, in LPS-induced emergency granulopoiesis. Our results show that Fzdô1
- HSPCs' 

expansion, differentiation and mobilization to peripheral blood were impaired. The defect was 

hematopoietic-intrinsic, most likely the result of HSPC-intrinsic exhaustion combined with 

macrophage-derived myelosuppressive factors, such as MIP-1a. These results support the 

hypothesis that non-canonical Wnt signalling protects bone marrow HSPCs from an overactive 

inflammatory response. 

The impact of Wnt signalling on HSPC proliferation and self-renewal is dose-dependent 

(Luis et al., 2011, Sugimura et al., 2012). Low levels of canonical, 13-catenin-dependent Wnt 

signalling enhance HSC self-renewal and bone marrow repopulation (Lento et al., 2014, Luis et 

al., 2011), while sustained 13-catenin activity promotes myeloid proliferation_and differentiation 
--

but leads to HSC exhaustion (Hérault et al., 2017, Luis et al., 2011, Scheller et al., 2006). We 

have previously shown that Fzd6 was necessary for HSC self-renewal and bone marrow 

repopulation after transplant (Abidin et al., 2015). Our data further suggested that Fzd6 was a 

negative regulator of both canonical and Wnt/Ca2+1Cdc42 pathways. lncreased Wnt/Ca,. 

signalling also results in HSC activation and loss of quiescence (Florian et al., 2013, Sugimura 
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et al., 2012). Lack of Fzd6 could thus result in loss of quiescence due to a decreased HSC 

activation threshold. Similar Io the first week after transplant in our previous study (Abidin et al., 

2015), our results here indicate that Fzd6"- HSCs and progenitor cells become readily activated 

and enter cell cycle after LPS stimulation, but their capacity to maintain the response is impaired 

and they become prematurely exhausted and more prone to cell death. 

Circulating HSPCs have been suggested to patrol extramedullary tissues and have the 

capacity to either settle down to differentiate or return to the bone marrow (Massberg et al., 

2007). Upon stimulation with LPS, the increase in bone marrow G-CSF concentrations together 

with the concomitant decrease in CXCL 12 will accentuate HSPC and granulocyte release into 

circulation (Boettcher et al., 2014), but the functional importance of HSPC mobilization in 

emergency hematopoiesis is still unknown. We show here that Fzdtf· bone marrow HSPCs 

expand in number after G-CSF administration but accumulate less in peripheral blood and 

spleen, suggesting thal their mobilization is impaired. lnstead, they are more prone Io cell death. 

The mobilization defect could be HSPC-intrinsic or dependent on the environment. Based on 

our results with the chimeric mice, Fzd()1• bone marrow non-hematopoietic cells respond 

normally, and our protein array data suggest that there is no deficil in G-CSF production. 

However, we cannot completely exclude the possibility thal Fzdtf· myeloid cells respond 

inadequately Io G-CSF, even though their release into circulation is no! impaired. They could 

therefore indirectly regulate HSPC mobilization, for example al the level of CXCL 12 cleavage 

and disruption of the CXCL 121CXCR4 interaction (Levesque et al., 2003). On the other hand, 

Wnt5a/CDC42-mediated F-actin reorganization regulates HSPC adhesion and migration toward 

CXCL 12 (Schreck et al., 2017), and it is not inconceivable that the enhanced CDC42 

polarization in Fzd()1" HSPCs could also influence their association with bone marrow niches 

(Abidin et al., 2015). Fzder- cells display no defect in bone marrow homing after transplant, and 

we cannot exclude the possibility that a subset of HSPCs could associate even more strongly 

with the surrounding niches in an intact, non-irradiated bone marrow, thus preventing their 

mobilization. 

lrrespective of the mechanism that retains Fzd6"· HSPCs in the bone marrow, their 

