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RÉSUMÉ 

L’homéostasie du sang est maintenue par l’équilibre entre l’auto-renouvellement 

et la différenciation des cellules souches/progénitrices hématopoïétiques (HSPC). Bien 

que les cellules souches hématopoïétiques (HSC) soient principalement maintenues 

dans un état de dormance, elles peuvent entrer rapidement dans le cycle cellulaire et se 

différencier en précurseurs lymphoïdes et myéloïdes pour reconstituer les cellules 

immunitaires suite à une myelosuppression ou à des infections systémiques. La 

signalisation de Wnt a été suggérée pour maintenir l’équilibre dynamique du pool de 

HSPC en régulant leur division et les signaux provenant du microenvironnement de la 

cellule souche. Récemment, notre groupe a montré que la protéine Wnt4 augmente 

l’expansion des HSPC par une voie de la polarité planaire cellulaire (PCP). Cependant, 

l’impact physiologique de la voie PCP sur l’hématopoïèse reste à être identifié. Pour 

aborder cette question, nous avons examiné le rôle d’un récepteur central de la PCP,  

Frizzled-6 (Fzd6), dans la spécification de la lignée et la fonction des HSPC pendant 

l’homéostasie et la réponse au stress. À l’état de base, nous n’avons observé aucune 

différence dans le nombre de HSC phénotypiquement enrichis dans la moelle osseuse 

(MO) Fzd6-/-. Cependant, nos expériences de transplantations compétitives ont 

démontré que les HSPC des souris Fzd6-/- n’ont pas réussi à reconstituer une 

hématopoïèse à court et long terme chez les souris receveuses en raison d’une forte 

activation de la caspase-3. 

Pour tester si les HSC Fzd6-/- répondent à une hématopoïèse d’urgence induite 

par une inflammation, nous avons injecté les souris Fzd6-/- avec une dose sous-létale de 

lipopolysaccharides bactériens (LPS) et de parasites Leishmania donovani qui 

établissent une infection chronique dans la MO et la rate. Les HSPC Fzd6-/- se sont peu 

multipliées et ont produit moins de progéniteurs myéloïdes dans les deux modèles. 

Cette diminution est accompagnée d’une production réduite de monocytes 

inflammatoires Ly6Chi dans la MO et d’une diminution de l’accumulation de cellules 

myéloïdes dans la rate. Par conséquent, les souris Fzd6-/- sont plus sensibles à 

l’inflammation aiguë induite par l’endotoxine, mais présentent un faible taux de parasites 

dû à un nombre moins élevé de cellules monocytes/macrophages. Nos résultats 

établissent un lien mécanique entre la signalisation de Fzd6 et la régulation de la 

réponse des HSC pendant le stress. Nous pensons que la signalisation de Fzd6 est une 
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cible thérapeutique prometteuse pour moduler l’activation des HSC pour de nouveaux 

concepts de traitement afin de surmonter les limites de la transplantation de MO. En 

outre, nos observations reliant Fzd6 à la myélopoïèse peuvent également avoir des 

implications pour les infections aiguës et chroniques. 

 

Mots clés: cellules souches hématopoïétiques, signalisation Wnt/Frizzled, auto-

renouvellement, myélopoïèse, inflammation, infection chronique 
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ABSTRACT 
 

Blood homeostasis is maintained by the fine balance between self-renewal and 

differentiation of hematopoietic stem/progenitor cells (HSPCs). Although hematopoietic 

stem cells (HSCs) are maintained in a predominantly quiescent state, they can rapidly 

enter the cell cycle and differentiate into committed lymphoid and myeloid precursors to 

replenish immune cells in response to hematopoietic injury or systemic infections. Wnt 

signaling has been suggested to maintain the dynamic balance of HSPC pool by 

regulating HSPC divisions and the signals derived from the stem cell microenvironment.  

Recently our group has shown that non-canonical Wnt4 signaling increases HSPC 

expansion through a planar cell polarity (PCP)-like pathway. However, the wider 

physiological impact of PCP signaling on hematopoiesis is yet to be identified. 

To address this question, we examined the role of a core PCP receptor, Frizzled-

6 (Fzd6) in the lineage specification and the function of HSPCs during homeostatic 

maintenance and the stress response. At steady-state, we did not observe any 

differences in the numbers of phenotypically enriched HSCs in Fzd6-/- bone marrow 

(BM). However, our competitive transplantation experiments demonstrated that HSPCs 

from Fzd6-/- mice failed to reconstitute short and long term hematopoiesis in recipient 

mice due to a strong activation of caspase-3 and defective engraftment.  

To test whether Fzd6-/- HSCs respond to inflammation-induced emergency 

hematopoiesis, we challenged Fzd6-/- mice with a sub-lethal dose of bacterial endotoxin 

lipopolysaccharide (LPS) and Leishmania donovani parasites that establish a chronic 

infection in the BM and spleen. Fzd6-/- HSPCs expanded poorly and produced 

significantly fewer myeloid progenitors in both models. This decrease was accompanied 

by a reduced production of Ly6Chi inflammatory monocytes in BM and decreased 

accumulation of myeloid cells in spleen. L. donovani specifically induced the production 

of BM-derived factors that promote myeloid differentiation in both Fzd6-/- and wild-type 

BM. However, more pronounced elevations in inflammatory cytokines in Fzd6-/- BM 

resulted in decreased HSPC expansion and myeloid differentiation both in culture and in 

vivo. As a result, Fzd6-/- mice were more susceptible to endotoxin-induced acute 

inflammation but presented with lower parasite burden due to a corresponding decrease 

in monocyte/macrophage lineage cells.  
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Our results establish a mechanistic link between Fzd6 signaling and demand 

adapted regulation of HSC response during stress. We anticipate that Fzd6 signaling is 

a promising therapeutic target to modulate HSC activation for new treatment concepts to 

overcome the limitations of BM transplantation. Furthermore, our observations linking 

Fzd6 to myelopoiesis may also have implications for acute and chronic infections. 

 

 

Key words: Hematopoietic stem cell, Wnt/Frizzled signaling, self-renewal, myelopoiesis, 

inflammation, chronic infection



  

 

SYNOPSIS  

 

 

L’hématopoïèse chez l’adulte consiste en une production de cellules sanguines 

suite à un processus d’engagement et de différenciation des cellules souches et 

progénitrices. Une cellule souche hématopoïétique (hematopoietic stem cell; HSC) est 

une cellule unique qui peut, à elle seule, reconstituer le système hématopoïétique d’un 

hôte suite à une irradiation létale (Osawa et al., 1996). Pour que la reconstitution se 

produise, la cellule souche doit se doter de trois caractéristiques importantes. 

Premièrement, elle doit pouvoir s’auto-renouveler afin de produire une copie identique à 

la cellule d’origine et de maintenir son état indifférencié. Deuxièmement, elle doit 

posséder un potentiel de prolifération extensive pour repeupler le système sanguin. 

Finalement, elle doit aussi avoir la capacité de différenciation pour donner naissance à 

tous les éléments sanguins, autant lymphoïdes, myéloïdes qu’érythroïdes (Seita et al., 

2010).  

Au sommet de la hiérarchie du système hématopoïétique, les HSC à long terme 

(long-term HSC; LT-HSC) possèdent le plus haut degré d’auto-renouvellement et la 

capacité de repeupler in vivo. Elles fournissent une reconstitution hématopoïétique à vie. 

Les LT-HSC ne se divisent qu’environ cinq fois au cours de la vie d’une souris adulte en 

l’absence de facteurs de stress externes (Wilson et al., 2008). Cette quiescence 

profonde protège les HSC de l’épuisement fonctionnel pour soutenir la production 

sanguine et prévient le développement de tumeurs malignes (Nakamura-Ishizu et al., 

2014). En aval des LT-HSC, les HSC à court terme (short-term HSC; ST-HSC) 

maintiennent l’équilibre hématopoïétique en produisant des progéniteurs multipotents 

(MPP). Ces trois populations cellulaires sont dans la fraction Lin- Sca-1+ c-KIT+ (LSK) de 

la moelle osseuse (MO). Contrairement aux LT-HSC, leur progéniture engagée prolifère 

activement pour préserver l'intégrité de l’ensemble du tissu hématopoïétique (Wilson et 

al., 2008). Les cellules lymphoïdes et myéloïdes sont produites par des progéniteurs 

engagés qui comprennent les progéniteurs lymphoïdes communs (CLP), les 

progéniteurs myéloïdes communs (CMP), les progéniteurs lymphoïdes multipotents 

(LMPP), les progéniteurs de granulocytes et macrophages (GMP) et les progéniteurs de 

mégacaryocytes et érythrocytes (MEP). Ces progéniteurs sont générés par des MPP et 

ont une capacité de différenciation limitée (Adolfsson et al., 2001, Morrison, 2002, 

Muller-Sieburg et al., 2012).  
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Les populations de cellules souches/progénitrices hématopoïétiques (HSPC) 

résident dans un microenvironnement spécialisé (niche) entourées de cellules stromales 

dans la MO (Boulais et al., 2015). Normalement, l’équilibre entre la division et la 

différenciation des HSC est contrôlé par différentes voies de signalisation intrinsèques à 

la cellule et des signaux de la niche provenant des cellules voisines dans la MO 

(Cheung et al., 2013, Ema et al., 2012, Nakamura-Ishizu et al., 2014). Cependant, un 

certain nombre de conditions de stress telles les radiations et les infections peuvent 

renverser l’état de dormance des LT-HSC et les faire entrer en cycle cellulaire pour 

remplacer les cellules perdues (Allakhverdi et al., 2009, MacNamara et al., 2011a, 

Matatall et al., 2016, Wright et al., 2002). La manière dont les HSPC coordonnent des 

mécanismes opposés comme l’auto-renouvellement et la différenciation en conditions 

de stress reste à être clarifiée. 

Il est bien établi que la signalisation de Wnt regroupe un large éventail de 

processus physiologiques et développementaux, comprenant la croissance, la division 

et la différenciation cellulaire (Cadigan et al., 1997, Eisenmann, 2005). Différentes 

études ont rapporté que le dérèglement de cette cascade de signalisation joue un rôle 

central dans le développement des maladies hématologiques malignes et des leucémies 

(Johnson et al., 2006, Lento et al., 2013). Les protéines Wnt sont sécrétées par divers 

types de cellules stromales et agissent sur de courtes distances comme molécules de 

signalisation. Elles agissent également sur de longues distances dans la MO en suivant 

un gradient. Les protéines Wnt transmettent le signal via des récepteurs 

transmembranaires Frizzled (Fzd) pour activer au moins deux types de voies de 

signalisation intracellulaire. La voie canonique de Wnt contrôle la transcription des 

gènes cibles et est dépendante de la β-caténine pour induire une réponse cellulaire. Les 

voies de signalisation non canoniques sont β-caténine indépendantes et incluent les 

voies Wnt-Ca2+ et polarité planaire cellulaire (PCP). L’activation de la voie Wnt/Ca2+ 

conduit à la mobilisation de calcium (Ca) intracellulaire et à l’activation de la protéine 

kinase II dépendante à la calmoduline. La voie de la polarité cellulaire planaire (PCP) 

passe par la Jun N-terminal kinase (JNK) pour organiser le cytosquelette de manière 

asymétrique et polariser les cellules dans le tissu (Kikuchi et al., 2007, Komiya et al., 

2008).  

La majorité des études suggère que les voies de signalisation non canonique de 

Wnt jouent un rôle essentiel pour le maintien à long terme d’un pool de cellules HSC 

dans la M(Nemeth et al., 2007, Povinelli et al., 2014, Sugimura et al., 2012). 
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Récemment, notre laboratoire a démontré que la signalisation de Wnt4 augmente 

l’expansion des HSPC via une voie de type PCP (Heinonen et al., 2011b, Louis et al., 

2008). Le récepteur de la voie PCP Fzd6 est au moins partiellement requis pour 

l’expansion de HSPC médiée par Wnt4. Cependant, le rôle fonctionnel de la 

signalisation Fzd6 dans les cellules engagées dans la lignée hématopoïétique est très 

peu connu. Dans le système hématopoïétique, il a été démontré que les HSPC et les 

cellules formant le sang mature chez l’humain et la souris expriment Fzd6 avec un 

niveau d’expression plus élevé chez les cellules les plus immatures (Wagner et al., 

2004, Yokota et al., 2008). Par conséquent, nous avons proposé que la signalisation de 

Fzd6 puisse réguler l’hématopoïèse chez l’adulte à l’état d’équilibre et sous des 

conditions de stress. 

Pour étudier le rôle de Fzd6 dans l’hématopoïèse, nous avons croisé les souris 

Fzd6+/- avec des souris C57Bl/6 pendant 10 générations, ce qui a permis de minimiser la 

variabilité génétique dans nos expériences. Nous avons effectué une analyse détaillée 

de l’hématopoïèse in vivo chez les souris Fzd6-/- pour caractériser le phénotype 

hématopoïétique des souris Fzd6-/- pendant l’hématopoïèse chez l’adulte. 

À l’état de base, la proportion de LSK CD150+ qui contiennent des LT- et ST-

HSC est normal dans la MO Fzd6-/-. Cependant, nous avons observé une augmentation 

de MPP amorcé vers la lignée lymphoïde chez les souris Fzd6-/-. À l’inverse, nous 

n’avons détecté aucune différence dans le développement lymphoïde par rapport aux 

souris de type sauvage (wild-type; WT). Pour examiner la repopulation et le potentiel de 

différenciation des HSC Fzd6-/- in vivo, nous avons effectué des tests de repeuplement 

compétitifs et suivi la reconstitution dans le sang périphérique et la MO en comparant la 

greffe de cellules de MO Fzd6-/- avec des cellules témoins WT. Nous avons montré que 

le manque de Fzd6 entraîne une perte progressive des HSPC du donneur en raison 

d’une forte activation de la caspase-3 dès 7 à 8 jours après la transplantation. Cela 

indique que la greffe, le repeuplement et l’auto-renouvellement des HSPC Fzd6-/- sont 

inefficaces. 

Afin de déterminer si les HSC Fzd6-/- répondent à d’autres types de stress dans 

leur microenvironnement, nous avons ensuite soumis les souris Fzd6-/- à une dose sous-

létale de lipopolysaccharide (LPS), une endotoxine bactérienne. Des études antérieures 

ont montré que l’hématopoïèse d’urgence induite par LPS « réveille » les HSC en 

dormance et les fait entrer en cycle cellulaire avec un changement dans la 

différenciation favorisant la production de cellules myéloïdes (Boettcher et al., 2012, 
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Scumpia et al., 2010). Nous avons montré qu’un traitement systémique de LPS entraîne 

une diminution rapide de la cellularité de la MO qui s’accompagne d’une augmentation 

de 10 à 15 fois du nombre de HSC. Malgré la grande proportion de HSC (~65-70%) qui 

résident dans la phase G0 du cycle cellulaire pendant l’homéostasie, plus de la moitié 

de ces HSC en dormance ont été retrouvés dans les phases G1 ou S-G2-M du cycle 

cellulaire suite à l’injection de LPS. Nous n’avons observé aucune différence dans le 

comportement cyclique entre les HSC Fzd6-/- et WT lorsqu’analysé avec la coloration 

Ki67/Hoechst. Cependant, les souris Fzd6-/- ne parviennent pas à obtenir l’expansion 

prévue de la population HSPC. Ces résultats suggèrent que Fzd6 est nécessaire pour 

une expansion efficace des HSPC de la MO et leur auto-renouvellement, non seulement 

après la transplantation, mais aussi suite à un stress prolifératif comme une 

inflammatoire aiguë. 

L’inflammation aiguë se caractérise par une génération rapide et une 

mobilisation de cellules effectrices myéloïdes de la MO conduisant à une leucocytose 

inflammatoire. La capacité des HSPC à répondre aux infections en augmentant le 

nombre de progéniteurs et en produisant des cellules myéloïdes capables de détruire 

les agents pathogènes microbiens tout en préservant un pool de cellules souches 

intactes est une caractéristique critique de la défense de l’hôte (Scumpia et al., 2010, 

Ueda et al., 2005). Lors d’une administration sous-létale de LPS, la moelle des souris 

injectées démontre une réduction du nombre absolu de cellules lymphoïdes et de 

granulocytes. Nous avons aussi observé une augmentation relative de l’accumulation de 

HSC et de cellules myéloïdes effectrices (granulocytes et monocytes) dans la rate. Nous 

avons observé une augmentation significative des GMP Sca-1+, également nommés 

GMP d’urgence (emergency GMP; eGMP) car ils n’apparaissent que pendant la 

myélopoïèse d’urgence. Même si des nombres similaires de HSC ont été observés dans 

les rates des souris Fzd6-/- et WT, la rate Fzd6-/- contient beaucoup moins d’eGMP. 

Cette diminution est accompagnée d’une production réduite de monocytes 

inflammatoires Ly6Chi dans la MO et une diminution de l’accumulation de cellules 

myéloïdes effectrices dans la rate. Des essais réciproques de greffe de MO ont révélé 

que des facteurs dépendants du stroma et intrinsèques aux cellules jouent un rôle dans 

la différenciation myéloïde inefficace des HSPC Fzd6-/-. Collectivement, nos données 

suggèrent que Fzd6 joue un rôle essentiel dans la détermination du sort des HSPC vers 

les lignées myéloïdes lors de l’inflammation aiguë induite par des endotoxines. Les 

mécanismes sous-jacents la défectuosité de la réponse myéloïde des HSPC doivent 
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encore être identifiés. Pour répondre à cette question, nous avons poursuivi en étudiant 

l’importance de Fzd6 dans l’activation des HSPC dans une infection chronique en 

utilisant un modèle de souris de leishmaniose viscérale. 

La leishmaniose viscérale est une maladie transmissible par un vecteur et 

causée par le protozoaire intracellulaire Leishmania donovani. Des études antérieures 

ont montré que le parasite L. donovani n’infecte pas directement les HSC ou leurs 

progéniteurs en aval. Il établit plutôt une infection persistante dans les macrophages de 

la MO, ce qui corrèle avec une amélioration de la production des cellules myéloïdes par 

la MO et la rate (Cotterell et al., 2000a, Cotterell et al., 2000b). Cependant, la 

contribution de l’amélioration de la myélopoïèse au cours de l’infection n’est pas bien 

comprise. Étant donné que la déficience en Fzd6 réduit l’activation des HSC en réponse 

à une inflammation induite par l’endotoxine, nous avons analysé le compartiment 

hématopoïétique de souris Fzd6-/- et WT au cours de l’infection. De 14 à 28 jours après 

l’infection (post-infection; pi), l’expansion du parasite dans la MO et la rate a entraîné 

une augmentation graduelle de la fréquence et du nombre de LT- et ST-HSC dans la 

MO, suivi de l’accumulation de HSPC dans la rate. 21 jours après l’infection (21 pi), la 

majorité des HSC se sont divisés (>75-80%). La progression des HSC dans le cycle 

cellulaire et leur expansion sont accompagnées d’une augmentation de l’activation de la 

β-caténine au cours de l’infection, ce qui suggère que la signalisation Wnt/Frizzled (Fzd) 

joue un rôle dans l’activation des HSPC dans la leishmaniose. 

Parallèlement à la charge parasitaire, la proportion et le nombre de eGMP Sca-

1+ ont également augmenté, atteignant un plateau entre les jours 21 et 28, selon la force 

de l’infection. La progéniture myéloïde de ces eGMP consiste principalement en des 

monocytes Ly6Chi avec un phénotype régulateur de type suppresseur de cellules. 

Étonnamment, nous avons observé que les parasites L. donovani n’infectent pas 

seulement les macrophages de la MO, mais également les précurseurs de monocytes et 

les monocytes matures, confirmés par une coloration Giemsa de la MO provenant des 

souris infectées au jour 28 pi. Pour savoir si les cytokines de l’environnement dans la 

MO influencent la différenciation des HSPC et augmentent la charge parasitaire dans la 

MO, nous avons analysé le surnageant de la totalité des cellules de la MO en comparant 

des souris non infectées à des souris infectées par L. donovani à différents jours après 

l’infection. Nous avons détecté une augmentation significative dans la MO du niveau 

d’expression de différentes cytokines et chimiokines qui pourraient contribuer à 

l’expansion et à la différenciation myéloïde des HSPC dans la phase chronique de 
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l’infection. Pour tester si les monocytes générés dans la MO infectée sont 

fonctionnellement différents des monocytes normaux différenciés in vitro, nous avons 

exposés les cultures aux amastigotes fluorescents de L. donovani. Les surnageants 

provenant de la MO infectée ont augmenté non seulement la proportion de monocytes 

infectés par des parasites, mais aussi la réplication du parasite dans ces cellules avec le 

temps. Ces résultats suggèrent que l’expansion du parasite L. donovani dans la MO 

active efficacement les HSC et les pousse à produire un grand nombre de cellules 

myéloïdes, qui sont parmi les cibles préférées du parasite, et deviennent encore plus 

sensibles à l’infection. À l’inverse, les HSPC Fzd6-/- ont généré moins de progéniteurs 

myéloïdes et, par conséquent, moins de monocytes Ly6Chi et une réduction de 

l’accumulation de cellules myéloïdes dans la rate Fzd6-/- par rapport aux témoins WT. 

Cette diminution dans la différenciation myéloïde corrèle avec la diminution de 

l’expansion du parasite, la charge parasitaire ayant été mesurée dans la MO et la rate. 

Cela établissant un lien entre la signalisation Fzd6 et la réponse aux infections des 

HSPC. Par conséquent, nos résultats démontrent un rôle important pour l’activation des 

HSPC dépendante de Wnt/Fzd dans la régulation de l’infection chronique par les 

parasites. 

Compte tenu du potentiel thérapeutique des HSC, il est nécessaire de mieux 

comprendre les mécanismes impliqués dans le contrôle des HSPC. Nous prévoyons 

que la signalisation non canonique de Fzd6 est une cible thérapeutique prometteuse 

pour de nouveaux traitements pour moduler l’activation des HSC et le développement 

des cellules myéloïdes et surmonter les limites de la transplantation de moelle osseuse 

et le traitement des maladies inflammatoires aiguës et chroniques.
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1. Matter of life: Blood 

Over centuries, blood has been considered as a magical symbol, which is often 

linked to courage, power and immortality in many faiths and religions. Due to its 

mysterious healing properties, blood was described as ‘the centre of life itself’ (Learoyd, 

2006, Meletis et al., 2010). Hematopoiesis—the Greek haima, meaning “blood” and 

poiesis, meaning “formation”— refers to the process of mature and functional blood cell 

generation (Damjanov, 2013).   

Our understanding of hematopoiesis is the combination of ongoing research and 

extensive effort that have been carried out for several decades. The concept of 

hematopoiesis was introduced in 19th century by the establishment of bone marrow 

(BM) as the source of blood cells (Cooper, 2011). The existence of a “mother cell” for all 

blood elements was first proposed in Maximov’s theory in 1909, while its potential 

participation in radiation damage was postulated by Sabin in 1932 (Friedenstein, 1989, 

Sabin et al., 1932). The threat of continued atomic warfare in the period of mid-1940s 

and 1960s, marked a new era in the hematopoietic research, which is mainly based on 

studying the effects of irradiation and BM transplantation. Jacobson and his colleagues 

found that mice could survive an otherwise lethal irradiation exposure if a hematopoietic 

organ is protected by lead foil (Jacobson et al., 1949). Soon afterwards, it became 

apparent that adult BM cells transplanted into syngeneic recipients were capable of 

rescuing lethally irradiated mice from hematopoietic failure (Lorenz et al., 1952). But, it 

was not until early 1960s that first in vivo evidence provided by Till and McCulloch that 

radioprotection was due to the transplanted multipotent stem cells (Till et al., 1961). The 

ability of BM cells to reconstitute the entire hematopoietic system in recipients provided 

an in vivo assay for the identification of hematopoietic stem cells (HSCs), thus setting 

the basis towards further evaluation (Becker et al., 1963, Siminovitch, 1964).  

While it was initially thought that HSCs are a homogenous population, the 

development of in vitro  clonal assays progressively revealed the heterogeneity of 

hematopoietic stem/progenitor cells (HSPCs) in various aspects (Bradley et al., 1966, 

Pluznik et al., 1965). Consequently, the description of methods to characterize HSCs 

and their progeny did not occur another decade or more (Metcalf, 1980, Spangrude, 

1991, Spangrude et al., 1988). Today, we can enrich adult HSCs using the combination 

of monoclonal antibodies and high-speed fluorescence activated cell sorting (FACS) 
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technique based on the expression of different cell surface markers (Adolfsson et al., 

2001, Ikuta et al., 1992, Oguro et al., 2013). However, there is not any unique marker to 

identify true HSCs, thus more fastidious approaches are required for the functional 

characterization. Since the discovery of transplantable multipotent HSCs in adult BM to 

the present day, BM transplantation assays are considered “the gold standard” to 

demonstrate HSC function. The term ‘HSC’ refers to a single cell which is sufficient to 

rescue a host from otherwise lethal irradiation exposure and completely establish its 

entire hematopoietic system (Osawa et al., 1996). This reconstitution ability requires: (i) 

self-renewal; to make an identical copy of itself while preserving the undifferentiated 

state, (ii) extensive proliferation potential; to repopulate, and (iii) potency; to differentiate 

and give rise to all blood elements.  
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2. Ontogeny of hematopoietic stem cells 

During embryogenesis and fetal development, hematopoiesis occurs in different 

hematopoietic sites (niches) including the extraembryonic yolk sac (YS), the 

intraembryonic aorta-gonad-mesonephros region (AGM), fetal liver (FL), spleen and BM 

(Figure 1). Primitive hematopoiesis is initiated in the YS of the developing mouse 

embryo at around embryonic day 7.5 (E7.5). During the primitive streak stage, 

development of a putative YS, also known as the hemangioblast, marks the onset of 

hematopoiesis (Baron, 2003, Kennedy et al., 2007). First hematopoietic cells produced 

in the YS are primitive red blood cells, termed erythroblasts, which contain embryonic 

hemoglobin. These large nucleated erythroblasts are surrounded by a layer of 

endothelial cells, which form blood islands. Macrophages and megakaryocytes are also 

generated at this stage (Kennedy et al., 2007, Sasine et al., 2016). At a slightly later 

stage, lymphoid precursors are also found in YS  (Godin et al., 1995). However, the first 

adult-type HSC, which can reconstitute the hematopoietic system are generated in AGM 

at ~E10.5 (Sasine et al., 2016). Emergence of HSC from AGM marks the establishment 

of definitive hematopoiesis. Definitive HSCs circulate via umbilical vessels and migrate 

to YS and placenta. These sites provide potent hematopoietic niches for the maturation 

of immature “pre-HSCs” into functional HSCs (Gekas et al., 2010, Swiers et al., 2010). 

At E11.5, HSCs migrate to the FL in which they will be directed towards differentiation 

and give rise to definitive hematopoietic progenitors (Gekas et al., 2010, Sasine et al., 

2016). Thereafter, hematopoietic activity stops in AGM, but still detected in YS and 

placenta (de Bruijn et al., 2000, Sasine et al., 2016). HSCs daily double their numbers in 

FL to seed the newly forming hematopoietic niches in the spleen and BM.  Before the 

birth, the primitive HSCs migrate and colonize spaces filled out with embryonic bone and 

cartilage, establishing a close connection with BM microenvironment in early life 

(Taichman et al., 1998). During transition from FL to BM, the frequency of HSCs 

dramatically declines. By the time of birth, the BM remains the primary hematopoietic 

site in which all HSC activity is retained during the adult life (Calvi et al., 2003, Kunisaki 

et al., 2013). 
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Figure 1.Establishment of primitive and definitive hematopoiesis in mice  

Primitive hematopoiesis occurs between embryonic day E7.5 and E10. Main purpose of the primitive 
hematopoiesis is to provide the oxygenation of the developing embryo. Both endothelial cells and 
hematopoietic cells are generated from a common progenitor, the hemangioblast. The extraembryonic 
yolk sac serves as the source of primitive erythrocytes. The extraembryonic yolk sac blood islands, a 
structure formed by endothelial cells surrounds primitive erythrocytes. Primitive macrophages and 
megakaryocytes are also found in the yolk sac during this stage. Emergence of HSCs from the 
intraembryonic AGM around day E10.5, marks the beginning of definitive hematopoiesis which 
comprises: (i) expansion of ‘pre-HSC’ and maturation to functional HSC in fetal liver, yolk sac and 
placenta and (ii) differentiation of HSC into multipotent hematopoietic progenitors and generation of 
definitive hematopoietic cells in the fetal liver which is the major hematopoietic site during mid-
gestation. Before the time of birth, fetal HSCs migrate to hematopoietic niches in BM in which all 
hematopoietic activity is retained in late-gestation and during adult life. AGM: aorta-gonad-
mesonephros region, HSC: hematopoietic stem cell. Adapted from “Baron et al., 2012; Boisset et al., 
2012; Ginhoux et al., 2013; Medvinsky et al., 2011”.  
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3. Transition towards an adult phenotype 

During the development and throughout aging, HSCs undergo phenotypic and 

functional changes.  Mouse fetal HSCs actively cycle in order to expand the stem cell 

pool and seed newly forming hematopoietic organs in the developing embryo. The post-

natal switch in HSC turnover occurs around 3 to 4 weeks of age at which HSCs become 

predominantly quiescent with only 5 to 10% remain cycling (Makio Ogawa, 1993, Pietras 

et al., 2011). While both adult BM and FL stem cells show an extensive capacity for self-

renewal, FL has a greater hematopoietic reconstitution potential in transplant settings 

when compared to adult (Christensen et al., 2004, Morrison et al., 1995). Throughout the 

ontogeny, HSCs acquire different differentiation potentials. FL HSCs have a strong bias 

towards myeloid differentiation when compared to adult HSCs, which give a balanced 

lymphoid-myeloid lineage output (Bowie et al., 2007). HSPC populations generate 

distinct types of hematopoietic cells at different stages of the development. Lymphoid 

and myeloid cell subtypes differ in phenotype and function (Ghosn et al., 2012, Mold et 

al., 2010), suggesting that HSCs generate distinct hematopoietic cell types at different 

stages of the development.  

These developmental changes are linked to the differences in the gene 

expression profiles, transcriptional programs and cell cycle regulation of fetal and adult 

HSCs. Some of the cell-autonomous mechanisms, which selectively regulate fetal and 

adult HSCs, are depicted in Figure 2. The generation of HSCs from hemogenic 

endothelium requires Notch signaling (Kumano et al., 2003). Notch signaling occurs 

through the interaction of transmembrane receptors (Notch1-4 in mice) and Notch 

ligands (Jagged and Delta) on the signal receiving cells, which leads to the 

transcriptional regulation of Notch target genes (Kim et al., 2014).  Notch1 and Jagged-1 

display specific expression patterns within the arterial endothelium in the developing 

mouse embryo (Robert-Moreno et al., 2005). While Notch1 signaling plays an essential 

role in the generation of HSCs within the AGM region (Kumano et al., 2003), it is 

dispensable for primitive or definitive hematopoiesis in the YS (Hadland et al., 2004, 

Robert‐Moreno et al., 2008). Jagged-1 coupling with Notch1 initiates direct 

transcriptional activation of GATA2 in the hemogenic endothelium (Robert-Moreno et al., 

2005). A transcriptional network, which include GATA2, Ets and Scl contributes to the 

early hematopoietic expression of Runx1 (also known as Aml1), which is essential for 

the generation of definitive HSCs in mice (Nottingham et al., 2007). Thus, mice that are 
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deficient in either GATA2 or Aml/Runx1 are embryonically lethal due to the lack of 

definitive hematopoietic cells (Okuda et al., 1996, Tsai et al., 1994). It is demonstrated 

that Aml/Runx1 and Notch1 are not required for the maintenance of adult HSCs, while 

GATA2 plays a key role also in adulthood (Ichikawa et al., 2004, Mancini et al., 2005, 

Rodrigues et al., 2005).  

After HSCs are formed, fetal specific genes such as the polycomb-group gene 

Ezh2, which regulates Lin28/let7 pathway plays an essential role in the acquisition of a 

fetal gene signature (Oshima et al., 2016). The Lin28/let7 pathway is critically required 

for the higher self-renewal activity of fetal HSCs and production of fetal-type 

lymphocytes (Copley et al., 2013). Conversely, the transcription factor, Sox17 acts in the 

downstream of Aml-1/Runx1 and Gata-2 and maintains fetal HSCs prior to the 

acquisition of an adult phenotype (Kim et al., 2007). Germline deletion of Sox17 reduces 

the expression of Dickoff-1 (DKK-1) which negatively regulates canonical Wnt pathway 

(Kim et al., 2007). Canonical Wnt signaling is transmitted by binding of Wnt secreted 

glycoproteins to the Frizzled (Fz) family of cell surface receptors, which leads to the 

formation of a larger surface complex with the co-receptors, the low-density lipoprotein-

related receptor (LRP) 5 and 6 (Malhotra et al., 2009).  Activation of canonical Wnt 

pathway regulates the amount of a multifunctional adaptor protein β-catenin and directs 

transcriptional activation of intracellular signaling cascades (Komiya et al., 2008, 

Schubert et al., 2013). In the developing embryo, Wnt/β-catenin signaling regulates HSC 

emergence in a dose-dependent paracrine fashion.  At around E10.5, Wnt/β activity is 

restricted to endothelial non-hematopoietic cells localized at the base of hematopoietic 

clusters in the AGM. Inactivation of Wnt/β-catenin signaling at this stage not only 

decreases the numbers of newly generated HSCs but also alters the function of these 

cells as shown in transplantation settings (Ruiz-Herguido et al., 2012). Interestingly, 

already formed HSCs contained in the E11.5 AGM appear to be β-catenin independent, 

suggesting a transient activation of Wnt/β-catenin signaling in HSC emergence (Ruiz-

Herguido et al., 2012).  Although Wnt/β-catenin activity is dispensable for the stem cell 

maintenance after E11.5 in fetal life, it is involved in the regulation of adult HSPC pool in 

a dose-dependent manner (Luis et al., 2011, Ruiz-Herguido et al., 2012). Likewise, 

transcriptional regulators including the proto-oncogene Bmi-1 and the transcriptional 

repressor Gfi-1 play an essential role in for the generation and maintenance of adult 

HSCs, while they are not required for the emergence and maintenance of fetal HSCs 

(Hock et al., 2004, Park et al., 2003). Interestingly, the changes in the cycling status of 
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HSCs, which occur by 3 weeks of age in mice also appears to be a cell-intrinsic 

developmental event. Evidence shows that the transcription factor C/EBPα which 

negatively regulates fetal HSCs self-renewal is at least partially required for the 

acquisition and maintenance of adult HSCs and for in vivo switch in HSC cycling activity 

in mice (Ye et al., 2013). These observations suggest that intrinsically determined 

molecular signals mediated by different developmental regulators collectively control 

properties and appropriate numbers of HSCs during fetal and adult life.   

  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

Figure 2. HSC transition from fetal and adult properties 

A molecular switch during the transition from fetal to adult phenotype, results in decreased HSC 
expansion, cycling, self-renewal ability and myeloid differentiation potential. Aml/Runx-1, Notch1 and 
GATA2 are essential for the HSCs in the developing embryo, but dispensable for adult HSC maintenance. 
When HSCs are formed, transcription factor Sox17 regulates the acquisition of an adult phenotype via 
promoting Wnt/β-Catenin signaling. Ezh2 and its downstream Lin28b are crucial for the maintenance of 
fetal HSCs while Bmi-1 is required for HSC maintenance/function only in adult. PTEN and the 
transcription factors Gfi-1 and c-myb are dispensable for the primitive stages of hematopoiesis but 
essential for the definitive hematopoiesis while Wnt/β-Catenin activity regulates HSC 
maintenance/function transiently in a dose-dependent manner throughout developmental stages and 
adult life. Compiled from “Copley et al., 2013; Dejana et al., 2017; Ichikawa et al., 2004; Jang et al., 
2007; Luis et al., 2011; Magee et al., 2012; Mancini et al., 2005; Oshima et al., 2016; Rodrigues et al., 
2005; Ruiz-Herguido et al., 2012”.  
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4. Steady-state hematopoiesis 

Adult hematopoietic system consists of stem and progenitor cells, which 

continuously feed blood cell production through the commitment and differentiation 

processes. HSC self-renewal occurs through symmetric and asymmetric cell divisions. 

Symmetric divisions can yield either two identical stem cell daughters for stem cell 

expansion (SCD), or two committed daughter cells, termed symmetric differentiation 

division (SDD). Asymmetric divisions (ACD) generate one daughter that remains in a 

quiescent state as a reservoir for the stem cell pool and a committed daughter, which 

proliferates and differentiates to sustain hematopoiesis (Ito et al., 2012, Ting et al., 2012, 

Yamamoto et al., 2013). The progenitor cells are a subset between HSCs and mature 

blood cells. The restricted-differentiation potential and lack of self-renewal capacity 

distinguish committed-progenitors from HSCs (Seita et al., 2010).  

Evidence from a growing number of single-cell transplantation and lineage 

tracing studies indicates to a significant heterogeneity in HSC subtypes with differential 

repopulation kinetics (Dykstra et al., 2007, Sieburg et al., 2006), self-renewal ability 

(Yamamoto et al., 2013), cell cycle status (Mallaney et al., 2014, Wilson et al., 2008) and 

multi-lineage differentiation output (Dykstra et al., 2007, Ema et al., 2014). Accordingly, 

short-lived HSCs (ST-HSCs) provide radioprotection and the initial regeneration of 

hematopoiesis for up to 3-4 months post-transplant while their ancestors, long-term 

repopulating HSCs (LT-HSC), retain their repopulation and multi-lineage reconstitution 

activity for the life time of a recipient mouse (Harrison et al., 1993, Yamamoto et al., 

2013).  

During the commitment, self-renewal capacity and multi-lineage differentiation 

potential gradually lost (Figure 3), whereby a developmental switch occurs in genetic, 

metabolic and transcriptional programs associated with cell fate.  Multipotent progenitors 

(MPPs) generate all mature blood lineages but possess transient reconstitution ability 

due to the lack of self-renewal capacity (Adolfsson et al., 2001, Ikuta et al., 1992, 

Morrison et al., 1997, Osawa et al., 1996, Weissman et al., 2001). Notably, steady-state 

hematopoiesis is largely sustained by ST-HSCs and progenitor cells rather than LT-

HSCs. Thus, the frequency of LT-HSCs is considerably lower than any other progenitor 

population within BM (Busch et al., 2015). 
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Figure 3. Self-renewal and differentiation of hematopoietic stem cells 

Hematopoietic stem cells (HSCs) are a rare slow-dividing fraction of the bone marrow (~0.01% of all 
marrow). HSCs are identified with their unique self-renewal ability to reserve their pool and multi-
lineage differentiation capacity to give rise to the committed progenitors, which supply mature blood 
lineages. HSC self-renewal occurs through symmetric and asymmetric cell divisions. At the top of 
hierarchy, LT-HSCs have the highest self-renewal and in vivo repopulation ability and provide a life-time 
hematopoietic reconstitution. When LT-HSCs divide, the self-renewal ability and function are gradually 
lost. When transplanted, ST-HSCs provide radioprotection and initial reconstitution of recipient’s 
hematopoietic system for a limited time. MPPs lack self-renewal ability but have multi-lineage 
potential. LT-HSC: long-term hematopoietic stem cell, ST-HSC: short-term hematopoietic stem cell, MPP: 
multipotent progenitor cell. Figure adapted from “Passegué et al., 2003; Suda et al., 2011; Wilson et al., 
2006”.  
 

 

 

FACS is commonly used for the identification of HSCs. Isolation of HSCs with 

this technique includes a negative selection using lineage (Lin) markers and a positive 

selection (Morrison, 2002). Lin selection cocktail, typically includes; CD3, CD4 and CD8 

to exclude T lymphocytes, CD19 and B220 for B lymphocytes, CD11b and Gr-1 to 

remove myeloid cells and glycophorin-A or Ter119 to eliminate erythroid cells. After the 

removal of Lin- cells, HSCs are further characterized based on the presence of stem-cell 

specific antigens on their surface. Some of the cell surface molecules expressed on 

mouse HSPCs are summarized in Table 1. 
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Table 1.Antigenic proteins and glycoproteins used to purify mouse hematopoietic stem 
cells 

 

Antigen                                    Known function                                  Reference                                 

CD34 

 
a type I transmembrane phosphoglycoprotein which 

regulates cell cycle activity of HSCs and mediates HSC 

adhesion within hematopoietic niche 

(Krause et al., 
1996) 

CD117 

(c-Kit) 

 

the receptor tyrosine kinase which supports the 

maintenance and survival of HSCs via binding its 

ligand stem cell factor 

(Broudy, 1997) 

Sca-1 
stem cell antigen-1; facilitates HSC maintenance and 

lineage specification 

(Bradfute et al., 
2005) 

Thy-1 

(CD90) 

a heavily N-glycosylated glycophosphatidylinositol-

linked surface protein which is postulated to participate 

in lymphocyte-cell interactions and adhesion 

(Barda-Saad et 
al., 1999) 

CD150 

a member of  the signaling lymphocytic activation 

molecule (SLAM) family receptors 

expressed on megakaryocytes and HSPCs 

(Oguro et al., 
2013) 

 

      CD48 

 

a member of  SLAM family receptors required for the 

initiation of T-cell activation and proliferation; absent on 

HSCs; upregulated on MPPs during inflammation 

 

 (González-
Cabrero et al., 

1999) 
(Boles et al., 

2011) 

CD244 

a ligand for CD48 

regulates the activation and cytotoxicity of T and NK 

cell functions during infections; not expressed on HSCs 

(Waggoner et 
al., 2012) 

 

IL-7Rα 

(CD127) 

 

a receptor for interleukin 7 (IL-7) which plays a critical 

role in lymphocyte development; not expressed on 

HSCs 

(Barata, 2013) 

Flt3 

(Flk2 or 

CD135) 

a fms-related tyrosine kinase which contributes to the 

proliferation and differentiation of BM hematopoietic 

cells 

(Gilliland et al., 
2002) 

CD41 

mainly expressed on megakaryocytes and platelets but 

transiently expressed on HSPCs at different stages of 

development and in response to stress 

(Gekas et al., 
2013) 

(Pietras et al., 
2016) 
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The most primitive HSC/HPC population remains within Lin−Sca-1+c-KIT+ (LSK)  

fraction of the mouse BM (Ikuta et al., 1992, Minetaro Ogawa et al., 1991, Gerald J 

Spangrude et al., 1988). LSK fraction consists of LT-HSCs, ST-HSCs and MPPs 

(Figure-4).These populations are distinguished based on the expression of Thy1.1, 

CD34 and a HSC-specific fms like tyrosine kinase, CD135/Flt3. LT-HSCs are identified 

as IL-7Rα-Flt3lo/-Thy1-CD34- LSK fraction, which give rise to ST-HSCs (IL-7Rα-Flt3lo/-

Thy1-CD34+ LSKs) whose further downstream is MPPs  (IL-7Rα-Flt3lo/hiThy1-CD34+ 

LSKs) (Adolfsson et al., 2001, Ikuta et al., 1992, Morrison et al., 1997, Osawa et al., 

1996, Weissman et al., 2001). Differential expression of SLAM (the signaling 

lymphocytic activation molecule) markers, CD150, CD48 and CD244 enable further 

separation of distinct HSC and MPP subpopulations. While ST-HSCs express CD48 and 

its ligand CD244 on their surface, LT-HSCs lack these antigens. Lack of CD150 

expression distinguishes MPPs from LT and ST-HSCs (Morita et al., 2010, Oguro et al., 

2013). 