_____ ability ta contribute to emergern::_y_my.elopniesis.is.impaired. ln-addition.to-lhe.blSC·intrinsic-self--- -

renewal defect, the Fzd()1• bone marrow environment appears proinflammatory, further 

promoting HSC exhaustion (Abidin et al., 2017). Repeated LPS administration has been shown 

to result in the loss of functional HSCs directly via TLR4 signalling in HSCs (Liu et al., 2015, 

Takizawa et al., 2017), and a prolonged exposure to proinflammatory cytokines and reactive 
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oxygen species produced by immune cells may also have the same effect (lto et al., 2006, 

Matatall et al., 2016, Pietras et al., 2016, Zhu et al., 2017). The decreased mobilization of Fzdo'­

HSPCs could th us increase their exposure to the proinflammatory environ ment and contribute to 

their decreased expansion and survival. 

The mechanistic underpinnings of the enhanced MIP-1a secretion by Fzdo'- bone 

marrow macrophages are still unclear. We have previously shown that Fzdo1
- BMDMs 

expressed the same level of maturation markers as their Fzd6•1
• counterparts, and appeared to 

respond normally to IFN-y-mediated priming; however, their ability to control the proliferation of 

intracellular pathogens was improved (Abidin et al., 2017). These data would indicate that Fzd6 

may not be directly involved in macrophage differentiation but would rather regulate their 

function, possibly at the level of activation and polarization. Pro-inflammatory M1 macrophages 

will secrete larger quantities of pro-inflammatory cytokines, such as TNF and IL-1 ~. as well as 

reactive oxygen species, crucial for their microbicidal function (Murray et al., 2011 ). Such a 

profile would promote HSC activation and expansion at the expense of their self-renewal (Luo et 

al., 2018), and in combination with the reduced self-renewal capacity of Fzdo1
- HSPCs may 

result in stunted emergency myelopoiesis as observed in our study. 

The overall role of Wnt signalling in macrophage polarization likely varies depending on 

the model system as well as the cell of origin. For example, the prototypical non-canonical 

ligand Wnt5a has been shown to enhance pro-inflammatory cytokine secretion by peritoneal 

. macrophages in vitro (Maiti et al., 2012), and ils expression can be induced by TLR signalling 

(Blumenthal et al., 2006), but ils reported in vivo effects vary from tolerogenic to bactericidal 

(Bergenfelz et al., 2012, Jati et al., 2018, Valencia et al., 2011). Our results suggest that Fzd6 is 

more likely to play a tolerogenic role, at least in the context of sterile, LPS-induced inflammation, 

and pharmacological activation of Fzd6 could thus be an interesting option for limiting systemic 

inflammation. However, response to LPS does not predict · susceptibility to infection 

(Fensterheim et al., 2017), and il would be necessary to verify the importance of Fzd6 signalling 

in sepsis, for example, by using infectious models. 

ln summary, we have shown here that Fzd6 not only protects HSPCs during LPS-

----indueed-emergency-hematopoiesis-but-also-enhances-their--differentiation-and-mobilization-to----- -

the periphery. The impact of Fzd6 is dependent on heri1atopoietic cells, such as bone marrow 

macrophages. Collectively these data are in line with previous results demonstrating that non­

canonical Wnt signalling protects bone marrow HSPCs from undue activation. They further 
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prompt us to hypothesize that mobilization may serve to promote HSPC survival during bone 

marrow inflammation. 

5 EXPERIMENTAL PROCEDURES 

5.1 Mice 

C57BL/6 (B6; CD45.2') and B6.SJL-PtprcaPep3b/BoyJ (Ly5a} (B6.SJL; CD45.1 ') mice 

were purchased from The Jackson Laboratory (Bar Harbor, ME}. Fzdô1
" mice were first 

backcrossed onto C57BL/6 background and maintained as Fzd6•1
- intercrosses as previously 

detailed (Abidin et al., 2015). Mice were kept under specific free pathogen conditions in sterile 

ventilated racks at the animal facility of Institut National de la Recherche Scientifique (INRS}­

lnstitut Armand-Frappier (Centre National de Biologie Expérimentale}. Sex-matched Fzd6+i+ 

littermates were used as controls. Ali mice used for the experiments were between 7 and .12 

weeks of age unless otherwise specified. Ali procedures involving animais were done according 

to the Canadian Council on Animal Gare guidelines and approved by the Comité institutionnel 

de protection des animaux of INRS. 