Similar to mouse HSPCs, human HSPC populations can be isolated using a 

combination of monoclonal antibodies and FACS cell-sorting technology. Lin surface 

markers, which are used for the negative selection of human HSPCs include CD2 and 

CD3 for T lineage, CD19 for B cells, CD16 for NK cell lineage, Glycophorin A for red 

blood cells and CD14 and CD15 for myeloid cells. Following negative selection, HSCs 

are further enriched into Thy-1+, Thy-1+CD38-lo, or CD133+ fractions within CD34+ cells 

(Reitsma et al., 2002). In contrast to mouse HSPCs, the SLAM receptor CD150 does not 

appear to be differentially expressed on human HSCs compared to more differentiated 

progenitors. Conversely, CD48 expression is found not only on committed human 

hematopoietic progenitor cells but also non-hematopoietic cell populations including 

endothelial cells. Interestingly, CD244, a ligand for CD48 is specifically expressed on 

human HSCs (Sintes et al., 2008, Zaiss et al., 2003).These observations suggest 

differential expression pattern of surface cell markers that differs on mouse and human 

HSCs.  
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Figure 4. Cycling activity of hematopoietic stem and progenitor cells in mice 

The most primate HSCs are found in the LSK (Lin
-
Sca-1

+
c-Kit

+
) fraction within the bone marrow. LSK cell 

subset is composed of LT-HSC, ST-HSC and MPPs. Under steady-state conditions, the majority of LT-
HSCs are found in G0 of the cell cycle phase while only >2% remain cycling (S-G2-M). Quiescence is 
maintained by cell-intrinsic signals and cell-niche interactions. Conversely, only 39% of ST-HSCs are 
found in G0 whereas MPPs are actively proliferating (only 16% in G0) (Wilson et al., 2008). HSC: 
hematopoietic stem cell, LT-HSC: long-term hematopoietic stem cells, MPP: multi-potent progenitor cell, 
ST-HSC: short-term hematopoietic stem cell. Figure adapted from “Arai et al., 2008; Nakamura-Ishizu et 
al., 2014; Raaijmakers, 2010”.  
 

The cell cycle is divided into four phases: G1, S, G2 and M phases (Figure-4). 

Two key checkpoints control the cell cycle and interrupt its progression when DNA 

damage occurs or the cells have failed to satisfy the requirement due to growth factor 

/nutrition deprivation. As a consequence, cells permanently exit the cell cycle and enter 

into an inactive state (G0) before apoptosis. The G0 phase is associated with the loss of 

cycling potential, senescence and death (Pietras et al., 2011). In contrast to short-lived 

somatic cells, the majority of HSCs remain resting in the G0 phase. As they divide and 

differentiate into MPPs, which possess restricted lineage potential, the majority of the 

committed progeny become active in the S, G2, and M phases to maintain blood cell 

production (Steinman, 2002). 
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4.1. Maintenance of hematopoietic stem cell quiescence 

Quiescence is crucial to protect HSCs from oxidative stress, DNA damage and 

the accumulation of replication-associated mutations. Stress resistance in quiescent 

HSCs is regulated by distinct programs. For instance, HSCs have specific ATP-binding 

cassette (ABC) transporter gene expression, which provides high drug efflux ability. The 

ABC transporters protect stem cells against toxic compound accumulation by pumping 

them across their cell membranes (Tang et al., 2010). Dormant HSCs also display 

distinct apoptotic programs (Kosan et al., 2015), which probably facilitates their 

resistance to cytotoxic agents including ultraviolet light, ionizing radiation, and chemicals 

(Blanpain et al., 2011). The proper balance between HSC quiescence and expansion is 

critical to maintain homeostatic hematopoiesis and prevent hematopoietic failure or 

excessive expansion of stem pool that can lead to exhaustion or cancer formation. 

During steady-state hematopoiesis, HSC quiescence is tightly controlled by cell-intrinsic 

mechanisms, which are modulated by the niche signals in the BM.  

 

 

 

4.1.1. Intrinsic regulation of the cell-cycle 

The cell cycle regulation plays an important role in longevity and functional 

potential of HSCs. Yet, increased cell cycle activation in HSCs can lead to premature 

depletion and eventually exhaustion of the stem cell pool (Thompson et al., 2008). The 

cell cycle activity of HSCs is dynamically controlled by cyclins and cyclin dependent 

kinases (CDKs) as depicted in Figure 5. During quiescence, the retinoblastoma (Rb) 

proteins prevent cell cycle progression by a complex mechanism, which includes the 

inactivation of transcription factors such as the E2F family. Progression through G1 and 

S phase requires the phosphorylation and suppression of the Rb protein by D 

cyclin/Cdk4/Cdk6 complex. Inactivation of the Rb protein activates the E2F transcription 

factors, which in turn induces HSC entry into the S phase (Steinman, 2002, Walkley et 

al., 2007). 
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Figure 5.Cell-intrinsic regulation of hematopoietic stem cell quiescence 

The cell cycle activity of HSCs is regulated by cyclins and CDKs. Cell-autonomous and external signals 
activate Cyclin D/CDK4-6 complex. The cell cycle is promoted by the inactivation of Rb/E2F complex in 
early G1. Late G1 progression is controlled by cyclin E-CDK2 complex. Cyclin/CDK activity leads to the 
phosphorylation of the Rb protein. The phosphorylation of the Rb protein results in the separation of 
Rb and E2F and the activation of genes encoding proteins required for the S phase. INK family and 
CIP/KIP family of CDK inhibitors are able to inhibit cyclins and CDKs that can arrest cell cycle 
progression. HSC cell cycle activity is also subject to the regulation via p53, either in response to cellular 
damage or p19ARF activity. The p53 activation in HSCs promotes the upregulation of pro-apoptotic 
genes (i.e., bax, nova,and puma) and induces DNA repair pathways. CDK: cyclin-dependent kinase, Rb: 
retinoblastoma protein. Adapted from “Hao et al., 2016; Pietras et al., 2011”. 
 

 
All three members of D cyclin family (Ccnd1, Ccnd2 and Ccnd3) are expressed in 

HSCs (Passegué et al., 2005). While mice deficient for a single D-cyclin show no 

apparent hematopoietic defects (Fantl et al., 1995), triple knockout mice for all three D 

cyclins die before the birth due to hematopoietic failure (Kozar et al., 2004). Likewise, 

mice lacking CDK4/6 are also embryonically lethal due to impaired fetal hematopoiesis. 

In contrast, CDK6 deficient embryos are viable and display slightly less severe defects in 

hematopoiesis (Malumbres et al., 2004). Interestingly, LT-HSCs lack CDK6 expression 

that leads to a delay in their cell cycle entry by 5-6 hours. Conversely, ST-HSCs express 

moderate levels of CDK6 that permits relatively rapid cell cycle entry in response to 

stress (Kosan et al., 2015).  

The members of the INK4 (p15, p16, p18, and p19) and CIP/KIP family (p21, 

p27, and p57) of CDK cell cycle inhibitors restrain the ability of HSCs to expand in 

response to various types of stress (Viatour et al., 2008). INK4 family exclusively binds 
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and inhibits the D cyclins while the CIP/KIP family interacts with all CDKs (Roussel, 

1999). The genes of the INK4 locus, p16INK4a and p19ARF, are actively repressed by the 

polycomb protein Bmi-1, which is preferentially expressed in HSCs. Lack of Bmi-1 

completely blocks the proliferation/self-renewal in HSCs and increases p53-dependent 

cell death, resulting in lethal hematopoietic failure (Lessard et al., 2003, Park et al., 

2003). The p53 tumor suppressor gene regulates many aspects of HSC behavior 

including proliferation, differentiation, stress response, apoptosis, and aging (Asai et al., 

2011). LT-HSCs express high levels of p53 (Dumble et al., 2007), which promotes 

enhanced quiescence in these cells (Liu et al., 2009). P53 appear to mediate its effects 

on HSCs at least partly through binding the Gfi-1 proto-oncogene and activating its 

expression (Liu et al., 2009). Transcription factor Gfi-1 has been shown to restrict the 

proliferation of HSCs. As a consequence, the deletion of Gfi-1 leads to excessive cycling 

in HSCs that is accompanied by impaired repopulation potential (Kubota et al., 2012). 

Interestingly, caspase-3 upregulation is also observed in p53 deficient HSC (Liu et al., 

2009). The caspase 3, a downstream target of the PTEN/Akt pathway is generally 

recognized as the major effector of apoptosis. In vivo transplantation studies suggest 

that deletion of caspase-3 augments the proliferation of HSCs while negatively affecting 

their differentiation with a delay at specific stages of hematopoiesis, therefore indicating 

a role in HSC regulation (Janzen et al., 2008). Yet, limited activation of the PTEN/Akt 

pathway has shown to preserve HSC quiescence, presumably minimizing reactive 

oxygen species (ROS) production, which limits cell cycle progression in HSCs (Pietras et 

al., 2011). Taken together, these studies demonstrate that quiescence is tightly 

regulated by a complex cell-intrinsic network, which directly controls HSC expansion and 

self-renewal activity.  

 
 
 

4.1.2. Regulation of quiescence by hematopoietic stem cell niches 

As ‘everyday language is a part of the human organism’ (McDonough, 1986), the 

signaling networks and the crosstalk between stem cells and neighboring cells, are the 

language, which provides necessary information for the quiescence and activation of 

HSCs within the BM microenvironment. Niche signals modulate cell-divisions of HSCs, 

which are regulated by cell-intrinsic machinery. While some of these external cues 

suppress the cell cycle entry, others enhance cell cycle progression under stress 
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conditions. These regulatory networks include cytokines, chemokines, transcription 

factors, adhesion molecules and proteolytic enzymes (Guerrouahen et al., 2011).  

Within the marrow, the location of HSCs distinguishes them from their 

progenitors. It is assumed that stem cell quiescence is partially enforced by the lack of 

oxygen in the local microenvironment (Suda et al., 2011). Indeed, the hallmark of HSC 

niches is low levels of oxygenation, termed ‘hypoxic niche’.  Hypoxia slows the metabolic 

state of HSCs while promoting anaerobic glycolysis.  This metabolic state  protects stem 

cells from toxic and mutagenic effects of oxygen-generated free radicals (Parmar et al., 

2007, Suda et al., 2011). The endosteal region is distant from the vasculature and 

defined with the deepest hypoxia due to the limited perfusion and low partial pressure of 

the oxygen (Eliasson et al., 2010). LT-HSCs are found tightly adherent to the endosteum 

in the proximity of the osteoblasts (OBs) or closely associated with small arterioles 

(Wilson et al., 2008). HSCs, which are located in the endosteal niche are extremely 

quiescent with an estimated rate division of five times during lifetime of an adult mouse 

and have the highest functional potential (Wilson et al., 2008). This data suggests that 

LT-HSCs do not only tolerate low oxygen levels, but also it is a requisition for their 

longevity and function (Eliasson et al., 2010). 

The endosteum is enriched in micro vessels, which carry oxygenated blood to 

the BM and connect the hematopoietic niche to the blood circulation (Bianco, 2011). A 

quiescence pool of LT-HSCs is also maintained around these small arterioles, which are 

surrounded by surrounded by sympathetic nerves, layers of smooth muscle cells and 

matrix components. In the arteriolar niches, HSCs are surrounded by quiescent Nestin- 

mesenchymal stem cells (MSCs) and NG2+LepR- pericytes in association with 

endothelial cells (Kunisaki et al., 2013). Once activated, quiescent LT-HSCs detach from 

the endosteum and migrate towards the central parts of the bone and to the vascular 

areas in which they differentiate and are directed for the mobilization in order to re-

establish hematopoiesis (Silberstein et al., 2013). It has been shown that sympathetic 

nervous system might also regulate trafficking of HSCs into the bloodstream and could 

serve to maintain hematopoietic homeostasis. Indeed, the release of HSCs from bone 

marrow into the circulation is tightly regulated through the circadian release of 

adrenergic signals, which are delivered by nerves in the BM, transmitted to stromal niche 

cells (Méndez-Ferrer et al., 2008).  
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Cellular components of the BM hematopoietic niches comprise bone-forming 

OBs, bone-resorbing osteoclasts, endothelial cells, adipocytes, megakaryocytes and 

stromal cells including MSCs and reticular cells (Figure 6). 

 

 

Figure 6. Maintenance of quiescent hematopoietic stem cells in the bone marrow 

The quiescent LT-HSCs are found in the bone lining of the endosteum and are associated with small 
arterioles. Less quiescent or activated HSCs reside in vascular regions and are likely mature to 
hematopoietic progenitors. Osteoblasts and stromal cells maintain a quiescent HSC pool through 
secretion of TPO, SCF and Ang-1. Endothelial cells stimulate HSC expansion through adhesion 
molecules. Megakaryocytes, which are localized in perivascular areas, prevent HSC expansion via TGF-β 
signaling, while FGF4 expression induces HSC proliferation. Ang-1: angiopoietin-1, ECM: extracellular 
matrix, FGF-4: fibroblast-growth factor-4, SCF: stem cell factor, MSC: mesenchymal stem cell, TGF-β: 
transforming-growth factor-β, TPO: thrombopoietin. Figure is compiled from “Blank et al., 2015; Boulais 
et al., 2015; Grassel et al., 2007; Kopp et al., 2005; Mendelson et al., 2014; Reagan et al., 2015”. 
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Osteoblastic lineage cells: OBs are the main players of the endosteal niche, which 

maintain a quiescent stem cell pool via crosstalk signaling with HSCs and other stromal 

niche components. OBs evolve for the purpose of : (i) forming the bone by secreting 

bone matrix proteins, (ii) regulating  bone-resorbing osteoclast activity and (iii) facilitating 

to the regulation of the BM microenvironment by secreting cytokines and growth factors 

(Dominici et al., 2004). Genetic studies suggest that the physical contact with OBs plays 

an important role in the maintenance and function of HSCs. Indeed, an increase in the 

numbers of OBs is accompanied by a parallel increase in LT-HSC numbers with minimal 

effect on their downstream progenitors (Scadden, 2006, Zhang et al., 2003). OBs secret 

cytokines, growth factors and chemokines such as the stem cell factor (SCF), 

thrombopoietin (TPO), angiopoietin-1 (Ang-1), CXCL12, Jagged-1 and Wnt proteins, 

which positively regulates HSC quiescence and maintenance in the endosteum (Figure 

7). Osteoblasts extensively inhibit HSC proliferation by producing hematopoietic 

inhibitory factors such as leukemia inhibitory factor (Rulifson et al.), osteopontin and 

transforming growth factor-β (TGF-β) to control HSC pool size.  As a consequence, 

depletion of osteoblastic lineage cells results in severely impaired HSC function, and 

eventually exhaustion of HSC pool (Coşkun et al., 2014).  

Osteoclasts: The hematopoietic niche is a dynamic structure, which can be remodeled 

in response to exogenous stimuli and stress. Because stem cells are closely associated 

with the bone surface, the modifications or alterations in the bone composition directly 

affect HSC behaviour. Mature osteoclasts not only contributes to the bone resorption 

and remodeling of the bone, but also regulates bone-forming of OBs. Hence, osteoclast 

activity directly and indirectly controls the mobilization and retention of HSCs (Martin et 

al., 2005). Osteoclastic differentiation requires M-CSF and the interaction between the 

stromal protein activator of NF-κB ligand-RANKL and its receptor RANK on OB 

progenitors. RANKL induces osteoclast formation and activates mature osteoclasts 

(Boyce et al., 2008). RANKL stimulated osteoclasts reduces the hematopoietic niche 

components, CXCL12, SCF and osteopontin along the endosteum, thereby increasing 

the mobilization of HSPCs from the niche (Kollet et al., 2006). The loss of osteoclast 

activity results in disruption of the niche through a decrease in OB pool that in turn 

inhibits HSC colonization in the BM (Mansour et al., 2012). These studies suggest that 

osteoclast activity might not be required for HSC expansion and maintenance, but plays 

a key role in their mobilization to the blood stream. 
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Figure 7. Crosstalk signaling between hematopoietic stem cells and osteoblasts in the niche 

Within the niche, HSC fate is balanced by the integration of cell-autonomous factors and external cues 
derived from the niche components. Osteoblasts secrete cytokines and growth factors, which maintain 
HSCs in a quiescent state.  The cell adhesion molecules, E- cadherin/N cadherins and integrins (VLA4, 
LFA-1), increases HSC adhesion to the bone surface. Ang-1 and TPO promotes quiescence whereas TGF-
β limits expansion of HSCs. SCF and Flt3L play a crucial role in HSC self-renewal and expansion. CXCL12 
signaling does not only maintain HSC quiescence but also facilitates to the survival and mobilization of 
HSPCs. The c-myc regulates the adhesion and cell cycle entry of HSCs. Osteoblastic niche size is 
controlled by BMP and PTH signaling pathways. Ang-1: angiopoietin-1, BMP: bone morphogenic 
protein, LFA-1: lymphocyte function-associated antigen-1, PTH: parathyroid hormone, SCF: stem cell 
factor, TGF- β: transforming growth-factor, TPO: thrombopoietin, VLA-4: very late antigen-4/Integrin 
α4β1. Figure is adapted from “Forsberg et al., 2009; Pietras et al., 2011; Rizo et al., 2006; Taichman, 
2005; Wilson et al., 2006”.  

 

MSCs: MSCs are the key players of the BM microenvironment. They give rise to many 

of the niche elements including OBs, adipocytes, fibroblasts, and chondrocytes. Nestin-

Osx+ immature MSCs are mainly located on the endosteum and express high levels of 

matrix proteins (e.g., proteoglycan, osteopontin) and CXCL12, which are implicated HSC 

regulation. While early MSCs regulate HSC quiescence, more mature Nestin expressing 
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MSCs, which are located in the perivascular niche, control the proliferation and 

mobilization of HSCs (Hsu et al., 2012). Nestin+ MSCs express relatively higher levels of 

soluble factors CXCL12, Ang-1 and vascular-adhesion protein-1 (VCAM-1) when 

compared to those secreted by OBs (Ehninger et al., 2011). It is suggested that 

perivascular cells are originated from a subgroup of MSCs which express the putative 

marker STRO-1. Because, these MSCs are able to express specific pericyte markers 

such as α-smooth muscle actin and CD146 (Shi et al., 2003). Perivascular MSCs are 

located in close proximity with arterioles and directly touch sympathetic nerves and 

Schwann cells, which play a crucial role in the maintenance of steady state HSC 

homeostasis HSC retention under regenerative conditions (Katayama et al., 2006, 

Kunisaki et al., 2013, Méndez-Ferrer et al., 2010). MSCs localized near adrenergic nerve 

fibers express high levels of HSC maintenance genes, which mediate osteoblastic 

differentiation and enhanced maintenance of HSCs (Méndez-Ferrer et al., 2010).  

Endothelial cells: It is well established that both endothelial cells and primitive HSCs 

arise from specialized vascular endothelial cells in the YS (Sasine et al., 2016). Adult 

HSCs are closely localized to sinusoidal endothelial cells and perivascular cells in the 

trabecular regions of long bones (Kiel et al., 2005). Endothelial cells express adhesion 

molecules such as VCAM-1 and E-selectin, which facilitate HSC trafficking by 

modulating HSC-niche interaction (Schweitzer et al., 1996). Similar to Nestin+ MSCs, BM 

endothelial cells support hematopoiesis through the expression of CXCL12, Ang-1, SCF 

and growth factors including fibroblast growth factor (FGF) and epidermal growth factor 

(EGF) (Guerrouahen et al., 2011, Mendelson et al., 2014).  