5.2 Transplantation assay 

For primary transplantation experiments, 5x106 B6xB6.SJL F1 BM cells 

(CD45.1 •1cD45.2'} were injected intravenously through the lateral tail vein into lethally irradiated 

Fzdô'- or Fzd6•1
• recipient mice (CD45.2'). For secondary transplants, 5x106 total bone marrow 

cells (>95% CD45.1 •1CD45.2') from pooled LPS-treated primary recipients were injected into 

lethally irradiated congenic B6.SJL (CD45.1') secondary recipients. ln order to determine 

peripheral donor chimerism, we collected blood from the cheek every 4 weeks to analyze by 

flow cytometry. Sixteen weeks after secondary transplant mice were euthanized and we 

analyzed their bone marrow and spleen for reconstitution. 

Mice were injected intraperitoneally with y-irradiated LPS (E. coti 0111 :B4; Sigma­

Aldrich, Oakville, ON, Canada} twice with a 48-hour interval at a dose of 1 mg/kg body weight 

(Fzdô1
- and Fzd6•1

• mice} or 0.5mg/kg body weight (transplant recipients} per injection. Mice 
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were euthanized at indicated lime points with C02 and their bone marrow and spleen harvested 

for analysis. 

Recombinant murine G-CSF (Stem Cell Technologies, Vancouver, BC, Canada) was 

injected intraperitoneally to Fzd6_,_ and Fzd6•1
• mice for 3 consecutive days at a dose of 25 µg 

per mouse per day. Twenty-four hours after the last Injection, peripheral blood was collected by 

cardiac puncture under isoflurane-induced anesthesia into EDTA-tubes. Mlce were then 

euthanized and their bone marrow and spleen harvested for analysis. 

5.4 Flow cytometry 

Bone marrow was harvested by flushing femora and tibiae with sterile 1 X PBS using a 

25-gauge needle to obtaln a single ceil suspension. Spleen was ground ln PBS with a sterile 

plunger of a 3ml syringe and the cell suspension passed through a 1 OOµm filter mesh. PBS was 

supplemented with 0.1 % bovine serum album ln (BSA) and 0.5mM ethylene-diamine-tetra-acetic 

acid (EDTA) for flow cytometry staining. See Table S3.1 for a complete list of antibodies. For 

intracellular staining, surface stained cells were fixed and permeabilized using the Foxp3 

staining kit (eBioscience, San Diego, CA) and then incubated with appropriate antibodies. For 

cell cycle analysis, cells were first incubated for 30 min at 3TC with Hoechst #33342 (Sigma­

Aldrich) in DMEM supplemented with 10% Premium FBS (Wisent Bioproducts, St-Bruno, QC, 

Canada) and 1 mM HEPES (Life Technologies, Burlington, ON, Canada), followed by staining 

with surface antibodies and intracellular anti-Ki67 as described above. Samples were acqulred 

with a four-laser LSR Fortessa flow cytometer (BD Biosciences, Mountain View, CA) and 

analyzed using BD FACS Diva software (BD Biosciences) or FlowJo (for histogram overlays; 

Tree Star). 

5.5 lmaging flow cytometry (Amnis lmageStream) 

BM cells were harvested as above and enriched for HSPCs using EasySep TM Mouse 

Hematopoietic Progenitor Cell Isolation Kit (Cataiog 19856, Stem Cell Technologies, 

Vancouver, BC). Cells were washed in PBS and stained with surface antibodies anti-CD150 

Alexa Fluor 647, anti-CD117 PE, and anti-Sca1 PE-Cy7, after which stained cells were fixed 

and permeabilized at 4°C for 45 minutes. Next, cells were stained with DAPI (Life 

Technologies), washed in PBS and image acquisition was performed with Amnis lmageStream 
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Mark Il imaging flow cytometer (EMD Millipore). Raw data were analyzed with IDEAS v6.1 

software using the apoptotic wizard. 