 

Megakaryocytes (MKs): During homeostasis, MKs, a terminally differentiated cell type 

derived from HSCs, reside in close proximity to the BM sinusoidal vessels (Battinelli et 

al., 2007). Intriguingly, MKs share similar common surface receptors, lineage-specific 

transcription factors, and specialized signaling pathways with adult HSCs. Similar to 

HSCs, MKs express Mpl, CXCR4, CD150, c-Kit, CD34 and Tie-2. These similarities 

might be due the developmental origin, since they arise from the same endothelial 

progenitors in early development  (Huang et al., 2009). MKs maintains HSC quiescence 

by producing factors, which limit HSC proliferation such as TGFβ and CXCL4 (Bruns et 

al., 2014, Zhao et al., 2014b). They also express Ang-1, FGF and CXCL12, which 
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regulate HSC expansion (Day et al., 2014). Selective depletion of MKs within the niche, 

alters quiescence and induces HSCs into the cell cycle (Bruns et al., 2014). 

Other cell types are also implicated in the regulation of HSC fate. For instance,  a 

subpopulation of monocytes/macrophages have been implicated in the regulation of 

steady-state and stress-induced hematopoiesis (Chow et al., 2013). These 

macrophages are able to stimulate HSC retention by acting on CXCL12 expressing 

Nestin+ MSCs (Chow et al., 2011). In addition to cellular components of the BM 

microenvironment, extracellular matrix (ECM) molecules including collagens, 

proteoglycans and glycoproteins, are also involved in the regulation of HSC behavior 

through cell-cell adhesion, which includes integrins, adaptors and signaling proteins. 

ECM presents various cytokines and growth factors, which regulate HSC maintenance 

and expansion. Examples of these  factors are FGF, hepatocyte growth factor (HGF), 

vascular endothelial growth-factor (VEGF), BMPs and TGF-β  (Gattazzo et al., 2014, 

Klein, 1995). 

 

4.2. Hematopoietic progenitor cells 

The hematopoietic compartment displays a specific arrangement of blood cells in 

the BM. These sites are where HSPCs travel and receive necessary lineage-specific 

signals from specialized BM stromal cells for their differentiation (Wintrobe et al., 2009). 

MPPs, which are generated from HSCs are localized in the niches, closely associated 

with RANKL-producing OBs and CXCL12 expressing VCAM1+ reticular cells. MPP gives 

rise to myeloid, lymphoid and megakaryocyte/erythroid progenitors (Melchers, 2015). 

Granulocytes, monocytes and their precursors, collectively termed myeloid cells, play a 

key role in the development, tissue regeneration and humoral response. Lymphocytes or 

lymphoid cells including T cells, B cells, natural killer (NK) cells and certain type of 

dendritic cells, participate in the immune response (Janeway et al., 1997).  

During HSC differentiation towards a particular lineage, the genes associated 

with extensive self-renewal are downregulated, while a defined subset of lineage-specific 

genes is upregulated at the progenitor level. For instance, Tie2 expression is only 

enriched in HSCs but not downstream committed progenitors (Terskikh et al., 2003). 

Likewise, the transcription factors Meis1, Hoxa9, and Prdm16, which are involved in the 

maintenance of undifferentiated state are progressively methylated and transcriptionally 

silenced during differentiation. In contrast, transcriptionally inactive genes are found to 
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be methylated. For instance, myeloid lineage specification is accompanied by the 

transcriptional upregulation of Mpo, which encodes myeloperoxidase enzyme required 

for neutrophil function (Kosan et al., 2015). Therefore, hematopoietic lineage 

specification occurs as a gradual process, which involves many transcriptional and 

functional intermediate states. Different MPP subsets give rise to oligopotent common-

lymphoid progenitor (CLP) and common-myeloid progenitors (CMP). Flt3 expression 

marks a subset within MPPs, termed lymphoid-primed multipotent progenitors (LMPPs), 

with a robust in vivo lymphoid reconstitution potential (Adolfsson et al., 2001, Kondo et 

al., 1997). Indeed, mice lacking Flt3 have reduced numbers of lymphocytes (McKenna et 

al., 2000). MPPs can be further fractionized based on VCAM-1 expression whereas 

PU.1 transcription factor marks different subsets of CMPs (Lai et al., 2006, Lai et al., 

2005, Nutt et al., 2005). MPPs co-express lymphoid and myeloid genes, whereas CMPs 

co-express myeloid and erythroid genes but not lymphoid genes (Akashi et al., 2003). 

CMP and CLPs further give rise to bi-potent progenitors, which generate uni-potent 

precursors and terminally differentiated blood cells.  

According to myeloid bypass model, LT-HSCs can give rise to the lineage-

restricted progenitors, which possess long-term repopulating ability. These progenitors 

can generate terminally differentiated hematopoietic cells without passing through the 

MPP stage. Accordingly, myeloid progenitor with repopulating ability (MyRPs), which 

arise directly from LT-HSCs, are the major suppliers of myeloid cells during stress 

hematopoiesis (Yamamoto et al., 2013). More recently, four different MPP subsets are 

identified based on SLAM markers and Flt3. It is proposed that the MPP compartment is 

composed of at least two distinct subsets of myeloid-biased MPPs, which work together 

with lymphoid-primed MPPs to regulate blood production (Pietras et al., 2015). Figure 8 

depicts a working model of these findings. Cell surface phenotypes of distinct HSPC 

subsets are listed in Table 2.  

Differentiation and maturation of blood lineages are regulated by transcription 

factors, genetic programs and cytokines in a stepwise fashion under steady-state 

conditions. It must be noted that demanding hematopoietic stress conditions can 

promote changes in cell surface markers of HSPCs in addition to differential cell kinetics.  

Yet it is frequent, mutant HSCs can fail to reconstitute hematopoiesis upon 

transplantation due to LT-HSC defects while they sustain normal hematopoiesis at 

steady-state, which is mainly governed by ST-HSCs (Scheicher et al., 2011). 
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Figure 8. The current scheme of hematopoietic hierarchy 

The figure displays HSC subsets that have been identified by in vivo transplantation assays or more 
complex assays. MyRP; myeloid-progenitor with repopulating ability, MkRP; megakaryocyte progenitor 
with repopulating ability, MPP; multipotent progenitor, LMPP; lymphoid-primed multipotent 
progenitor, CMP; common-myeloid progenitor, CLP; common-lymphoid progenitor, GMP; granulocyte-
monocyte progenitor, MEP; myeloid-erythroid progenitor, MkP: megakaryocyte progenitor, EP; 
erythroid-progenitor, NP; neutrophil-progenitor, EOP; eosinophil progenitor, BMCP; basophil-mast cell 
progenitor, MCP; mast cell progenitor, BaP; basophil progenitor, cMOP; common-monocyte progenitor, 
MDP; macrophage-dendritic cell progenitor, CDP; common-dendritic cell progenitor, ELP; early-
tlymphoid progenitor. The transcription factors that control lineage fate at each step are also 
illustrated. Figure is adapted from “Lichtman et al., 2006; Nimmo et al., 2015; Woolthuis et al., 2016”. 
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 Table 2. Cell surface phenotype of identified hematopoietic stem /progenitor cells  

 

CELL TYPE               CELL SURFACE PHENOTYPE                     Reference            

LT-HSC 

IL-7Rα-Flt3lo/-Thy1-CD34- LSK 

CD34lo/-Flt3-CD150+CD48- LSK 

CD150+CD48-CD41- CD244−LSK 

 

(Yokota et al., 2012) 

(Morita et al., 2010) 

(Chen et al., 2016a) 

(Oguro et al., 2013) 

 

ST-HSC 

IL-7Rα-Flt3lo/-Thy1-CD34+ 

CD34+Flt3-CD150+LSK 

CD150+CD48+CD41-CD244+LSK 

 

(Yokota et al., 2012) 

(Challen et al., 2009) 

(Chen et al., 2016a) 

(Oguro et al., 2013) 

 Classical 
MPP 

      Lin-Sca-1+Kit+CD34+IL-7Rα-Flt3lo/-VCAM-1+ 
(Lai et al., 2005) 

(Lai et al., 2006) 

LMPP Lin-Sca-1+Kit+CD34+IL-7Rα-Flt3hiV-CAM1- 
 

(Adolfsson et al., 

2001) 

(Lai et al., 2006) 

 

 
Myeloid-biased 

MPPs 

MPP2; Lin- Sca-1+Kit+CD34+Flt3-CD150+CD48+ 

MPP3; Lin- Sca-1+Kit+CD34+Flt3-CD150-CD48+ 

 

(Pietras et al., 2015) 

 
Lymphoid- 

biased MPPs 
 

MPP4; Lin- Sca-1+Kit+CD34+Flt3+CD150-CD48+ (Pietras et al., 2015) 

 
CMP 

Lin-Sca1-Kit+CD34+FcRII/III- (Akashi et al., 2000) 

CLP Lin-IL-7Rα+Sca-1loKitlo (Akashi et al., 2000) 

GMP Lin-Sca1-Kit+CD34+CD16/32+ 
(Challen et al., 2009) 

 

MEP Lin-Sca1-Kit+CD34-CD16/32lo/- (Challen et al., 2009) 

MDP 
CDP 

Lin-Sca-1-KitintIL-7Rα-Flt3+CX3CR1+ 
    (Auffray et al., 2009) 

(Fogg et al., 2006) 

(Onai et al., 2007) 

 
cMOP Lin-Sca-1-KitintIL-7Rα-Flt3-CX3CR1+Ly6C+ (Hettinger et al., 2013) 

BMCP Lin− Sca-1-Kitint/hiCD34+ CD16/32hiB7hi    (Arinobu et al., 2005) 

 
LMPP: lymphoid-primed multipotent progenitor, CMP: common myeloid progenitor, CLP: common 
lymphoid progenitor, GMP: granulocyte-monocyte progenitor, MEP: megakaryocyte-erythrocyte 
progenitor, MDP: macrophage-dendritic cell progenitor, CDP: common-dendritic cell progenitor, cMOP: 
common-monocyte progenitor, BMCP: basophil-mast cell progenitor 
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4.3. The role of classical cytokines in the hematopoietic diversity 

 

Numerous attempts have been made to identify and purify cytokines with their 

abilities to support in vitro colony formation of hematopoietic progenitors. Methylcellulose 

cultures are commonly used to analyze the frequency of lineage progenitors in response 

to different cytokines. Traditionally, a single suspension is seeded on a solid media 

(methylcellulose or agar) supplemented with colony-stimulating factors and after an 

incubation period, generated colonies are counted and classified based on the 

morphology. Since the semisolid agar prevents cellular migration, mature cells, which 

are generated in each individual colony are derived from a single progenitor, termed a 

colony-forming unit (CFU). Although lymphoid differentiation media is commercially 

available, CFU assays mainly measure myeloid-erythroid potential of HSPCs (Pereira et 

al., 2007). CFUs are composed of lineage-committed colonies as depicted in Figure 9.  

Many of the cytokines have been investigated in the differentiation of HSPCs. 

Accordingly, the commitment of erythroid progenitors is regulated by erythropoietin or 

EPO (Ogawa, 1993); SCF and granulocyte-colony-stimulating factor (G-CSF) promote 

neutrophil maturation; macrophage-colony-stimulating factor (M-CSF) is specific for 

monocyte/macrophage differentiation (Metcalf, 1980); and IL-7 stimulates B lymphocyte 

maturation in vitro  (Kondo et al., 1997), whereas GM progenitors require combination of 

IL-3, granulocyte-macrophage-colony-stimulating factor (GM-CSF) and SCF for their 

multi-lineage differentiation (Metcalf, 1980). The mutant mouse models suggest that 

humoral regulation might be required for the proliferation/survival of hematopoietic 

progenitors and the terminal differentiation of mature cells rather than hematopoietic 

commitment. Indeed, lack of G-CSF does not result in complete absence of mature 

neutrophils. Mice deficient for both G-CSF and M-CSF have macrophages and 

neutrophils, respectively (Lieschke et al., 1994). Even in mice lacking GM-CSF, G-CSF 

and M-CSF, myeloid cells are still present. However, these mice fail to respond to 

inflammatory insults (Friedman, 2007, Hibbs et al., 2007), suggesting that cytokine 

regulation is required for the proper function of mature myeloid cells and their 

precursors. It is thus possible that interruption in one molecular pathway can result in the 

invocation of compensatory pathways. Yet, two or more pathways can synergically affect 

the lineage-restriction. For instance, Epo deficiency is lethal due to the failure in 

definitive erythropoiesis (Wu et al., 1995). However, evidence from in vitro culture 

systems indicates that Epo does not directly affect commitment but rather regulates 
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apoptosis protection of late erythroid progenitors (Dolznig et al., 2002, Koury et al., 

1990). The anti-apoptotic protein Bcl-xL has been proposed to mediate EPO-dependent 

survival during erythroid differentiation (Dolznig et al., 2002, Silva et al., 1996). Bcl-xL is 

known to be upregulated at the terminal stages of erythroblast differentiation (Aerbajinai 

et al., 2003, Gregoli et al., 1997). Mice deficient for Bcl-xL is embryonic lethal due to 

massive cell death of immature hematopoietic cells, which results in defective definitive 

hematopoiesis (Motoyama et al., 1995). In the absence of Epo, cultured murine 

hematopoietic progenitor cells undergo apoptotic cell death, presumably due to the 

downregulation of anti-apoptotic proteins Bcl-2 and Bcl-XL. Indeed, infection of these 

progenitors with a retroviral vector encoding human Bcl-XL or Bcl-2 increases the 

survival in the absence of Epo (Silva et al., 1996). Induction of Bcl-xL has been also 

shown to induce in vivo-like terminal differentiation into enucleated erythrocytes in 

serum-free cultures (Dolznig et al., 2002).  

 

 

 

 

 

 

 

 

 

 

Figure 9. Cytokine regulation of hematopoietic differentiation in semisolid medium  

The colony-forming unit (CFU) assay identifies hematopoietic progenitors by evaluating their ability to 
form hematopoietic colonies in response to cytokines in semisolid medium (agar or methylcellulose). 
Erythroid colonies are consisted of colony-forming-unit-erythroid (CFU-E), which generates small 
erythroblast colonies and erythroid-restricted burst-forming unit (BFU-E), which is more immature than 
CFU-E and produce larger colonies. Myeloid-restricted progenitors include colony-forming unit-
granulocytes (CFU-G) and colony-forming unit-monocyte (CFU-M). Multipotent progenitors consist of 
colony-forming unit-granulocyte-monocyte (CFU-GM) and colony-forming unit-granulocyte-erythrocyte-
monocyte- megakaryocyte (CFU-GEMM). Cytokines which regulates in vitro differentiation are also 
depicted. SCF; stem cell factor, GM-CSF; granulocyte-monocyte colony stimulating factor, G-CSF; 
granulocyte-colony stimulating factor, M-CSF; monocyte/macrophage colony stimulating factor, EPO; 
erythropoietin, IL-3/6; interleukin 3/6. Figure is adapted from “Eaves, 2015; Quesenberry et al., 2014”. 
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Consistent with these results, the location of hematopoietic cells within the BM 

niches suggests that distinct cell subsets have specific needs for humoral regulation and 

stromal support for their development, maturation and function.  For instance, essential 

need for IL-7 in lymphopoiesis has been demonstrated by several studies (Milne et al., 

2006). Within the niche early-B cell precursors are found in close contact with CXCL12-

expressing reticular cells surrounded by sinusoidal endothelial cells in the niche while 

late-B cells are located near the IL-7 expressing reticular cells, which secrete low levels 

of CXCL12. The decreased production of IL-7 leads to impaired B lymphopoiesis with a 

specific block in the transition from early to late B cell precursors (Panaroni et al., 2013). 

Yet, immature B cells generated in BM as well as mature B cells that return back to BM 

after differentiation in peripheral lymphoid tissues, are found in the perivascular niche 

associated with high levels of CXCL12 and IL-7 (LeBien et al., 2008, Tobón et al., 2013, 

(Panaroni et al., 2013). Taken together, the establishment of hematopoietic diversity is 

regulated by orchestrated interplay between cell-intrinsic transcription networks in 

HSPCs and cellular components of the niche, which provides stromal support and 

appropriate cytokines. Pivotal cytokines and their action in hematopoiesis are 

summarized in Table 3. 
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Table 3. Cytokines and hormones regulating hematopoietic cells 

 

CYTOKINE                   PRIMARY ACTION                                                       REFERENCE 

 
G-CSF: granulocyte-colony stimulating factor, M-CSF: macrophage-colony stimulating factor, GM-CSF: 
granulocyte-monocyte colony stimulating factor, EPO: erythropoietin, TPO: trombopoietin, IL: 
interleukin.  

G-CSF 
Acts on the survival of granulocyte progenitor and 
terminal maturation stages of granulopoiesis 

(Liu et al., 1996) 
(Zhan et al., 1998) 

M-CSF 
Promotes proliferation of monocyte/macrophage 
progenitors 

 
(Mossadegh-Keller et 

al., 2013) 
 

GM-CSF 
Stimulates  survival, proliferation and 
differentiation of granulocyte/monocyte 
progenitors 

 
(Zhan et al., 1998) 

EPO 
Affects proliferation of erythroid progenitors EPO 
protects against apoptosis through induction of 
Bcl-XL 

(Ogawa, 1993) 
(Dolznig et al., 2002) 

TPO Acts on HSC maintenance and megakaryopoiesis 
(Yoshihara et al., 

2007) 
(Yu et al., 2012) 

IL-1 
Induces other colony-stimulating factors in the 
proliferation of primitive HSPCs 

(Fibbe et al., 1991) 

IL-3 
Stimulates the growth of multiple myeloid cell 
lineages 

(Evans et al., 1999) 

IL-4 Regulates B cell maturation and T cell function 
(Wurster et al., 2002) 
(Barner et al., 1998) 

IL-5 
Primary regulator of eosinophil, basophil and mast 
cell growth  

(Stone et al., 2010) 

IL-6 

 
Acts on the proliferation and differentiation of 
granulocyte, monocyte, megakaryocyte, and 
erythroid progenitors 

(Bernad et al., 1994) 

IL-7 Stimulates lymphocyte maturation (Kondo et al., 1997) 

IL-15 Facilitates in the lymphoid cell development (Colpitts et al., 2013) 

IL-16 
Promotes proliferation of primitive HSPCs and in 
vitro  dendritic cell differentiation  

(Rofani et al., 2009) 

IL-17 
Facilitates in the regulation of HSPCs through 
stimulating  G-CSF, IL-6, and EPO 

(Mojsilović et al., 
2015) 
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5. Stress response of hematopoietic stem cells 

Given that stem cell therapies and BM transplantation are commonly used in 

clinics to treat hematopoietic diseases, experimental HSC research is currently focused 

on understanding the mechanisms, which regulate stem cell behavior in response to 

hematopoietic stress. Under homeostatic conditions, the generation of hematopoietic 

cells in the BM and the egress into circulation occur as a continuously balanced process 

(Busch et al., 2015). However, hematopoietic stress can induce quiescent HSCs into the 

cell cycle followed by their proliferation and differentiation. Increased numbers of LSKs 

and/or HSCs in the BM is extensively reported in response to hematopoietic challenges, 

e.g., transplantation (Wilson et al., 2008), physical exercise (De Lisio et al., 2012, 

Kroepfl et al., 2012), psychosocial stress (Heidt et al., 2014), administration of cytotoxic 

drugs (Wright et al., 2002), inflammation (Allakhverdi et al., 2009, Haas et al., 2015a), 

and infection (Matatall et al., 2016). Many of these studies have showed that HSPCs 

quickly respond to depletion of mature blood cells in situations of emergencies. It should 

be noted that some of these responses associated with HSC activation are dose-

dependent. For instance, the stress of moderate bleeding results in partial increase in 

HSC self-renewal divisions (Cheshier et al., 2007). In contrast, severe myelosuppression 

caused by a chemotherapeutic agent fluorouracil (5-FU) awakens almost all of the 

quiescent LT-HSCs, stimulating their proliferation and mobilization into the bloodstream. 

Because 5-FU incorporates with G1/S phases of the actively cycling cells, its 

administration does not directly affect LT-HSCs, which are retained in G0. Hence, HSC 

activation following 5-FU administration occurs as a tissue injury response due to 

massive loss of hematopoietic cells and the alterations in the BM microenvironment 

(Radley et al., 1979, Xian et al., 2004). Intriguingly, HSCs return back to their normal 

quiescent state when the lost cells have been replaced and homeostatic hematopoiesis 

is restored (Wilson et al., 2008).  

During steady state conditions, HSCs are strongly retained in BM niches    

(Figure 6 and Figure 7). The transition from resting to a proliferation state associates 

with changes in the genetic and metabolic programs of HSCs that allows the detachment 

from the niche followed by a shift in the BM location, proliferation and active trafficking 
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into the circulation.  Quiescent LT-HSCs have slow metabolism due to their relatively low 

energy demand that prevents production of ROS, a natural by-product of active 

mitochondrial metabolism (Kohli et al., 2014). The endosteal niche provides a hypoxic 

niche in which HSCs depend on anaerobic glycolysis for ATP synthesis (Ito et al., 2014). 

Hematopoietic stress enhances mitochondrial respiration and NADPH oxidase activity 

that elevates ROS levels in HSC (Pang, 2011, Walter et al., 2015), thus facilitating 

detachment from the endosteum and shift their location to more oxygenic vascular niche 

for further differentiation and mobilization (Jang et al., 2007). Notably, repetitive cell 

cycle divisions can permanently change the epigenetic landscape and gene-expression 

programs in HSCs. Strikingly, the genes involved in the niche communication are 

downregulated, when HSCs exit dormancy and undergo serial self-divisions. When 

these cells return to dormancy, they are located in a more active niche and probably 

they would enter the cell cycle more quickly due to their new genetic program (Qiu et al., 

2014). Increased DNA damage can lead to elevated ROS levels that increase p38MAPK 

activation, which is associated with upregulation of p16 (Shao, 2011).  