5.6 Bone marrow-derived macrophage cultures 

Bo ne marrow suspension was prepared in sterile HBSS (Life Technologies) and 1.5x106 

cells were plated in 10 ml DMEM {Life Technologies) supplemented with 10% Premium FBS 

and 20% L929-conditioned medium in non-adherent petri dishes (Heinonen et al., 2006). The 

cultures were lncubated at 3TC, 5% C02 for 7 days with a full medium change on day 4. 

Macrophages were harvested on day 7, and seeded at 1.2-1.5x106 cells/well ln DMEM/10% 

FBS in a 6-well plate. Macrophages were stimulated with LPS al concentration of 1 OO ng/ml for 

24h. Supernatants were collected by centrifugation and stored at -BO'C until use. 

5.7 Colony-forming unit assays 

Cell suspension was diluted in IMDM (lnvitrogen) qontaining 10% Premlum FBS, and 

seeded into 35 mm non-adherent petri dishes in semi-solid methylcellulose medium (Methocult 

GF M3434; Stem Cell Technologies) at a concentration of 104 cell/dish. The dishes were 

lncubated al 3TC, 5% C02 for 7-10 days, and colonies were counted based on morphology 

under an inverted microscope. 

For the growth inhibition assay, freshly isolated wildtype bone marrow cells were seeded 

al a density of 104 cells/35 mm dish in base methylcellulose medium (Methocult GF M3231), 

supplemented with 10 ng/ml recombinant IL-3 (Peprotech, Rocky Hill, NJ) and 20% conditioned 

culture medium as lndicated. The dlshes were lncubated at 3TC, 5% C02 for 7-10 days, and 

colonies were counted based on morphology under an inverted microscope. 

5,8 Bone marrow cytokine/chemokine analysis 

Bone marrow supernatant was collected by harvesting cells from both hind legs into 2 ml 
·--·--------------

sterile PBS, followed by centrifugation, and snap-frozen and stored al -80°C until use. 

Conditioned culture medium from LPS-treated macrophages was collected and stored at -80°C 

until use, Supernatants were pooled from al least four mice per sample, and analyzed using a 

membrane-based Proteome profiler mouse cytokine/chemokine array kit (R&D Systems). Array 

images were further analyzed using the NIH lmageJ image analysis software. Samples were 

60 



normalized by subtracting pixel intensities from negative controls, and the fold changes for 

treated mice were determined as a ratio over untreated mice of the same genotype. 

Macrophage inflammatory protein 1 alpha level was measured using MIP1 a Quantikine ELISA 

kits (R&D Systems) following manufacturer's Instructions. 

5.9 Statistical analysis 

Two-tailed Student's t test was used to compare between different experimental groups. 

P value < 0.05 was considered as slgniflcant. 
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8 SUPPLEMENTARY INFORMATION 

Table S3.1 List of antibodies used for flow cytometry 
Antibody-name--- - --e1one-- -Flourochrome-- --Dilution- ---eompany-

B220 (CD45R) RA3-6B2 Biotin 1/400 BD Biosciences 

CD3e 145-2C11 Biotin 1/400 BD Biosclences 
CD11b M1/70 Biotin 1/400 BD Biosciences 
Gr1 (Ly6C/G) RB6-8C5 Biotin 1/400 BD Biosciences 

Ter119 TER-119 Biotin 1/800 BD Biosciences 
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Fe Block (antl-CD16/CD32) 2.4G2 Biotin 1/100 BD Biosciences 

Streptavidin 561419 V500 1/1600 BD Blosciences 
CD11b M1/70 A647 1/800 BD Biosciences 

CD16/32 93 PerCP-Cy5.5 1/100 BD Biosciences 

CD117 (c-Kit) 2B8 PE 1/800 BD Blosciences 
Kl67 SolA15 PE-eFluor61 0 1/200 eBioscience 
Ly-6A/E (Sca-1) D7 PE-Cy7 1/800 BD Biosciences 

CD135 (Flt3) A2F10 PerCP-eFluor 71 o 1/400 eBioscience 
CD41 MWGReg30 FITC 1/200 BD Biosclences 

CD48 HM48-1 Brllliant Violet 421 1/400 BD Biosciences 

CD150 TC15- Alexa Fluor 647 1/400 Biolegend 
12F12.2 

CD45.1 A20 FITC 1/200 eBioscience 
CD45.2 104 eFluor 450 1/200 eBioscience 
CD3 145-2C11 PE-Cy7 1/200 BD Biosciences 

CD19 1D3 PE 1/800 eBioscience 
GR1 RB6-8C5 APC-Cy7 1/800 eBiosclence 
Hoechst 33342 Sigma-Aldrich 
Foxp3 eBlosclence 

------ ----------
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CHAPTER 4 - DISCUSSION 

. ·------------
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We have examined here the functional role of Fzd6 on HSCs using emergency 

granulopoiesis mode!. Our results showed that the influence of Fzd6 on HSCs response to LPS­

induce emergency granulopoiesis is hematopoielic intrinsic. We also reported that Fzd6 controls 

HSCs migration from BM Io peripheral blood and spleen. Moreover, we determined MIP1 a as a 

candidate that suppresses Fzd6./- HSCs response in BM stress condition. 

Evidence from studies by Graham et al. showed that MIP1 a acts as a stem cell inhibitor 

that inhibits the growth of myeloid colonies when they cultured primary BM cells with 

supernatant from the J774.2 macrophage cell line (Graham et al., 1990). MIP1a inhibils 

proliferation of HSPCs both in vitro and in vivo (Graham et al., 1990, Broxmeyer et al., 1990). 

Recently, Baba et al. Reported thal MIP1a produced by basophils in the BM is a negative 

regulator of HSPC proliferalion (Baba et al., 2016), while Rhonda et al. demonstrated lhat 

MIP1 a regulates hematopoietic stem cell numbers and differentiation of myeloid progenitors 

(Staversky et al., 201 Ba). ln our study, we observed that Fzd6"1
- mice produced significant higher 

levels of MIP1a in the BM !han Fzd6"'1+ mice at day 3 post LPS injection (Figure 3.68). Our 

results also showed thal the numbers of KO HSCs declined rapidly on day 3 post LPS treatment 

(Figure 3.1 B). This is in agreement with the fac! that MIP1 a inhibits HSPC proliferalion (Graham 

et al., 1990, Broxmeyer et al., 1990). ln previous studies, inflammatory macrophages and 

monocytes are known Io produce MIP1a (Koch et al., 1994, Nibbs et al., 1997). ln our mode!, 

we showed that bone marrow-derived macrophages from Fzd6 KO mice produce larger 

amounts of MIP1a than those from WT mice after LPS stimulation (Figure 3.6C). By using a 

colony assay, we cultured BM cells with LPS-stimulated bone marrow-derived macrophage 

supernatant and scored the myeloid colony output. Our result confirmed that LPS-treated KO 

macrophage supernatant, which contains a high concentration of MIP1a, restricted myeloid 

colony formation (Figure 3.60). However, there was no significant difference between KO 

macropahe supernatant and WT group (Figure 3.60). ln the future, we would need to repeat this 

experiment Io confirm the data. These resulls suggest that MIP1 a could play a major role in 

limiling HSPC expansion in Fzd6·1- bone marrow. ln order to confirm MIP1 a role in suppressing 

the expansion of HSPC, we need Io set up a compelilive transplantation, in which MIP1a·1- BM 

and MIP1a•1• are mixed in the ratio 1:1 and transplanted in irradiated mic(;l.Four ]l'~E)kS aftfil_ ___ _ 

transplantation, LPS-induced emergency granulopoiesis will be performed in transplanted mice 

as well as analyzed BM. We aise could culture BM cells with LPS-treated BMOM supernatant in 

presence of MIP1 a neutralizing antibody and score the colonies output. 
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MIP1 a is best known as a chemokine produced by activated macrophages that 

modulates acute or chronic inflammatory host responses at the site of infection or injury by 

recruitment of inflammatory cells like macrophages, monocytes, and neutrophils (Maurer et al., 