 

 

5.1. Homing and cell kinetics of transplanted hematopoietic stem cells 

 

Most of our knowledge on murine HSCs and the molecular mechanisms, which 

regulate their function, comes from in vivo competitive repopulation assays, which 

measure the repopulating ability of transplanted mutant-test HSC with unknown 

functional properties against an adequate number of genetically distinct wild-type HSCs 

in irradiated recipient mice (Yuan et al., 2005). Radiation exposure induces profound 

perturbations of the hematopoietic niches in which HSCs will engraft following 

transplantation. Induction of free radical production not only leads to apoptosis of 

hematopoietic cells, but also results in severe damage and destruction to BM blood 

vessels, the vascular niche and the bone structure (Cao et al., 2011). Recovery of BM 

microenvironment from ionizing irradiation occurs through the expansion of radio-

resistant habitant niche components (mesenchymal stem cells and mature 

megakaryocytes) and the repopulation of donor HSCs (Dominici et al., 2009, Nicolay et 

al., 2015). Upon transplantation, efficient repopulation requires a series of balanced 

interactions between donor HSCs and its supporting niche, which promotes: (i) HSC 

recruitment to the BM, termed homing, (ii) adhesion within the hematopoietic niche, 
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known as engraftment and (iii) the expansion and multi-lineage differentiation of HSPCs 

for the reconstitution of the hematopoietic system (Figure 10). 

After transplantation, the initial step is the survival of HSCs that is initiated by (i) 

tethering, (ii) rolling along the endothelial blood vessels and (iii) the strong attachment to 

the marrow endothelium. While initial tethering and rolling is mediated by P-selectin, E-

selectin is required for slow rolling and activation of adhesion to the endothelial cells. 

The p-selectin glycoprotein-ligand-1 (PSGL-1) binds to P- and E-selectins and CD44 

only binds E-selectin. The enforced CD44 expression increases E-selectin adherence 

and enhances HSC homing (Merzaban et al., 2011, Winkler et al., 2012). When CD44 is 

blocked with antibodies, HSPCs are trapped in the periphery (Vermeulen et al., 1998). 

The next step is the firm adherence of HSCs to the endothelial cells that occurs through 

the interactions between integrins and endothelial VCAM-1, intercellular adhesion 

molecule 1 (ICAM-1) and mucosal vascular addressin cell adhesion molecule-

1(Madcam1). The integrin family members expressed on HSCs including very-late 

antigen-4 (VLA-4), α4β7, and lymphocyte-function antigen-1 (LFA-1), facilitate 

attachment to the endothelium. This strong adhesion supports HSCs to overcome the 

shear stress of blood flow and promotes trans-endothelial migration (Guerrouahen et al., 

2011, Koni et al., 2001, Lapidot et al., 2005, Sahin et al., 2012). The stimulatory class of 

Gα subgroup of G-protein coupled-receptors (GPCR) are also involved in HSC trafficking 

and promote homing to the BM. For instance, the inhibition of CXCR4 that is thought to 

signal through Gα proteins, markedly decreases HSC homing. Furthermore, Gα 

deficiency alters homing efficiency of transplanted HSCs (Méndez-Ferrer et al., 2009). 

Under steady state conditions, murine HSCs are maintained in the diaphysis of 

the long bones. Radiation injury induces the expansion of host OBs located in the 

epiphysis and metaphysis to form transient endosteal niches for HSC lodgment. This 

activity reaches near-maximal at 24 hours, therefore delaying the transplantation of BM 

cells, increases HSC engraftment compared to immediate transplantation (Marino et al., 

2013). Proliferating OBs secrete increased amounts of CXCL12 that diffuses in the 

marrow space and promotes circulating HSCs migrate across the sinusoidal endothelial 

cells (Dominici et al., 2009, Lapidot et al., 2005). Approximately 5 hours after 

transplantation, HSCs are detected in close association with vascular structures. 

Recruitment of HSCs to the BM is completed during the first 12 to 24 hours following 

injection (Lewandowski et al., 2010). 

 



33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Hematopoietic stem cell homing following bone marrow transplantation 

Initial tendering and rolling of HSCs are mediated by E- and P-selectins, which interact with PSGL-1 on 
stem cells. Initial recognition proceeds by firm adherence to endothelium to overcome the shear flow 
conditions. HSCs strongly attach to endothelial cells through binding of integrins (VLA-4, α4β7, and LFA-
1) on endothelial VCAM-1, ICAM-1 and madCAM-1. Thereafter, HSCs transmigrate through the 
endothelial layer in CXCL12 mediated manner and transiently lodge in parasinusoidal niche. 
Proliferating OBs secrete molecules including Anxa2, CXCL12, osteopontin and VCAM-1 which promote 
migration to BM microenvironment and adhesion to the endosteum, thereby enhancing HSC 
engraftment within the niche. Anxa2: annexin-II, ICAM-1: intercellular adhesion molecule-1, LFA-1: 
lymphocyte-function antigen-1, Madcam-1: mucosal vascular addressin cell adhesion molecule-1, PSGL-
1: p-selectin glycoprotein-ligand-1, VCAM-1: vascular-adhesion protein-1, VLA-4: very-late antigen-
4.Figure is adapted from “Hidalgo, 2008; Mazo et al., 2011; Sahin et al., 2012”. 

 

  

 Massive loss of hematopoietic cells in the BM promotes the rapid expansion of 

HSC pool upon trafficking and lodgment. Shortly after transplantation, more than half of 

the engrafted HSCs are found in the active phases of cell cycle (Nilsson et al., 1997). 

HSCs proliferation and expansion occurs on the second or third day following 

transplantation (Lewandowski et al., 2010). HSCs bind to surviving host megakaryocytes 

in the parasinusoidal niche and induce their migration to the endosteal surface in the 

epiphysis and metaphysis. 2 days after transplantation, donor HSCs are found in close 
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contact with N-cadherin+ OBs (Dominici et al., 2009). The shift in the location of MKs is 

mainly governed by TPO/Mpl signaling. MKs enhance their close contact with OBs by 

CD41 mediated adhesion (Olson et al., 2013). Thereafter, osteoblastic expansion is 

induced by MKs through a pathway in which TPO/Mpl signaling leads to an increase in 

MK-secreted platelet-derived growth factor (PDGF-BB) and insulin-like growth factor-1 

(IGF-1) (Olson et al., 2010, Olson et al., 2013). The crosstalk between MKs and OBs as 

well as soluble factors produced by expanding pool of osteoblastic cells including 

annexin-II, VCAM-1 and ICAM-1, enhance HSC adhesion within the niche (Jung et al., 

2007, Sahin et al., 2012). By day 5 to 7, almost all HSCs undergo self-renewal division 

to multiple their numbers (Lewandowski et al., 2010). At 10 days after transplantation, 

OBs form a single layer, which contributes to the restoration of the endosteal niches.  

Afterwards, MKs are relocated in the center of marrow and vascular areas (Dominici et 

al., 2009), whereas HSCs can be detected in additional hematopoietic sites in the BM 

(Cao, 2004).  

Together, these observations suggest that hematopoietic engraftment is 

predominantly determined by the efficiency of homing and cell-intrinsic factors. HSCs 

proliferate and temporarily lodge in their initial site of lodgment and multiply their 

numbers to engraft in additional locations during the later stages of reconstitution (Cao, 

2004, Dominici, 2009, Lewandowski, 2010). It is thus possible that distinct hematopoietic 

sites in which HSCs engraft differ in their ability to support the proliferation and 

differentiation of HSPCs.  

Although the mechanisms affecting self-renewal divisions of HSCs are not clearly 

understood, it is established that self-renewal capacity and repopulation ability of HSCs 

following transplantation are at least partly sustained by intrinsic levels of cell cycle 

regulators.  It has been shown that reduced levels of p21CIP1, the p27KIP1 and the p16INK4a 

yield defects in the self-renewal and repopulating ability of HSCs, whereas lack of the 

p18INK4C induce active cycling, leading to premature senescence (Cheng et al., 2000a, 

Cheng et al., 2000b, Yu et al., 2006). Moreover, the absence of p21CIP1/WAF1 and p18INK4C 

accelerates hematopoietic exhaustion after transplantation (Yu et al., 2006). For efficient 

repopulation, HSCs not only expand by numbers but also prevent differentiation and 

apoptosis. For instance, overexpression of anti-apoptotic member BCL-2 prevents 

apoptosis but facilitates in spontaneous differentiation of HSCs in vitro (Fairbairn et al., 

1993). When overexpressed in vivo, BCL-2 protects HSCs against apoptosis but results 

in a moderate increase in their expansion (Domen et al., 2000). These results 
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demonstrates that apoptosis is an important factor in the regulation of HSCs. However, 

prevention of apoptosis is not sufficient for considerable expansion of HSCs in vivo. It is 

likely that a tight regulation of signaling networks (e.g., Wnt, BMP, TGF-β and Notch 

ligands), transcription factors, transcriptional regulators, cell-cycle regulators and 

epigenetic modifiers is required to balance HSC fate for efficient repopulation during 

regeneration (Kosan et al., 2015, Krause, 2002, Trompouki et al., 2011). 

 

 

5.2. Inflammation- and pathogen-induced emergency hematopoiesis 

The innate immune system, which consists of epithelial barriers, phagocytic 

leukocytes—monocyte/macrophages and neutrophils, dendritic cells, natural killer (NK) 

cells—, and circulating plasma proteins provides a first line of defense against 

pathogenic assaults. The innate immune system not only plays a crucial role in the 

initiation and direction of adaptive immune response but also participates in the 

clearance of pathogenic agents and worn-out cells. The adaptive immune system 

consists of:  (i) humoral response; mediated by antibody production of B lymphocytes 

and (ii) cell-mediated response;, which includes T lymphocyte activation/response and 

the secretion of various cytokines (Alberts et al., 2002, Medzhitov et al., 1997). 

 The initial reaction of the immune system to invading pathogens and 

hematopoietic injury is the immediate inflammatory response, termed inflammation. 

During inflammation, leukocytes recognize pathogens via chemokine receptors and 

pathogen recognition receptors on their surface and migrate to the infection sites. 

Neutrophils are the first to be recruited to the inflammation site to eliminate the 

pathogens by phagocytosis, production of toxic molecules, release of enzymes, and 

formation of extracellular traps (Lacy, 2015). Because of the short-life of neutrophils with 

a half-life up to 12.5 hours, they are quickly eliminated in the spleen, liver and BM (Furze 

et al., 2008, Suratt et al., 2001). Dramatic depletion of neutrophils during an infection 

generates signals to the BM that promotes emergency hematopoiesis. The hallmark of 

this demand-driven hematopoietic state is the expansion of primitive HSCs followed by 

increased production of myeloid cells, which are shunted to the periphery to combat 

pathogens (Takizawa et al., 2012). Figure 11 illustrates the initial stages of 

hematopoietic response during acute inflammation.  
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Acute microbial infections elicit profound alterations in hematopoietic 

compartment of the BM. For example, infection with Escherichia coli, a gram negative 

bacteria found in intestines, induces neutrophil mobilization from the BM to the blood or 

interstitial fluid (Kwak et al., 2015). Following E.coli infection, decreased BM cellularity 

and the alterations in BM microenvironment induce proliferation of BM LSKs (Zhang et 

al., 2008) and adjacent myeloid progenitors (Kwak et al., 2015), resulting in increased 

neutrophil generation. Likewise, Staphylococcus aureus infection or polymicrobial sepsis 

induced by bacterial endotoxin lipopolysaccharide (LPS) are marked by the expansion of 

LT- and ST-HSCs in the BM, followed by enhanced delivery of HSPCs and neutrophils 

into peripheral circulation (Scumpia et al., 2010). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11. Initial stages of inflammation-induced emergency hematopoiesis  

Systemic infections induce profound alterations in numerous hematopoietic and non-hematopoietic 
cell populations in the BM. Upon infection and during other inflammatory insults, leukocytes are 
mobilized from the BM to the infected tissues to combat microbial pathogens. Dramatic depletion of 
immune cells place demands on HSPCs to increase hematopoietic cell production. This demand-adapted 
state of hematopoiesis, also referred to emergency hematopoiesis, is characterized by (1) recognition of 
invading pathogens PRRs on the immune and non-immune cells (etc., endothelial cells, stromal cells), 
(2) release of inflammatory mediators which modify leukocyte and endothelial responses, (3) release 
and migration of leukocytes from the BM to the inflamed tissue through bloodstream, (4) activation of 
quiescent HSCs via direct (recognition of PAMPs, through cell surface PRRs) or indirect (in response to 
pro-inflammatory cytokines produced by other immune- or niche cells), (5) increased myelomonocytic 
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cell production which facilitates increased mobilization of these cells (6) to the circulation until the 
inflammation is resolved. PAMP: pathogen-associated molecular patterns, PRR: Pattern recognition 
receptor. Figure is adapted from Takizawa et al., 2012.  
 
 

Remarkably, experimental pneumonia (Shi et al., 2011c) and acute malaria 

(Belyaev et al., 2010) studies suggest that parasitic organisms, which are not found in 

the BM can also lead to a significant increase in LSK and HSC numbers while shifting 

hematopoietic differentiation in favor of myeloid cells.  Although many retroviruses can 

directly infect HSPCs (Banerjee et al., 2010), intracellular infection is not the only 

mechanism, which is involved in inflammation-induced HSC activation. Increasing 

evidence suggest that HSPCs respond to infections or exposure to microbial products 

through multiple mechanisms. Indeed, neither HSCs nor myeloid progenitors transmit 

infectious bacteria which typically require internalization mechanisms for their 

establishment (Baldridge et al., 2010a, Kolb-Mäurer et al., 2002, MacNamara et al., 

2011b). HSPCs can directly recognize pathogen-associated molecular patterns (PAMPs) 

and danger-associated molecular patterns (DAMPs) through toll-like receptors (TLRs) on 

their surface (Nagai et al., 2006, Yáñez et al., 2011).  However, the observation that the 

lack of TLR adaptor signaling molecules does not affect HSPC expansion during 

Staphylococcus aureus infection or polymicrobial sepsis (Scumpia et al., 2010) points to 

a crosstalk between the peripheral immune response and hematopoietic compartment in 

the BM. It is well appreciated that infections and tissue damage trigger production of pro-

inflammatory cytokines and paracrine signals by hematopoietic compartment as well as 

non-hematopoietic cells such as fibroblasts and endothelial cells, which counteract with 

the initial infection (Turner et al., 2014). Indeed, tissue resident macrophages are known 

to produce growth factors that promote emergency hematopoiesis upon recognition of 

bacterial by products through their surface pattern-recognition receptors (PRRs) 

(Nishizawa et al., 1990). Monocytes might also serve critical function selective 

production of BM myeloid cells through secretion of growth factors and cytokines in 

response to infection (de Waal Malefyt et al., 1991, Vellenga et al., 1988). The data from 

stringent in vivo experiments suggest that pathogens also induce endothelial cells to 

produce granulopoietic growth factors, which lead to the initiation of emergency 

hematopoiesis (Boettcher et al., 2014). Because, LT-HSCs and their down-stream 

progeny express several classes of cytokine and chemokine receptors that participate in 

infection response (Zheng et al., 2011), these inflammatory signals do not only serve to 

amplify the inflammatory response but also participate in the mobilization, proliferation 
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and differentiation of HSPCs during emergency myelopoiesis (Baldridge et al., 2011, 

King et al., 2011).  Recent evidence indicates that inflammatory conditions can also 

stimulate HSPCs to directly produce cytokines including IL-6, tumor necrosis factor 

(TNF)-α, IL-1β and GM-CSF which play a critical role in mediating rapid myeloid cell 

recovery (Zhao et al., 2014a). This body of work illustrates that HSPCs play an active 

role in the first-line host defense to replenish depleted immune cells. Furthermore, 

HSPCs also contribute to the humoral immunity by acting as potent Th2 cytokine 

producers in response to inflammatory signals.  Ex vivo stimulation of circulating human 

HSPC obtained from cord blood or adult peripheral blood with IL-3, IL-4, SCF, interferon 

(IFN)-γ, and TNF induce the secretion of IL-5, IL-13 and IL-6, in addition to GM-CSF and 

other chemokines (Allakhverdi et al., 2009). Although how HSCs influence T-helper (Th)-

2 effector cell function under physiological conditions remains to be defined, there is 

evidence that mouse Lin- MPPs mobilize to the gut-associated lymphoid tissue where 

they promote Th2 cytokine responses in a model of intestinal helminth infection (Saenz 

et al., 2010).  

It is evident that distinct pathogens elicit differential alterations in HSPC 

behaviour and function (Table 4). Inflammation and infection alters phenotype and 

function of HSPCs in a context dependent manner, which reflects the severity of different 

host-pathogen interactions. Altered expressions of some markers which are used to 

define primitive HSCs have been reported in response to inflammatory signals. For 

example, Sca-1 expression is upregulated following cytokine stimulation such as TNF 

and IFN, (Malek et al., 1989, Zhao et al., 2010) and in response to bacterial infection 

(Shi et al., 2013). Other work has shown that LT-HSCs express reduced levels of c-Kit 

when challenged with 5-FU administration which stimulates HSC response similar those 

in systemic infection (Randall et al., 1997). It is thus possible to speculate that these 

markers may play a functional role in HSC behavior. Particularly, the observation of 

severe reduction in BM myeloid cells in Sca-1 deficient mice following bacteremia (Shi et 

al., 2013) suggests that Sca-1 directly affect inflammation-induced HSC response. It will 

be important to determine how the other surface molecules facilitate the integration of 

multiple signals in HSC response.   

Despite profound changes in BM cells in response to inflammation, 

hematopoietic compartment restore to a normal homeostatic state when the 

inflammation is resolved (Baldridge et al., 2010, Essers et al., 2009). While acute 

exposure to pro-inflammatory cytokines such as IFN-α does not affect HSC activity 
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(Essers et al., 2009), chronic stimulation of TLR signaling (Zhao et al., 2013) or 

prolonged inflammation compromise HSC functionality as shown in the repopulating 

experiments (Matatall et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

Table 4. Pathogen specific response of hematopoietic stem/progenitor cells 

Pathogen                Effect on bone marrow HSPCs                            Reference                                 

Staphylococcus 

aureus 
TLR2 dependent expansion of LSKs  (Granick et al., 2013) 

Candida albicans 
Increased in vitro  proliferation and 

differentiation of LSKs via MyD88 signaling 
(Yáñez et al., 2009) 

Chronic low dose-

LPS 

Increased HSC cycling, loss of self-renewal 

and myeloid differentiation ability 
(Esplin et al., 2011) 

Short-term high 

dose-LPS 

Increased HSC multi-lineage repopulating 

ability. 
(Takizawa et al., 2011) 

Pseudomonas 

aeruginosa 

Expansion of LSKs, reduced repopulating 

capacity 
(Rodriguez et al., 2009) 

Ehrlichia muris 

IFN dependent expansion, reduced 

engraftment ability and a reduced bias 

towards myeloid lineage 

(MacNamara et al., 
2011a) 

Salmonella 

enteritidis 

Reduction in the numbers of LT-HSCs 

accompanied by an increase in ST-HSC pool 
(Kobayashi et al., 2015) 

        LCMV 

 

Altered maintenance and impaired 

proliferation by stromal cells 
(de Bruin et al., 2013) 

Mycobacterium 

aviumn 
IFN-γ dependent dysfunctional LSK expansion  (Baldridge et al., 

2010a) 

Vaccinia virus MyD88-dependent expansion of LSKs (Singh et al., 2008) 

Plasmodium 

chabaudi 
IFN-γ dependent expansion of LSKs (Belyaev et al., 2010) 

Leishmania 

donovani 

Increased in vitro  myeloid colony-forming  

ability of HSPCs which are obtained from 

infected mice 

(Cotterell et al., 2000a) 

Helmint infection 

IL-25 induced accumulation of MMPs in 

inflamed gut tissue where they promoted 

TH2 cytokine responses 

(Saenz et al., 2010) 

Blood-stage 

malaria 

IFN-γ dependent expansion of LSKs followed 

by increased myeloid differentiation at the 

expense of neutrophils 

(Furusawa et al., 2016) 
 

 
LPS: lipopolysaccharide, LCMV: the lymphocytic choriomeningitis virus 
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5.2.1. Direct recognition of pathogens by hematopoietic stem cells 

Innate immune cells as well HSPCs recognize molecular signatures of pathogens 

arising from PAMPS including LPS  from gram-negative bacteria, bacterial/viral nucleic 

acid and peptidoglycans through cell surface-localized TLRs, a family of transmembrane 

PRRs (Yáñez et al., 2013). Ten human and thirteen mouse TLR genes have been 

described (Mahla et al., 2013). TLRs which are localized on the plasma membrane 

(TLR1, 2, 4, 5 and 6) recognize bacterial wall components or flagellin, whereas 

intracellular TLRs (TRL3, 7, and 9) which are found in endosomes are associated with 

nucleic acid recognition (O'Neill et al., 2007). Specifically, TLR2 recognize a variety of 

PAMPs from gram-positive bacteria, including bacterial lipoproteins, lipoteichoic acids 

and lipoarabinomannan, and from fungus including zymosan and β-glucan. TLR3 is 

required for the detection of virus-derived double-stranded RNA. TLR4 is specific for the 

recognition of LPS whereas TLR7 and TLR9 is implicated for single-stranded RNA 

(ssRNA) (Kawai et al., 2011).  

The role of TLRs in differentiated myeloid cells is well established. Neutrophils 

express many members of TLRs with the exclusion of intracellular TLR-3, and 7 (Sabroe 

et al., 2005). Similar expression levels of TLR-2, 4 and 9 are observed in monocytes 

when compared to neutrophils whereas neutrophils express relatively lower levels of 

TLR5 compared to monocytes (O'Mahony et al., 2008). Activation of TLR signaling 

induces the production of inflammatory cytokines and expression of cell-specific 

receptors in these cells which is accompanied by enhanced phagocytic activity (Kawai et 

al., 2010).  Experimental evidence indicates that murine HSPCs and GMPs also express 

TLR2, TLR4, TLR7 and TLR9 on their cell surface as depicted in Figure 12. TLR2 and 

TLR4 are highly expressed on HSCs and GMPs whereas expression levels of TLR7 and 

TLR9 appear to be higher on CLPs when compared to other progenitor populations in 

the BM (Takizawa et al., 2012). It is proposed that TLR signaling plays an active role not 

only in HSPC emergence and throughout embryonic hematopoiesis but also in functional 

response to pathogen induced stimulation during emergency hematopoiesis (Clapes et 

al., 2016). For example, In vitro  stimulation of TLR2  on HSPCs with a synthetic 

triacylated lipopeptide (Pam3CSK4, recognized by  TLR1/TLR2 heterodimers) results in 

rapid acquisition of myeloid markers and increased monocyte/macrophage cell output 

even in the absence of exogenous growth and differentiation factors (Nagai et al., 2006). 

Similar to in vitro  stimulation, TLR2-dependent activation of HSCs during infections 

results in the expansion of not only LSK population, but also GMPs in a chronic murine 
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tuberculosis model (Choi et al., 2011). TLR2-dependent expansion of LSKs is also 

observed during Candida albicans infection which promotes differentiation of HSCs  

towards myeloid lineage (Yáñez et al., 2011). In addition to expansion of HSPCs, the 

promotion of hematopoietic commitment toward myeloid lineage development 

maximizes myeloid cell production which is a crucial element of host response to 

systemic infection.  Activation of TLR4 by LPS is characterized by rapid cell cycle entry 

of  HSPCs followed by increased expansion and differentiation of myeloid progenitors 

which favors myelopoiesis over lymphopoiesis (Ueda et al., 2005, Zhang et al., 2016). 

TLR2 or TRL4-mediated signaling modulates HSPCs via causing alterations in cytokine 

receptor and transcription factor expressions which are consistent with monocyte and/or 

macrophage differentiation. While M-CSFR is increased upon stimulation with TLR 

ligands, key transcription factors associated with lineage fate decisions such as SCL and 

GATA2 transcripts are depleted (Nagai et al., 2006). Transient downregulation of PU.1 

and C/EBPα have also been reported following TLR stimulation by systemic bacterial 

infection (Zhang et al., 2016). Indeed, myeloid progenitors, which are responsible for the 

production of myelomonocytic cells, represent the most TLR responsive population 

within the BM (Nagai et al., 2006). Together these results suggest that TLR activation in 

HSCs not only induce activation and expansion of HSCs but also modulate 

differentiation by regulating cell-intrinsic transcriptional factors.   
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Figure 12. Direct and indirect recognition of danger signals by hematopoietic stem cells  

(A) When the immune system encounters pathogens, microbial products are recognized by immune 
cells via cell-surface PPRs which triggers release of numerous immune cell attractants (chemokines) as 
well as pro-inflammatory signals (cytokines). Although HSCs remain quiescent under steady-state 
conditions, infection-induced danger signals promote HSCs into the cell cycle. During infection, HSCs can 
be activated through either direct recognition of PAMPs by TLR signaling or indirectly via stimulation by 
growth factors, cytokines and chemokines expressed by PAMP sensing- and/or infected immune cells 
(adapted from Zaretsky et al., 2014). (B) Expression of various TLRs and cytokine receptors on HSPCs 
that have been reported. Heat map summarizes differential expression levels of selected inflammatory 
response receptors on steady-state HSCs and their progenitors (adapted from Takizawa et al., 2012). 
CLP: common lymphoid progenitor, CMP: common-myeloid progenitor, GMP: granulocyte-monocyte 
progenitor, HSC: hematopoietic stem cell, MEP: megakaryocyte-erythroid progenitor, MPP: multi-potent 
progenitor, TLR: Toll-like receptor, PAMP: pathogen-associated molecular patterns, PRR: pattern-
recognition receptor. 
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5.2.2. Effect of pro-inflammatory signals on emergency hematopoiesis 

 

During inflammation and myelosuppression, increased levels of hematopoietic 

colony-stimulating factors and pro-inflammatory cytokines induce proliferation and 

mobilization of HSPCs which results in increased myeloid output (Zaretsky et al., 2014). 

Some of these inflammatory signals in infection-induced HSC response are summarized 

below. 

 

Hematopoietic growth factors: Despite differences in kinetics and magnitude of the 

responses, the expansion of HSC compartment is frequently accompanied by the 

development of extramedullary hematopoiesis in the spleen and liver (Burberry et al., 

2014, MacNamara et al., 2011, Matatall et al., 2016), which provide alternative cellular 

niches for further expansion and differentiation of HSPCs. G-CSF is the best studied 

myeloid cytokine in neutrophil and HSC recruitment to the peripheral blood due to its 

common use in the clinic settings (Bender, 1992, Sheridan, 1992). Although G-CSF 

levels are considerably low at steady-state, a rapid increase in its production by 

endothelial cells, macrophages, epithelial cells and fibroblasts is observed in response to 

inflammatory mediators such as LPS, TNF-α, interferon IFN-β, vascular endothelial 

growth factor (VEGF), IL-17 and IL-1 (Bendall, 2014). Increased systemic G-CSF levels 

often correlates with increased infiltration of phagocytic cells to the inflammation site.  

The experimental infection studies demonstrated that G-CSF treatment reduces the 

mortality rates in infected mice due to increased phagocytic activity (Dunne et al., 1996, 

Kullberg et al., 1998). G-CSF mediates its effect by binding to its receptor G-CSFR on 

neutrophils and HSPCs. Mice lacking G-CSFR demonstrate defects in neutrophil 

migration in lymphoid organs in response to infections (Bendall, 2014). In contrast, HSC 

activation in response to G-CSF appears to be cell-extrinsic, since the absence G-CSFR 

does not affect HSPC mobilization following G-CSF administration (Greenbaum et al., 

2011). Elevated G-CSF levels alters BM microenvironment by supressing CXCL12 

production in OBs (Semerad et al., 2005), endothelial cells (Eash et al., 2010) and CAR 

cells (Day et al., 2015). CXCL12 act as an inhibitor of the cycling status of HSCs to 

maintain their pool (Cashman et al., 2002). Hence, down-regulation of CXCL12 at 

protein and mRNA levels enables local gradients towards blood and the mobilization of 

HSPCs. Increased levels of other cytokines such as SCF and Flt3-L are also reported to 

induce such down-regulation in BM CXCL12 levels (Christopher et al., 2009). Blocking 
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CXCL12 or its receptor CXCR4 reduces the mobilization of HSCs following G-CSF 

administration, suggesting a critical role for CXCL12/CXCR4 axis in the mobilization of 

stem/progenitor cells (Petit et al., 2002).  Disruption of adhesive interactions between 

HSCs and surrounding BM stromal niche plays an important role in the stem cell 

retention. G-CSF increases ROS production of BM neutrophils that results in elevated 

secretion of neutrophilic enzymes and serine proteases, which are capable of cleaving 

adhesion molecule VCAM-1 (Singh et al., 2012). Administration of anti-VLA-4, the ligand 

for VCAM-1 which is present on stromal cells, has been shown to induce HSC 

mobilization (Papayannopoulou et al., 1995), which is accomplished through cooperative 

c-Kit/SCF signaling (Papayannopoulou et al., 1998). Inhibition of other adhesion 

molecules such as CD44 which interacts with ECM components also enhances HSPC 

retention (Vermeulen et al., 1998).  

There is emerging evidence that monocyte/macrophages also play a critical role 

in the regulation of HSPC trafficking in response to G-CSF. G-CSF treatment of 

transgenic mice in which G-CSFR expression is restricted to CD68+ monocytes, enables 

HSPC mobilization by supressing osteoblastic activity (Heidt et al., 2014). Further 

analysis of  monocytic cell population in BM revealed that the ablation of CD169+ 

macrophages leads to a profound decrease in CXCL12, SCF, and Ang-1 from Nestin- 

perivascular cells which is accompanied by increased HSPC mobilization from BM 

(Chow et al., 2011). These studies together demonstrate that subtypes of 

monocyte/macrophage populations facilitate in G-CSF induced HSPC recruitment from 

BM to the peripheral tissues through the regulation of HSC-niche interactions. A model 

for G-CSF mediated mobilization and egress of HSPCs is depicted in Figure 13. 

M-CSF (or CSF-1) is another important myeloid cytokine that is released during 

infection and inflammation. It is shown that M-CSF treatment of freshly transplanted 

recipient mice prior to infection with Pseudomonas aeruginosa and the fungus 

Aspergillus fumigatus increases the survival. Because M-CSF treatment results in 

increased production of granulocyte-monocyte lineage cells, increased systemic levels 

of this cytokine can more efficiently protect mice in response to these opportunistic 

pathogens when compared to G-CSF treatment (Kandalla et al., 2016). The myelo-

proliferative effect of M-CSF in infection-induced HSPC response has been further 

confirmed by time-lapse single cell imaging and single cell gene expression. It appears 

that M-CSF but not G-CSF directly induces endogenous PU.1 protein and instructs 
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myeloid-differentiation fate in HSCs which serve as an adaptation mechanisms combat 

pathogenic challenge (Mossadegh-Keller et al., 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. G-CSF-mediated mobilization of hematopoietic stem/progenitor cells 

During steady-state hematopoiesis, high levels of CXCL12 expressions from multiple niche components 
maintain HSCs in a quiescent state. Systemic infection increases G-CSF levels in the BM which in turn 
results in reduced CXCL12 expression from OBs, mesenchymal stromal cells and perivascular cells. This 
enables the detachment of stem cells from the OBic niche and facilitates their migration to the vascular 
niches for further differentiation and mobilization. Figure is adapted from ``Ehninger and Trumpp 2011; 
Tall, Yvan-Charvet et al. 2012; Hosoba and Waller 2014; Boulais and Frenette 2015``. 
 
 

Besides G-CSF and M-CSF, there are also reports that have intended to 

delineate the role of GM-CSF in infection-induced myelopoiesis. GM-CSF is commonly 

used in clinics to promote the mobilization of neutrophils and their progenitors after 

completion of chemotherapy or radiation (Iii et al., 1988). The neutralization of GM-CSF 

markedly decreases the accumulation of GMPs in inflammation sites as shown in 

experimental colitis (Sainathan et al., 2008). Increased GM-CSF levels in response to 

infection not only lead to an increase in myeloid cell production but also prime myeloid 

cells for efficient microbial killing ability. In vitro culture of macrophages with GM-CSF 
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promotes the production of the pro-inflammatory cytokines TNF, IL-6, IL-12p70 and IL-

23 following LPS stimulation (Fleetwood et al., 2007). Likewise, increased production of 

G-CSF in the BM and spleen of infected mice has been reported in a mouse of visceral 

Leishmaniasis (Cotterell et al., 2000a). Visceral Leishmaniasis is caused by Leishmania 

donovani parasites which primarily infect stromal macrophages. It is proposed that 

infection of macrophages by these parasites increases the capacity of macrophages to 

further support emergency myelopoiesis via the selective induction of GM-CSF as well 

as TNF-α in the BM (Cotterell et al., 2000b). The increased levels of GM-CSF was 

accompanied by increased hematopoietic activity, which was shown by increased in vitro  

myeloid colony-forming ability of HSPCs obtained from infected mice (Cotterell et al., 

2000a).  In agreement with these observations, the mice lacking GM-CSF show 

increased susceptibility to infections with pathogenic organisms including Listeria 

monocytogenes (Zhan et al., 1998), pulmonary streptococcus (LeVine et al., 1999) and 

blood-stage malaria (Riopel et al., 2001). These data indicates that hematopoietic 

colony-stimulating factors not only support steady-state myelopoiesis but also exert 

crucial function in immune response by steering HSPCs towards granulocyte and 

monocyte differentiation and priming myeloid cells for efficient pathogen clearance.  

IL family cytokines: It has been well documented that increased levels of interleukins 

play a key role in inflammatory response in infectious conditions and inflammatory 

diseases, and is associated with increased myeloid cell production (Beuscher et al., 

1992, Couper et al., 2008, Gee et al., 2009, Van der Poll et al., 1999). Recently, Pietras 

et al. reported the role of IL-1 pro-inflammatory signaling on HSC fate in a study using 

single-cell tracking technology (Pietras et al., 2016). This study showed that the chronic 

exposure to IL-1 accelerate cell division kinetics of HSCs priming them towards a 

myeloid differentiation via activation of PU-1 myeloid program.  Like IL-1, IL-27 has been 

shown to directly regulate expansion, mobilization and myeloid differentiation fate of 

HSCs in mouse model of malaria (Furusawa et al.). During infection, IL production can 

also be induced by other pro-inflammatory cytokines. For instance, IFN-γ secretion 

during acute the lymphocytic choriomeningitis virus (LCMV) infection enhances IL-6 

production of MSCs, thus increasing the numbers of MPPs and myeloid precursors in 

the BM through transient down-regulation of Runx-1 and Cebpα in HSPCs (Schürch et 

al., 2014).  
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IFN family cytokines:  IFNs are a group of cytokines produced by immune cells in 

response to viruses, bacteria, and parasites and tumor cells. IFN signaling plays a key 

role in macrophage activation, immunoglobulin switch in B cells, altered T helper 

response, inhibition of cell growth and induction of apoptosis.  Type I IFNs (IFN-α, IFN-β) 

are secreted by hematopoietic (lymphocytes, dendritic cells, macrophages) and non-

hematopoietic (fibroblasts, endothelial cells, and OBs) cells and bind to the IFN α/β 

receptor (IFNAR) on target cells. Type II IFN (IFN-γ) is produced by T-cells and NK-cells 

and uses the IFN-γ receptor (IFNγR) for target cell recognition (Le Page et al., 1999). 

Despite the wide clinical use of recombinant IFNs in the treatment of viral infections and 

autoimmune diseases (Meyer, 2009), cellular targets of these cytokines are still largely 

unknown. Recent studies demonstrated that IFNs could affect HSPC compartment in 

infectious settings.  Essers et al. have shown that in vivo stimulation of mice with IFN-α 

induce expansion of LSK population (Duchosal et al., 2009). These results were further 

confirmed in a study by Sato et al. who showed that the lack of IRF2, a transcriptional 

repressor of IFN signaling leads to enhanced HSC cycling but a functional decline in 

repopulating ability of HSCs. Furthermore, they demonstrated that HSC function was 

partially restored when type I IFN signaling was disabled in this cell population (Sato et 

al., 2009). Although short-time (three doses) exposure does not appear to affect 

repopulating ability of HSCs, chronic exposure IFN-α stimulation (eight doses over 

2 weeks) markedly reduce HSC function in competitive transplantation assays (Duchosal 

et al., 2009). Paradoxically, IFNs does not seem to stimulate proliferation of HSCs in 

vitro (de Bruin et al., 2013). However, acute exposure to type-I IFNs alters the 

distribution of HSCs in the BM niches (Kunisaki et al., 2013), facilitating HSC activation. 

In contrast, chronic in vivo exposure to IFN-I decreases the expression of Foxo3a, p53, 

p27 and p57 and downregulates Notch and TGF pathways which in turn enforcing 

acutely proliferating HSCs to a quiescent state.  However, enforcement of IFN-I exposed 

HSCs to enter cell cycle (i.e., by transplantation) trigger direct cell death in proliferating 

HSCs via activation of p53-dependent pro-apoptotic gene program (Pietras et al., 2014). 

Furthermore, recent work has shown that proliferating IFN-I-exposed HSCs move away 

from quiescence-associated periarteriolar niches (Kunisaki et al, 2013), suggesting a 

regulatory link between the BM niche and HSCs during IFN-I-induced proliferation.  

Increased proliferation and impaired long-term repopulating capacity of HSC 

have also been reported in response to IFN-γ in mice infected with Ehrlichia muris 
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(MacNamara et al., 2011a) and Mycobaterium avium (Baldridge et al., 2010a). IFN- γ 

signaling appears to enhance HSPC expansion at least partly via STAT1 activation 

(Zhao et al., 2010). Others showed that IFN-γ reduces TPO-mediated phosphorylation of 

signal transducer and activator of transcription STAT-5, via SOCS-1 which in turn 

impairs maintenance and self-renewal of HSPCs (de Bruin et al., 2013). Collectively, 

these studies suggest that both type I and II IFNs directly stimulate HSC response and 

function upon infection. While short-term exposure induce cell-cycle entry in HSCs, 

prolonged stimulation results in the exhaustion of the stem cell pool.   

TNF : TNF family of pro-inflammatory cytokines were originally identified as necrotic 

factors which stimulates apoptosis in tumor cells. Today, it is now established that TNF-α 

which is mainly produced by activated monocyte/macrophages, lymphocytes and 

endothelial cells, is involved in host defense and protective immune response when the 

immune system is exposed to infectious pathogens (Pfeffer, 2003). Two distinct TNF 

receptors have been identified: TNFR1, which induce apoptosis via its intracellular death 

domain and TNFR2, which is shown to promote cellular proliferation (Aggarwal, 2003). 

Although several in vitro studies have shown that TNF-α supresses HSPCs in culture 

(Broxmeyer et al., 1986, Bryder et al., 2001, Dybedal et al., 2001), in vivo functional 

relevance of these reports is more controversial. For instance, it was shown that TNF-α 

produced by CD8+ cells enhance in vitro myeloid colony-forming ability and in vivo 

engraftment capacity of HSPCs by supressing apoptosis (Rezzoug et al., 2008). 

Likewise, a following study reported that the absence of TNF receptors impair HSC 

function at steady-state and under transplantation stress (Rebel et al., 1999), thus 

implicating a stimulatory role for TNF in HSC maintenance and stress response. 

However, observations coming from a recent study were in apparent discrepancy with 

previous studies. Although steady-state hematopoiesis was not altered in the absence of 

TNFR1 or TNFR2, serial transplantation experiments revealed enhanced the long-term 

repopulating capability of TNFR1-/- or TNFR2-/- HSCs, thereby suggesting a suppressive 

role for TNF in in vivo HSC activity (Pronk et al., 2011). The different results coming from 

these studies could be explained by the dose, age-dependent differences and exposure 

time of TNF signaling as well as the environmental factors that could differentially affect 

HSC response.  
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6. Regulation of hematopoiesis by Wnt/Frizzled signaling  

As stressed in previous sections, several recent studies have highlighted the 

importance of the balanced self-renewal cell divisions and quiescence of stem cells in 

normal and demand-adapted hematopoiesis. However, the precise mechanisms that 

regulate HSC maintenance and regeneration remain incompletely understood. The best 

candidate factors are the ones that modulate stem cell fate by acting in an autocrine or 

paracrine fashion. Those include members of the BMP, Hedgehog, Notch and Wnt 

signaling pathways (Kim et al., 2014). Among them, the components of the Wnt pathway 

stand out because of their critical roles not only in embryonic development, but also 

governing the behavior of many different stem cells in tissue homeostasis (Nusse et al., 

2008). As a result, deregulation of Wnt signaling pathways play a causal role in the 

promotion of malignant transformation and the pathogenesis of many autoimmune 

diseases (Johnson et al., 2006).  

Wnt signaling pathway is evolutionary conserved from nematodes to human. Wnt 

signals are transmitted by binding of Wnt proteins to specific cell surface receptors, 

which trigger intracellular signalling cascades (Komiya et al., 2008, Schubert et al., 

2013). Members of the Frizzled (Fzd) family serve as receptors to transduce signals 

from the Wnt proteins that can function alone or with co-receptors such as the low-

density lipoprotein-related receptor (LRP) 5 and 6 (Malhotra et al., 2009).   

 

6.1. Wnt proteins acts as morphogens 

The members of Wnt gene family are identified based on the full-length 

sequences that show identity to their original members Wnt-1 (initially named Int-1) in 

the mouse and wingless  in Drosophila melanogaster (Cadigan et al., 1997). There are 

five Wnt genes in Caenorhabditis elegans (Eisenmann, 2005), eight in Drosophila 

(Graba et al., 2013), and nineteen in the human and murine genome (Schubert et al., 

2013). The current list of known vertebrate Wnt genes can be found on the Wnt gene 

homepage (Nusse, 2013).  The degree of sequence identity in Wnt genes ranges from 

20% to 85% across species (Nusse, 2013). 