2004). After administration of LPS to mice, MIP1 a levels become elevated in the lung of LPS­

treated mice. As a result, neutrophils and macrophages infiltrate the lung of injected mice 

(Standiford et al., 1995). Administration of an anti- MIP-1a antibody reduces neutrophil and 

macrophage infiltrate and decreases lung permeability (Standiford et al., 1995). Hsieh et al. 

demonstrated that MIP-1a has an important function in mediating the acute inflammatory 

response following traumalhemorrhage. MIP-1 a null mice showed attenuated acute 

inflammatory responses, rapid recovery, and less remote organ injury after trauma (Hsieh et al., 

2008). Elevated MIP1a in the bone marrow could potentially create more inflammation and 

cause BM niche damage in Fzder'· mice. 

We also showed that the total number of hematopoietic colonies from WT cells in Fzde·1• 

BM environment appeared lower !han the colonies from Fzde•1• environment. This suggests that 

KO environment may be more inflammatory !han WT. However, the results for colonies 

obtained from the spleen of transplanted mice were inverted with the BM, suggesting that a 

large proportion of colony-forming cells had migrated out of the bone marrow and to the spleen 

(Figure 3.2F). ln addition, MIP1 a has been demonstrated to modify BM microenvironment and 

support the maintenance of chronic myeloid leukemia (Baba et al., 2013). We hypothesize that 

uncontrolled inflammatory environment has a negative effect on HSPCs. Using lmageStream 

technique we observed that Fzd6 KO cells are susceptible to cell death (Figure 3.5E). lt is worth 

to look for apoptosis by Annexin V, or necrosis in the future. MIP1 a protein mediates its 

biological function by interaction with cell surface receptors CCR1, CCR5, and CCR9 (Lentszch 

et al., 2003). MIP1a appears in our modelas an inflammatory inducer, that caused inhibition of 

HSPCs expansion, formation of myeloid colonies and promoted cell death. Based on these 

results, we plan to block receptor CCR1, known as one of the receptors for MIP1a in vivo 

(Ottersbach et al., 2001) to reduce the inflammation and rescue fully or partly KO HSC 

expansion. By blocking receptor of MIP1a in vivo, we could demonstrate whether MIP1a is a 

key factor in our model. 

Sepsis is a clinical syndrome that is caused by dysregulation of systemic immune 

response to infection and leads to failure of multiple organs. Wnt signaling participates in both 

promoting inflammation and controlling inflammation. The study describes an increased level of 

Wnt5a protein in synovial tissue of rheumatoid arthritis (RA) patients and assigned a functional 

66 



raie for Wnt5a in RA pathogenesis (Sen et al., 2000). Wnt5a expression was also reported to 

increase in the lung of patients with Tuberculosis, and in macrophages of patients infected with 

mycobacteria (Blumenthal et al., 2016). Gatica et al showed that a systemic challenge of mice 

with LPS to mimic sepsis led to an elevated Wnt5a in the serum (Gatica et al., 2017). Wnt5a up­

regulation was also found in blood of septic patients, promoted inflammation by inducing the 

expression of targe! pro-inflammatory genes such as IL6, IL-113, and TNF and perhaps MIP1a 

(Pereira et al., 2008). We published that Fzd6 is a negative regulator of CDC42 in HSPCs 

(Abidin et al., 2015). CDC42 is a downstream mediator of Wnt5a signalling (Prasad et al., 