The Drosophila Wnt gene, wg induces the correct differentiation and distribution 

of epithelial cells which generate the wing structures of the flies (Swarup et al., 2012). As 
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a result, mutant larvae develop into a wingless phenotype (Sharma et al., 1976). In 

mammals, the directional information provided by Wnt signaling gradient play an 

important role in cell fate determination and the specification of cell identity along the 

anterior-posterior axis during the development of specific body parts and organs 

(Yamaguchi, 2001).  

Wnt genes encode secreted glycoproteins that range from 350 to 400 amino 

acids in length (Nusse, 2013). Wnt proteins are secreted by a diversity of cells subsets 

and act as short-range signaling molecules and long-range morphogens in a graded 

fashion throughout tissues. In contrast to freely diffusible morphogens, Wnts are highly 

hydrophobic and mostly attached to cell-membranes and ECM, therefore their secretion 

and movement in extracellular space is tightly controlled (Mikels et al., 2006). Wnt 

proteins have at least one N-linked glycosylation site for their targeting to the secretory 

pathway and 22 to 24 conserved cysteine residues, which are involved in Wnt folding 

and multimerization (Takada et al., 2006).  One of the common features of Wnt proteins 

is the palmitate modification following by their synthesis that facilitates the movement to 

target particular domains of the membrane and mediates intracellular protein trafficking 

in Wnt responding cells (Mikels et al., 2006). Palmitate modification of Wnt proteins not 

only influence membrane localization of Wnts but also required for the recognition by the 

extracellular domain receptors (Cong et al., 2004). 

 

6.2. Wnt recognition by Frizzled receptors 

The Fzd proteins are a family of 10 seven-pass transmembrane domain-

spanning cell surface receptors which play a key role in the initiation of nearly all Wnt 

pathways (Dijksterhuis et al., 2014). Historically, the frizzled (fz) gene was first identified 

in Drosophila in which fz is cell autonomously required for the correct coordination of 

epidermal cells during wing development. In normal wing, the orientation of hair cells 

points distally, while in fz mutants, the hair cells points in random directions and form 

swirling patterns (Gubb et al., 1982, Vinson et al., 1987). Today the members of Fzd 

receptor family are defined by homology to the encoded protein of the original member 

Fz locus in Drosophila (Vinson et al., 1989). In Drosophila, there are five Fzd receptors 

including the most studied members Fz, and Fz homologs Dfz2, and Dfz3 (Wu et al., 

2002). In mammals, ten Fzd genes have been identified that are grouped into four 
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clusters: Fzd1, Fzd2, and Fzd7 that have approximately 75% amino acid identity; Fzd5 

and Fzd8 that share 70% identity to each other; Fzd4, Fzd9 and Fzd10 that have 65% 

identity; Fzd3 and Fzd6 that have 50% identity in amino acid sequence (Huang et al., 

2004).  Fzd receptors contain an extracellular N-terminus and an intracellular C-terminus 

(Figure 14).  

Figure 14.The structure of Frizzled receptors 

Adapted from “Lee et al., 2015 and Schulte, 2010”.  

 

The extracellular N terminus contains a cysteine-rich domain (CRD) that consists 

of 120-125 residues with ten conserved cysteines, each forming disulphide bonds. There 

is also a hydrophilic linker region of 40-100 amino-acids in the N-terminus (Huang et al., 

2004). Due to the presence of hydrophobic domains, Fzds are classified as 

unconventional G-protein-coupled receptor (GPCR) (Huang et al., 2004). Indeed, Fzd 

receptors are able to signal through heterotrimeric G proteins (Chen et al., 2008). The 

CRD domain is required for binding the palmitate group of Wnt ligands (Huang et al., 

2004). The internal motif of Fzd does not contain a free C-terminus and bind to the PDZ 

domain of adapter protein Dishevelled (Dsh in Drosophila; Dvl in vertebrates) which later 

interacts with the conserved KTxxxW motif in the cytoplasmic tail to initiate intracellular 

Wnt signaling downstream of Fzds (Chen et al., 2008). Notably, C-terminal sequences 

are not well conserved in Fzd receptors that affect their binding affinity to Dvl proteins 

(Umbhauer et al., 2000). Notably, eight of ten Fzds differ in the length and similarity in 

the carboxy-terminus sequence while Fzd3 and Fzd6 lack a carboxy-terminal PDZ 
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domain-binding motif (Romero et al., 2011). These differences suggest that Fzd 

receptors might also differ in their activation and pattern of triggered downstream 

signalling.  

 

6.3. Wnt signaling pathways 

The interaction of Wnts with their corresponding Fzd receptors triggers at least 

three different signal transduction cascades; (i) canonical Wnt/β-catenin signaling, non-

canonical  (ii) planar cell polarity (PCP) pathway and (iii) Wnt/calcium [Ca2+] (Malhotra 

et al., 2009, Schubert et al., 2013). The transcription factor β-catenin plays a central role 

in the canonical Wnt signaling (Figure 15). β-catenin is involved in the cadherin-catenin 

complex. In this inactive form, the stabilization and cytosolic pool of β-catenin is 

regulated by a destruction complex which is composed of casein kinase 1α (CK1α), 

glycogen synthase kinase-3β (GSK-3β), the axis inhibition protein 1 (AXIN1) and 

adenomatous polyposis coli (APC). When included in the destruction complex, β-catenin 

is constitutively phosphorylated by CK1α and GSK-3β at several residues in the N-

terminus. Phosphorylated β-catenin is then ubiquitinated and subsequently degraded by 

the proteosome.  The interaction of Wnts with Fzd receptors in association with LR5/6 

induces phosphorylation of Dvl that leads the inhibition of the destruction complex, 

promoting accumulation β-catenin in the cytosol and its translocation to the nucleus. In 

the nucleus, β-catenin binds to lymphoid enhancer binding factor (LEF)/ T-cell factor 

(TCF) family to induce transcription of Wnt target genes including cyclin D1, c-myc, 

COX-2 and inducible NOS (Dijksterhuis et al., 2014, Kikuchi et al., 2007).  Wnt-1, Wnt-

2b, Wnt-3a, Wnt-8a, and Wnt-8b appear to activate canonical signaling pathway in 

several cell types (Schubert et al., 2013).  

The canonical Wnt signaling cascade facilitates proliferation and fate 

specification of stem and progenitor cells. Aberrant activation in canonical Wnt activity is 

frequently reported as an autocrine feedback in leukemia as well as other cancers (Staal 

et al., 2016a). Hence, the fine-tuning of this pathway is required for stem cell response. 

Numerous extracellular modulator molecules can bind either Wnt ligand or Fzd receptors 

to inhibit Wnt/β catenin signaling. Among those, The Dickkopf protein 1 (Dkk1) inhibit 

Wnt response by competitively binding to the Wnt co-receptors LRP5/6. The other 
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antagonists, secreted Frizzled-related proteins (SFRPs) and Wnt Inhibitory Factors 

(WIFs) directly bind Wnt proteins and inhibit Wnt/Fzd coupling.  

In contrast to canonical pathway, Wnt/Ca2+ and Wnt/PCP pathways require Fzd 

and the intracellular transduction component Dvl, but not LRP or β-catenin Figure 16. In 

the Wnt/Ca2+ pathway, activation of G-proteins, phospholipase C (PLC) and 

phosphodiesterase (PDE) results in increased levels of intracellular Ca2+ levels which in 

turn activates enzymes such as CaMKII and protein kinase C (PKC) (Kühl et al., 2000).  

The Wnt/PCP signaling forms the most extensively studied Wnt signaling 

pathway among others. The term “planar cell polarity” refers to the asymmetrical 

distribution of cells within a tissue plane that is observed in a range variety of tissues 

(Huang et al., 2004). PCP signaling components are highly conserved from Drosophila 

to vertebrates. In PCP signaling, upstream PCP components, Four-jointed, Dachsous, 

Fat and Atrophin generate signals for the global direction of polarity across the tissue. 

These directional signals are interpreted by the core PCP components, Fzd, Dvl, Celsr, 

Vangl, and Prickle, which establish planar polarity within individual cells along the axis. 

The downstream PCP signaling is mediated by Daam1, Rho, Rac, Rho kinase, JNK, and 

Profilin, which are involved in rearrangement of cytoskeletal elements, oriented cell 

division, differential adhesion across cells, regulation of cell extensions and cell 

movement. Wnt/PCP signaling not only generates the distinct planar polarity phenotypes 

but also required for proper cell/tissue function (Wang, 2009, Yang et al., 2015). 

Non-canonical Wnt pathways are implicated in tissue morphogenesis due to their 

regulatory role in cell migration and polarity (Dijksterhuis et al., 2014). Wnt4, Wnt5a, 

Wnt-11 and Wnt16 have shown to signal through the non-canonical pathways in different 

cell types (Clements et al., 2010, Geetha-Loganathan et al., 2014, Heinonen et al., 2011, 

Qian et al., 2007, Wu et al., 2013). The non-canonical Wnt proteins are also able to bind 

a number of unconventional Wnt receptors including Ror, Ryk and Ptk7 (Berger et al., 

2017, Hendrickx et al., 2008) as depicted in Figure 16. 
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Figure 15. Canonical Wnt/β catenin signaling pathway 
 
(A) In the inactivated state, β-catenin is associated with the cell membrane where it interacts with 
cadherin molecules (E- and N cadherin) and α-catenin to form the cytoskeleton and mediate cell-cell 
adhesion via homophilic interactions. β-catenin is constitutively phosphorylated by CK1α and GSK-3β. 
Phosphorylated β-catenin in the destruction complex (CKIα, GSK3β, APC, Axin) is subsequently 
ubiquitinated and degraded by the proteasome. (B) Binding of Wnt ligand to the Frizzled/LRP-5/6 
receptor complex enables β-catenin to escape from the degradation and results in its accumulation in 
cytoplasm. Hypophosphorylated β-catenin is further translocated in the nucleus, where it binds TCF/LEF 
proteins to activate transcription of Wnt target genes. Dsh: Dishevelled, GSK-3β: glycogen synthase 
kinase-3β, CK1α: casein kinase 1α, Axin: the axis inhibition protein 1, APC: adenomatous polyposis coli, 
LEF: lymphoid enhancer binding factor, TCF: T-cell factor. Adapted from “Li et al., 2012; Piersma et al., 
2015;Vinyoles et al., 2014”. 
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Figure 16. Non-canonical Wnt signaling pathways 

(A) The planar cell polarity (PCP) components are asymmetrically distributed in the cells and directly or 
indirectly interact with Wnt ligands. Localization of Dsh in these interactions is a key determinant in 
activation or inhibition of this pathway. Upon Fzd activation, Dsh forms a complex with Daam, which 
activates Rho and ROCK that are involved in cytoskeleton organisation. Dsh can also directly activate 
Rac1 which regulates JNK. Ror2 and Ptk7 can interact to initiate PCP signaling via JNK. In another 
pathway, Fz and Vang can physically interact to initiate signaling through Scrib which regulates CDC42 
and JNK. (B) In the Wnt/Ca2

+
 pathway, activation of Fzd receptors recruits heteromeric G-proteins that 

activate phospholipase C (PLC) which results free intracellular calcium and activation of CAMKII. In a 
second pathway, physical interaction between Fzd, Fmi and Ryk results in inhibition of intracellular ROS 
levels. Dsh: Dishevelled, Daam-1: Dishevelled associated activator of morphogenesis-1, JNK: c-Jun 
terminal kinase, ROCK: Rho-associated kinase, PLC: phospholipase C, PKC: protein kinase C, CaMKII: 
Ca2+/calmodulin-dependent protein kinases II. Adapted from “Fedon et al., 2012; Grishina, 2014; Katoh 
et al., 2007;Pataki et al., 2015”. 
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6.4. Multi-faced role of Wnt ligands in hematopoiesis  

The expression of Wnt genes in hematopoietic system has been studied both in 

mice and human. Accordingly, Wnt5a and Wnt10b were initially detected in mouse FL 

progenitor cells (Austin et al., 1997) while Wnt5a, 10b and 2b were shown to be 

expressed in primitive human HSCs (Van Den Berg et al., 1998). During early 

hematopoiesis, a biphasic expression pattern of Wnt ligands is observed in the 

hematopoietic tissue. While some of the Wnt proteins (Wnt 3, 5a and 8a) are highly 

expressed in primitive hematopoietic sites, the others (Wnt3a, 6, 7b, 10b, and 16) are 

upregulated in definitive hematopoietic niches at later stages (Corrigan et al., 2009). This 

data suggests that Wnt ligands differentially regulate hematopoiesis in a stage-specific 

fashion. In the adult BM, Wnt ligands are extensively produced by stromal cells 

surrounding HSCs (Table 5).  

 

Table 5. Expression of Wnt ligands and Frizzled receptors in the bone marrow 

 
      Cell type                     Wnt ligands                        Frizzled receptors                        Reference 

 

Wnt production by mononuclear hematopoietic cells has also been reported. For 

instance, mature B cells produce Wnt-1 (Laine et al., 2013) and Wnt5a (Liang et al., 

2003), whereas Wnt10b is secreted by immature B cells and erythroid cells (Congdon et 

Osteoblasts 

 
Wnt1, Wnt2, Wnt2b, 
Wnt3a, Wnt4, Wnt5a, 
Wnt5b, Wnt6, Wnt10a, 
Wnt11, Wnt16 

Fzd3, Fzd4, Fzd5, 
Fzd6 

 
(Spencer et al., 

2006) 
(Sugimura et al., 

2012) 

Osteoclast 
precursors 

 
Wnt2b, Wnt4, Wnt6, 
Wnt7b 

Fzd1, Fzd4, Fzd5, 
Fzd6, Fzd7, Fzd8, 
Fzd9, 

(Qiang et al., 2010) 

Mesenchymal 
stem cells 

 
Wnt2, Wnt4, Wnt5a, 
Wnt11, Wnt16 

Fzd2, Fzd3, Fdz4, 
Fzd5, Fdz6 

(Etheridge et al., 
2004) 

 

Endothelial 
cells 

 
  Wnt2, Wnt2b, Wnt3, 
Wnt5A, Wnt7A, Wnt 11 

 Fzd3, Fzd4, Fzd6 
 

(Goodwin et al., 
2006) 

(Planutiene et al., 
2011) 
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al., 2008). The expression analysis of Wnt genes indicates a limited and reduced 

expression in HSCs while increasing and continuous expression is observed in more 

differentiated progeny (Hardiman et al., 1996). There is also evidence suggesting the 

involvement of Wnt ligands in the crosstalk between mature blood cells and bone 

marrow niche components including osteoblasts. PTH, which is known as a canonical 

Wnt agonist has been shown to increase β catenin levels in osteoblastic cells by 

modulating the protein kinase A and protein kinase C pathways (Kulkarni et al., 2005, 

Tobimatsu et al., 2006) .PTH does not only stimulate bone formation (Kroll, 2000), but 

also regulates HSC numbers by modulating the niche size (Calvi et al., 2003). In addition 

to osteoblastic lineage, T lymphocytes also respond to PTH, sensitize the stromal niche 

elements of BM to PTH (Gao et al., 2008) and stimulate osteoblastic differentiation 

(Pacifici, 2013). Importantly, PTH stimulation of CD8+ T cells induces in vitro Wnt10b 

production (Terauchi et al., 2009), which has been shown to exert a coordinated control 

over inhibition of adipogenesis and stimulation of osteoblastogenesis (Bennett et al., 

2005).  

The first evidence for the regulatory role of Wnt proteins in hematopoiesis was 

reported by in vitro culture studies. Stromal cells transduced with Wnt ligands Wnt1, 

Wnt5a, or Wnt10b stimulated a seven to eleven fold increase in the expansion of FL 

cells (Austin et al., 1997).  Intriguingly, in vitro expansion rate of human progenitors in 

response to Wnt1, Wnt5a, or Wnt10b were found to be similar to those observed with 

recombinant human SCF (Van Den Berg et al., 1998). Subsequent genetic studies 

demonstrated the autocrine and paracrine mode action of Wnt signaling in HSCs using 

gain- and loss-of-function approaches.  

Canonical Wnt/β signaling is the most studied pathway in hematopoiesis. 

Deficiency of Wnt3a, a prototypical canonical Wnt ligand is embryonically lethal in mice. 

FL HSCs from these mice have irreversibly impaired self-renewal and differentiation 

capacity due to complete depletion of canonical Wnt signaling in the HSC compartment 

(Luis et al., 2009). Importantly, Wnt3a deficiency does not influence the expression of 

the other Wnt genes (Luis et al., 2010).  When Wnt3a activity is prevented by ectopic 

expression of a Fz ligand-binding domain or Axin in adult HSCs, a severe decline in their 

expansion and self-renewal capacity is observed (Reya et al., 2003). In contrast, Wnt3a 

treatment prior to BM transplantation enables the maintenance of an immature 

phenotype in HSCs accompanied by increased expansion and self-renewal in recipient 
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mice (Willert et al., 2003). Since Wnt3a is not secreted by HSPCs, these results suggest 

that Wnt3a acts in a paracrine fashion to regulate hematopoiesis. To confirm this 

hypothesis, Fleming and colleagues investigated the role of canonical Wnt signaling in 

the context of BM niche by using an osteoblast-specific promoter driving expression of 

Dkk-1(Fleming et al., 2008). Dkk-1 is known to compete with ligands by binding the Wnt 

co-receptor LRP5/6 (Ahn et al., 2011). In the study of Fleming, increased osteoblast-

specific Dkk-1 expression resulted in markedly inhibited Wnt signaling in HSCs (Fleming 

et al., 2008). Unexpectedly, decreased Wnt activity resulted in increased cell cycling and 

enhanced short-term repopulation activity as shown by transplantation assays. However, 

HSC function gradually declined reflecting a cell-autonomous defect in self-renewal and 

long-term function (Fleming et al., 2008). These results indicate a requirement for the 

niche-dependent Wnt signaling in HSC maintenance and longevity.  

Other studies focus on the β-catenin, the nuclear effector of canonical Wnt 

signaling. β-catenin deficiency is embryonic lethal due the lack of mesoderm 

organization. Because HSCs are believed to derive from the embryonic mesoderm, β-

catenin has been a great candidate in HSC research (Staal et al., 2005). As previously 

mentioned, β-catenin is involved in the cadherin-catenin complex. During cell-cell 

contact, the cadherin family of cell-cell adhesion proteins forms adhesive bonds at the 

site of contact which is mediated by the binding of cadherin extracellular regions of the 

opposing cells. Classical cadherins are known to be Ca2+-dependent transmembrane 

proteins, thus, the rigidity of the extracellular region is maintained by binding of a 

network of Ca2+ ions to the linker region between adjacent extracellular regions. The 

formation of cell-cell adhesion by cadherins occurs via directly through adhesion rigidity 

and indirectly via modulating mechanical tension and transmitting signals to the 

actomyosin cytoskeleton of apposed cells (Maître et al., 2013). In the cadherin-catenin 

complex, β-catenin is associated with the cell membrane where it interacts with cadherin 

molecules (E- and N-cadherin). Binding of β-catenin by the cytoplasmic domain of these 

classical cadherins forms a complex with in turn binds α-catenin. The interaction of 

cadherins with catenins allows their physical connection to the cytoskeleton and mediate 

cell-cell adhesion via homophilic interactions (Alberts et al., 2002, Daugherty et al., 

2007). The cleavage of cadherins by proteases leads to the release of β-catenin, which 

in turn results in the up-regulation of β-catenin signaling. Likewise, stabilization of cell-

adhesion promotes the degradation of β-catenin and decreases β-catenin mediated 
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transcription (Brembeck et al., 2006). LT-HSCs mainly adhere to the N cadherin+ 

osteoblasts.  Asymmetric localization of two junction molecules, N-cadherin and β-

catenin between stem cells and these osteoblasts shown to support HSC maintenance  

by controlling the niche size (Zhang et al., 2003). Constitutive expression  of activated β-

catenin has shown to induce expansion of HSCs in in vitro  cultures (Baba et al., 2006, 

Reya et al., 2003). Vav-Cre-mediated conditional deletion of β-catenin in hematopoietic 

cells also leads to impaired proliferation in HSCs (Zhao et al., 2007). Likewise, 

conditional expression of a stable form of β-catenin results in a multi-lineage 

differentiation block and impaired HSC maintenance, eventually exhaustion of the stem 

cell pool (Kirstetter et al., 2006). While these observations suggest a role for β-catenin in 

HSC regulation, other researchers did not observe any hematopoietic phenotype when 

they studied Cre-Lox-P mediated inactivation of β-catenin (Cobas et al., 2004) or β- and 

γ-catenin in BM progenitor cells (Jeannet et al., 2008, Koch et al., 2008). It is possible 

that in these studies, Wnt signaling was not completely depleted (Jeannet et al., 2008). 

This notion was further supported by Luis et al., who studied a gradient of five different 

levels of in vivo canonical Wnt signaling activation using different Apc-mutant mouse 

strains (Luis et al., 2011).  Their results indicate that while very low levels of canonical 

Wnt activity is sufficient to sustain adult hematopoiesis, intermediate and higher levels, 

however, lead to a downregulation in HSC self-renewal genes which can result in 

reduced repopulation capacity (Luis et al., 2011). Collectively, these results suggest a 

dose-dependent requirement for canonical Wnt/ β-catenin pathway in HSC function.  