2013), suggesting Wnt5a-signalling could be strongly active in Fzd6 deficient mice. Wnt5a is 

known to be produced in the BM microenvironment by MSCs, and osteoblasts (Schreck et al., 

2017). ln the absence of Fzd6, the level of Wnt5a expression in BM could be enhanced, and 

uncontrolled levels of Wnt5a could consequently lead to the generation of MIP1 a to elevate 

inflammation. Here, we would propose Fzd6 as a negative mediator controlling the 

Wnt5a/MIP1a axis. This hypothesis could be verified by measuring Wnt5a levels in BM 

supernatants from LPS-injected Fzd6 KO and WT mice. ln addition, CDC42 expression in BM 

could be determined by lmageStream. 

We reported in our mode! that MIP1a was a candidate for blocking HSC expansion in 

vivo and inducing inflammation. The mechanism in our mode! is similar to the mechanism in 

septic shock. By targeting MIP1 a, Fzd6 could be a promising therapeutic targe! for inflammatory 

diseases as well as septic shock in the clinic. 

G-CSF was initially used as an inducer to promote the generation of neutrophils in 

patients who have neutropenia as a side effect of chemotherapy (Chiba et al., 2018). Later, 

G-CSF was demonstrated to have the ability to induce HSC mobilization from BM into 

peripheral blood (Demetri et al., 1991). Subsequently, mobilized HSCs are collected for 

transplant into an immunocompromised patient to treat blood disorders such as leukemia, 

aplastic anemia, or lymphoma. Furthermore, G-CSF has been shown to activate and mobilize 

dormant HSCs without increasing cell cycle division (Bernitz et al., 2016). Our results in BM 

reveal that Fzd6·1• and WT HSCs were activated in a similar manner after G-SCF treatment with 

----the-expansion-of-the-Ml"f'2-population~i:here-was-no-increase-in-bone-marrow-MSGs~-We---- -­

further showed that fewer Fzd6·1• HSCs circulate into peripheral blood and spleen compared to 

Fzd6+t+ HSCs post GSCF treatment (Figure 3.58, C, D). This suggests that Fzd6 might 

specifically contrai HSC mobility in vivo. ln Fzd6·1• mice, the expression level of G-CSF in the 

BM is enhanced post LPS-injection (data not shown). lncreased expression of G-CSF in BM of 
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Fzd6_,_ compared to Fzd6•1
• mice could compensate for defective migration. There was no 

difference in mobilization between Fzd6_,_ and Fzd6•1
• HSCs after LPS-induced emergency 

granulopoiesis (data not shown here). However, WT cells in the KO environment appeared to 

have migrated more than WT as observed with colony assay from transplanted mice (Figure 

3.2F). We also observed that G-SCF induces production of granulocyte in BM and their release 

in peripheral blood in Fzd6-I- mice without significant difference compared to WT mice (data not 

shown). lncreased numbers of neutrophils lead to the release of metallo-proteinases that create 

a proteolytic environment. ln turn, those enzymes cleave adhesion molecules anchoring HSCs 

to the niche, to release HSCs into circulation. Fzd6 is expressed not only in hematopoietic 

progenitors but also in endothelial cells (ECs) and MSCs in BM. Alterations in the BM 

microenvironment of Fzd6"1- mice could be a reason for ECs to produce more G-CSF as 

compared to Fzd6+t+ ECs. To test this, ECs will be sorted based on their surface markers VE­

cadherin• CD31+ Endomucin•1- SCA1hlgh VEGFR3-, VE-cadherin•co31• Endomucin• SCA1 10w 

VEGFR3+ (Hooper et al., 2009, Poulos et al., 2015) from Fzd6.,,_ and Fzd6+t+ bone marrow, then 

sorted cells will be cultured with or without LPS to determine G-CSF expression. 

By using the breast cancer model, Corda et al demonstrated that Fzd6 regulates 

invasion and motility of breast cancer cell lines in vitro. ln addition, the study revealed Fzd6 

controlled the metastatic process in vivo when they transplanted breast cancer cells to 

immunocompromised mice (Corda et al., 2017). They further indicated that Fzd6 regulated the 

extracellular matrix, particularly polymerization of extracellular fibronectin and organization of F­

actin cytoskeleton. By regulation of cell cytoskeleton, Fzd6 controlled migration of breast cancer 

cells. Schreck et al demonstrated that Wnt5a produced by niche cells like osteoclasts regulates 

the assembly of F-actin cytoskeleton in HSPCs (Schreck et al., 2017). ln addition, by using 

breast cancer cell line as well, Zhu et al demonstrated Wnt5a promotes migration of breast 

cancer cell via the Dvl21Daam11RhoA (Zhu et al., 2012, Pukrop et al., 2006). These results 

suggested us to look at F-actin expression and assembly in Fzd6-I- bone marrow. However, due 

to some technical issues, we could not have enough data to show here. However, the 

preliminary observation with F-actin staining is that Fzd6.J- HSCs have lower MFI of Phalloidin 

than their counterparts. This would suggest that in the absence of Fzd6, LPS-activated HSCs 

have a defect in polymerization of F-actin that reduces their ability to migrate. ln the next study, 

we will continue to look for F-actin cytoskeleton. We now hypothesize that Wnt5a acts through 

Fzd61Dvl axis to control the assembly of F-actin and therefore regulation of HSC migration. 
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Fzd6 participates in planar cell polarity pathway, where the downstream cascade could 

result in cell adhesion to niche, reorganization of cellular cytoskeleton or asymmetric cell 

division. We also wonder whether Fzd6 regulates HSCs division in asymmetric manner. ln order 

to answer this question, we used a combination of markers and lmageStream technique to look 

at how HSCs divide in mitosis. We were able to separate different phases of mitosis such as 

prophase, metaphase, anaphase, and telophase. However, due to some technical issues, we 

could not confirm that two cells binding together in telophase were true dividing cell or a doublet 

of two single cells attached to each other. We will need to repeat the experiment in the future to 

salve this technical issue. lt is important to understand how HSCs divide in vivo under BM stress 

conditions. By targeting Fzd6 receptor, we could think about development of pharmacological 

Fzd6 agonist for therapeutic purposes, either to expand HSCs in vitro or to sustain long-term 

HSCs regeneration post transplantation or chemotherapy. 

Figure 4.1 Graphical abstract 
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Fzd6 controls HSC mobilization and inflammation in vivo 

Hematopoiesis is an essential process throughout the lifetime of an organism in which HSCs 

differentiate into ail cell types of immune system su ch as lymphoid T, B ce lis and myeloid 

macrophages, monocytes, neutrophils. 1 n order to sustain hematopoiesis for the whole life span 

of an organism, HSCs, a rare population, need to be maintained both in numbers and funclion. 

HSCs are used in clinical purpose to treat hematologic diseases. Thus, understanding the 

molecular mechanisms that regulate stem cell proliferation, and reconstitution is crucial to 

generate sufficient stem cell numbers for clinical goals. There are some attempts to expand 

HSC ex vivo to meet the clinical demands for hematological disorders. However, HSC 

expansion always cornes with differentiation. This raises the question of how to increase 

expansion while minimizing differentiation. Wnt pathway has emerged as a critical regulator of 

HSC self-renewal, regeneration and motility. Here, we show that MIP1a could be a promising 

candidate in suppressing the expansion of HSCs in Fzd6./- mode!. Put in a context of Wnt 

signaling, we propose that Fzd6 might be a negative regulator ofWnt5a/MIP1a signalling. Fzd6 

is required for inflammatory regulation ·and to control migration of HSCs in order to avoid cell 

death. Considering from a clinical view, development of Fzd6 agonis! could help to sustain HSC 

regeneration post transplant, self-renewal as well as in vitro expansion. 
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