Unlike canonical Wnt signaling pathway, the role of non-canonical Wnt signaling 

is not well defined in hematopoiesis. Wnt5a is the best studied Wnt in this pathway. In 

addition to results obtained from in vitro  studies, the expression on Wnt5a on primitive 

HSCs further support its role in hematopoiesis (Van Den Berg et al., 1998). Murdoch and 

colleagues have shown that Wnt5a treatment of mice prior to transplantation, 

significantly increases the engraftment potential of human cord blood cells (Murdoch et 

al., 2003). Likewise, culture-treated LSKs with recombinant murine Wnt5a increased the 

repopulation ability of these cells in transplant settings. Notably, Wnt5a enhanced HSC 

function by maintaining a quiescent state (Nemeth et al., 2007). The effect of Wnt5a on 

HSC quiescence can be partly explained by its suppressive effect on ROS levels in HSC 

(Povinelli et al., 2014). Although Wnt5a does not induce β-catenin activation, it can 

downregulate Wnt3a-mediated gene expressions associated with HSC differentiation, 
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such myc (Nemeth et al., 2007). Thus, Wnt5a act as a canonical Wnt signaling 

antagonist in HSC maintenance and function. Indeed,  the opposing impact of Wnt5a 

and Wnt3a is also observed in lineage differentiation of HSPCs. Wnt3a overexpression 

favors lymphopoiesis whereas Wnt5a increases myelopoiesis in the BM (Famili et al., 

2015). A recent study reported a role for Wnt5a in context HSC aging (Florian et al., 

2013a). HSCs from 24-month old mice show a dysfunctional expansion with impaired 

repopulation potential and augmented myeloid output over lymphopoiesis (Geiger et al., 

2013). In their study, Florian et al. observed a shift from canonical to non-canonical Wnt 

signaling as a result of elevated Wnt5a expression. Consistent with this finding, 

treatment of young mice with Wnt5a resulted in acquisition of an aged phenotype with 

diminished repopulation capacity and differentiation switch in favor of myeloid cells via 

activation of the small Rho GTPase Cdc42 (Florian et al., 2013a). Cdc42 is known to act 

as a key regulator of cell polarity, modulating actin and tubulin orientation, cell-cell and 

cell-extracellular matrix adhesion during asymmetric cell division (Cau et al., 2005). In 

young LT-HSC, Cdc42 and tubulin are asymmetrically distributed at the same location 

whereas Cdc42 and tubulin are randomly distributed throughout the body of aged LT-

HSCs in an unpolarized fashion (Florian et al., 2012a, Florian et al., 2013a). These 

results suggest that stem-cell-intrinsic reduction of non-canonical signaling affects the 

mode of the cell division and fate, resulting in functional exhaustion.  

Recently, our laboratory demonstrated that Wnt4 regulates HSC numbers in a 

non-canonical fashion (Heinonen et al., 2011b, Louis et al., 2008). In mice, Wnt4 is 

strongly expressed in thymus, FL and neonatal BM (Heinonen et al., 2011a, Heinonen et 

al., 2011b, Louis et al., 2008).  Consequently, Wnt4−/− and Wnt4+/− neonates are present 

with a smaller thymic size and a reduction in the numbers of LSKs (Louis et al., 2008). In 

their study, they used a retroviral vector to enforce Wnt4 expression in FL cells prior to 

transplantation. Enforced expression of Wnt4a in FL cells sufficiently increased the 

thymic size and also led to a modest increase in BM LSKs in recipient mice. Moreover, 

similar to those seen in Wnt5a treatment, Wnt4 also increased the numbers of LSK cells 

in G0, suggesting an acquisition of an immature phenotype (Louis et al., 2008). Since 

deletion of β-catenin did not affect Wnt4-induced HSPC expansion, it is likely that Wnt4 

signal through non-canonical pathway. Indeed, overexpression of Wnt4 increased levels 

of phosphorylated JNK which is involved in the downstream of non-canonical Wnt 

signaling. They also performed competitive transplant assays where Jnk2-/- and Jnk2+/+ 
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cells were transduced with a retroviral vector MSCV-Wnt4-IRES-GFP prior to 

transplantation. Jnk2+/+ Wnt4 expressing myeloid cells were in a higher frequency than 

competing cells 12 weeks post-transplant, thus suggesting that the effect of Wnt4 was 

cell autonomous and dependent of Jnk2. It is possible that Wnt4 may act through a 

mechanism that resembles the PCP pathway. Indeed the expressions of seven polarity 

complex genes were upregulated in Wnt4-/- FL liver cells. They also showed that the 

PCP receptor, Fzd6 is at least partly required for Wnt4-mediated expansion of the stem 

cell pool (Heinonen et al., 2011b). Collectively these results suggest a link between 

FZD6, WNT4, JNK, and expression of PCP pathway target genes in the regulation of 

hematopoiesis.  

Other studies indicate that non-canonical Wnt ligands may also play an important 

role in the hematopoietic development. (Vijayaragavan et al., 2009) and niche 

modulation (Spencer et al., 2006, Yavropoulou et al., 2007). Wnt ligands and striking 

findings on their role in HSPC regulation are summarized in Table 6.  
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Table 6. Wnt ligands and their function in hematopoietic stem cell regulation 

 

Ligand              Effect on hematopoietic stem cells                                    Reference       

 

 

Wnt1 
In vivo expansion of fetal liver HSPCs  
Ex vivo expansion of human HSPCs 

 
(Austin et al., 1997, 
Chotinantakul et al., 
2013, Laine et al., 2013) 

Wnt2 

Hemangioblast differentiation from primitive 
mesoderm 
Increased erythroid colony formation of human 
HSPCs in culture 

 
(Lento et al., 2013, Van 
Den Berg et al., 1998, 
Wang et al., 2007) 
 

Wnt3 

In vivo and in vitro  expansion  
Activates dormant HSCs 
Enhances self-renewal and differentiation of fetal 
and adult HSPCs  

(Lento et al., 2013, Luis 
et al., 2010, Reya et al., 
2003, Reya et al., 2000, 
Trowbridge et al., 2010) 
 

 
Wnt4 

 
Required for in vivo T and B lymphopoiesis  
In vitro  expansion of HSPCs 
-Enforced expression increases the repopulation 
ability of fetal liver HSC in transplant assays 
 

(Chang et al., 2007, 
Heinonen et al., 2011b, 
Louis et al., 2008, Yu et 
al., 2014) 

Wnt5a 
Inhibits caonical Wnt signaling in HSPCs, regulates 
maintenance, self-renewal and repopulation capacity 
of HSPCs 

(Nemeth et al., 2007, 
Pereira et al., 2008, 
Trowbridge et al., 2010) 
 

  Wnt10b 
Enhance in vivo expansion of hematopoietic 
progenitor cells in response to GSF treatment 

(Austin et al., 1997, Cho 
et al., 2014, Congdon et 
al., 2008, Lento et al., 
2013) 
 

Wnt11 

 
Stimulates hemogenic and hematopoietic 
differentiation of human embryonic stem cells in 
culture  
 

(Lento et al., 2013, 
Vijayaragavan et al., 
2009) 

Wnt16 
Embryonic HSC specification in zebrafish 
 

(Clements et al., 2011) 
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6.5. Frizzled receptors in hematopoiesis 

The Fzd family receptors are expressed on primitive and adult HSPCs both in 

human (Austin et al., 1997, Van Den Berg et al., 1998) and mice (Heinonen et al., 

2011b, Van Den Berg et al., 1998, Yokota et al., 2007). In the adult mouse, the 

expressions of Fzd receptors appear to decline during myeloid/lymphoid commitment 

with the exception of  Fzd1, Fzd2  and Fzd6. Fzd2 expression is not detectable on 

HSPCs while Fzd1 is highly expressed on CMPs. Fzd6 expression, however, can be 

detected in HSCs and downstream progenitors (Yokota et al., 2008). High expression 

levels of Fzd receptors on both HSCs (Figure 17), and non-hematopoietic niche 

components (Table 5), suggest that they can play an active role in HSCs regulation. 

 

 

 

 

 

 

 

 

 

Figure 17. Frizzled receptor expression on hematopoietic/progenitor cells  

HSCs express 7 out of 9 Frizzled receptors, whose expression decline as they give rise to committed 
myeloid and lymphoid progenitors. Fzd1 is not detectable on HSCs but highly expressed on CMPs. Fzd6 
remain detectable in all progenitors with relatively higher expression levels in HSCs. Figure  adapted 
from the results obtained by (Yokota et al., 2008). 

 

Despite the fact that Fzds are predominantly expressed in HSCs, their role in 

hematopoiesis is understudied. From a pharmacological view, the ligand selectivity and 

signaling events which they trigger have not been fully understood in the other cell types 

(Dijksterhuis et al., 2014), that also hold true for hematopoietic system. Because of the 

complexity of Wnt signaling, the relationship between ligands and receptors are hardly 

defined. First, there are ten Fzd receptors for nineteen Wnt ligands. Second, Wnt/Fzd 

coupling occurs as a context dependent manner. Best example of this notion can be 

found in Wnt5a-mediated non-canonical signaling. In a study, Wnt5a was shown to 
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regulate in vitro  cytokine production of human myeloid cells via Fzd5 (Blumenthal et al., 

2006). Others showed that Wnt5a-mediated in vitro  proliferation of endothelial cells can 

be blocked by Fzd4 extracellular domain (Masckauchán et al., 2006). Recently, 

Sugimura and colleagues demonstrated that Wnt5a can exert its effect through Fzd8 to 

maintain a quiescent HSC pool in the niche (Sugimura et al., 2012). Following this study, 

other researchers have shown that the interaction between Wnt5a and an alternative 

Wnt receptor Ryk is required to induce HSC quiescence and enhance ST- and LT- 

hematopoietic repopulation (Povinelli et al., 2014), thus adding more complexity to the 

non-canonical Wnt signaling. Third, Fzd receptors can bind to more than one Wnt ligand 

to activate different signaling pathways. For instance, the binding of Wnt5a to Fzd2 

activates the Wnt/Ca2+ pathway in human melanoma cells (Bazhin et al., 2010, Ma et 

al., 2007), while stimulation of Fzd2 with Wnt3a has shown to activate β-catenin-

dependent Wnt signaling in different cell types (Verkaar et al., 2009). Finally, Fzd 

receptors are able to initiate intracellular Wnt signaling even in the absence of a CRD 

domain or Wnt ligand. In model organism Drosophila, fz is able to recruit dsh to the cell 

membrane and initiate PCP signaling independent of Wnt ligand (Adler, 2002). In this 

case, the direct protein-protein interactions between Fzd and flamingo/vangl complex on 

adjacent cells (Wu and Herman 2006; Wu and Mlodzik 2008) may account for the 

acquisition of polarity.  The example of these types of interactions was shown between 

Fmi/Celsr1 and Fzd8 in HSC regulation (Sugimura et al., 2012). Fmi is an atypical 

cadherin-type receptor which activates PCP signaling cascade and interferes with 

canonical Wnt signaling in other model systems (Morgan et al., 2004). Both Fmi and 

Fzd8 predominantly expressed on primitive HSCs. Intriguingly, Fzd8 expression is 

relatively higher in quiescent HSCs than in active HSCs (Akashi et al., 2003). It is well 

demonstrated that Fmi mediates a homophilic interaction between N-cadherin+ OBs and 

HSCs via regulating Fzd8 distribution at the interface of these cells to maintain HSCs in 

a quiescent state (Sugimura et al., 2012). This effect is partially through downregulation 

of IFN-γ expression, and partially via repression of canonical Wnt signaling (Sugimura et 

al., 2012). It is possible that Ryk might be also involved in the complex interaction of 

Fmi/Fzd8 in the BM (Bazhin et al., 2010, Ma et al., 2007). These results suggest that 

Fzd receptors are the determinant factors for niche-dependent Wnt ligands to transmit 

necessary signals in HSC regulation.  
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Besides Fzd8, there are only two Fzd receptors, Fzd6 and Fzd9, have been 

studied in the context of HSPC regulation (Table 7).  Ranheim et al. demonstrated that 

Fzd9 is cell-intrinsically required for lymphopoiesis, particularly for B cell development 

(Ranheim et al., 2005). Consistent with high expression levels of Fzd9 on CLPs and 

ELPs (Yokota et al., 2007), this study indicated a role for this receptor in committed 

progenitors rather than HSCs.  

Historically, Fzd6 is known as a core PCP receptor which has redundant roles in 

polarity establishment and cell-orientation.  Absence of Fzd6 signaling results in 

genetically mosaic animals characterized with polarity phenotypes (Chang et al., 2016, 

Guo et al., 2004, Wang et al., 2006). Fzd6 deficiency in mice is generally associated with 

abnormal macroscopic hair whorls. In mice, the proper orientation of hair follicles 

depends on the equal distribution of PCP components, Fzd6 and Vangl2 in daughter 

cells upon progenitor division. During division, mitotic internalization of Fmi/Celsr1 

enables global alignment of polarity by temporarily blocking PCP signals (Devenport et 

al., 2011). Hence, loss of Fzd6 alters polarity establishment resulting in random 

orientation of hair follicles, suggesting a crucial role for Fzd6 in asymmetric/symmetric 

cell fate. This hypothesis is further supported by elevated levels of Fzd6 expression in 

human cancers (Cantilena et al., 2011, Haider et al., 2006, Wissmann et al., 2003). In 

the hematopoietic system, Fzd6 is also predominantly expressed in fetal (Heinonen et 

al., 2011b) and adult (Yokota et al., 2007) murine HSCs. Importantly, Fzd6 is the only 

Fzd receptor which is abundantly upregulated in all three subsets (slow-dividing, fast-

dividing and committed) of primitive human HSCs (Wagner et al., 2004). Enriched Fzd6 

expression in the slow-dividing fraction suggests a role for this receptor in the regulation 

of quiescence and self-renewal of HSPCs. Remarkably, human Fzd6, is 89% identical to 

mouse Fzd6.  In mouse, Fzd6 deficiency markedly delays the development of chronic 

lymphocytic leukemia (Wu et al., 2009). In parallel with these results Fzd6 deficient mice 

have a reduction in the percentage of BM LSKs, HSCs and MPPs (Heinonen et al., 

2011b). Although Wnt4 appear to transmit signal through Fzd6 receptor, the phenotypic 

differences in Wnt4-/- and Fzd6-/- mice suggest that other compensatory interactions 

might involve in Wnt-mediated signaling in association with Fzd6.  
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Table 7. Known function of Frizzled receptors in hematopoiesis 

Receptor     Phenotype   WNT ligand       Known function in hematopoiesis          Reference  

 
*Wnt/Fzd ligand interactions implicated in hematopoiesis.  

Fzd1 

 
 
 
Viable 

 
 
Wnt1 
Wn2 
Wnt3* 
Wnt7b 
 

Not expressed on fetal adult HSC 
but highly expressed on CMPs 
Elevated  expression levels 
observed in  activated 
macrophages during infection 

 
(Dijksterhuis et al., 
2014, Heinonen et 
al., 2011b, 
Neumann et al., 
2010, Yokota et al., 
2007) 

Fzd2 

 
 
Viable 

 
 
Wnt5a* 

Not detected on fetal and adult 
HSPC surface 
Postulated to stimulate 
chemokine production in human 
neutrophils via binding Wnt5a. 

 
(Heinonen et al., 
2011b, Jung et al., 
2013, Yokota et al., 
2007) 

 
Fzd4 

 
 
 
Cerebellar 
dysfunction 
  

 
 
Wnt2 
Wnt2b 
Wn7b 

 
Upregulated during primitive 
hematopoiesis and highly 
expressed on adult HSCs. 
Its knockdown  inhibit  CML 
progenitor growth 

(Agarwal et al., 
2017, Corrigan et 
al., 2009, 
Dijksterhuis et al., 
2014, Wang et al., 
2001) 

Fzd5 

 
Defective 
yolk sac and 
placental 
angiogenesis 
 

 
Wnt5a* Upregulation is observed in 

activated macrophages in 
response to LPS and M.  
tuberculosis 

(Blumenthal et al., 
2006, Ishikawa et 
al., 2001, Yokota et 
al., 2007) 
 

Fzd6 

 
  
Defects 
 in hair 
patterning 

 
 
Wnt4* 

Loss of Fzd6 alters the size of 
HSPC pool and myeloid 
development in mice 
Its dysregulation is implicated in a 
mouse model of  B-cell leukemia. 
 

(Heinonen et al., 
2011b, Wu et al., 
2009a) 

 
Fzd8 

 
 
Viable 

 
 
Wnt5a 

Regulates HSPC pool size, self-
renewal and engraftment in 
association with Flamingo co-
receptor 
 

(Sugimura et al., 
2012) 

Fzd9 

Defects in   
pre-B-cell 
stage 
 

 
Wnt2 

Required for  B-cell development 
from progenitors in a cell-
autonomous fashion 

(Dijksterhuis et al., 
2014, Ranheim et 
al., 2005) 
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Collectively these studies demonstrated a crucial role of Wnt signaling in 

homeostatic and deregulated hematopoiesis. While there still is much to be clarified 

regarding the role of Wnt signaling in hematopoiesis, based on the presented results, 

one can speculate that non-canonical Wnt signaling components supresses’ the 

canonical Wnt activity to maintain a quiescent stem cell pool in the BM 

microenvironment. Any disruption of this balanced network results in the loss of HSC 

function and subsequent promotion of hematologic malignancies.  

 

6.6. The role of Wnt signaling in inflammation 

In addition to their role in normal hematopoiesis, Wnt signaling pathways were 

recently shown to contribute the resolution of inflammation and restoration of tissue 

homeostasis. For instance, canonical Wnt/β-catenin signaling not only contributes the 

development and lineage maturation of T and B cells, but also regulates the activation of 

regulatory T cells(Reya et al., 2000, Staal et al., 2008a, Staal et al., 2008b). The 

activation of canonical Wnt signaling in inflammation triggers immune response by 

supressing Treg cell function, thus aberrant activation of this pathway can lead to the 

development of autoimmune responses (van Loosdregt et al., 2013). Moreover, β-

catenin activation directly participates in the generation of tolerogenic dendritic cells and 

regulation of inflammatory response (Suryawanshi et al., 2016). Besides β-catenin, 

canonical Wnt ligand, Wnt3a promotes anti-inflammatory functions (Neumann et al., 

2010) and enhanced bacterial killing (Chen et al., 2016b) in murine macrophages. 

Elevated expression of Fzd1 is also reported on macrophages in response to microbial 

infections. Though, Fzd1 inhibit Wnt3a induced Wnt/β-catenin signaling in mycobacteria-

infected murine macrophages (Neumann et al., 2010). It is noteworthy, elements of Wnt/ 

β-catenin signaling are often upregulated in many cancer types and autoimmune 

diseases (Zimmerman et al., 2012), which suggest that aberrant activation of this 

pathway may involve in sustained tissue inflammation.   

Non-canonical Wnt signaling, particularly Wnt5a signaling has been also linked to  

the pathogenesis of inflammatory disorders such as rheumatoid arthritis (Sen et al., 

2000), sepsis (Schulte et al., 2015) and atherosclerosis (Bhatt et al., 2014). Consistently, 

Wnt5a has been reported to be upregulated in macrophages stimulated with IFN- γ and 

LPS, which is accompanied by enhanced expression of pro-inflammatory cytokines IL-6, 

IL-1β, IL-8, and macrophage inflammatory protein-1β (MIP-1β) (Pereira et al., 2008). In 
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addition, Wnt5a and its receptor Fzd5 have shown to regulate IL-12 response in 

mycobacteria-induced human macrophages and IFN- γ production of mycobacterial 

antigen-activated T cells (Pereira et al., 2008). While the activation of Wnt5a-Fzd5 

signaling upregulates pro-inflammatory cytokines and augments bacterial phagocytosis 

in macrophages, it does not appear to enhance bacterial killing (Maiti et al., 2012). In 

contrast, enhanced Wnt5a signaling has shown to inhibit L. donovani parasite infection 

in macrophages via activation of Rac-1 signaling (Chakraborty et al., 2017).  

These studies clearly imply that Wnt signaling regulates the host response to 

pathogenic insults by modulating cytokine production and immune cell functions. To 

date, however, Wnt signaling components have not been directly implicated in the 

activation and myeloid output of HSCs in response to inflammation and infection. A 

deeper understanding of Wnt signaling in the regulation of the BM microenvironment and 

its crosstalk with HSPC during inflammatory conditions is clearly needed. The 

knowledge on the role of Wnt signaling cascade in inflammation and infection may 

provide therapeutic benefits in the treatment of autoimmune diseases, and infectious 

diseases.  
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7. OBJECTIVES AND GENERAL HYPOTHESIS 

 

Despite their silent state, HSCs can exit quiescence and expand their numbers in 

order to replenish blood cells that have been lost during stress conditions such as 

irradiation, injury and infections. This is of particular interest to understand the molecular 

mechanisms, which regulate HSC activation and lineage specification upon stress. Non-

canonical Wnt signaling components have emerged as important regulators during these 

processes. Our laboratory has previously demonstrated that non-canonical (beta-catenin 

independent) Wnt4 signaling increases HSPC expansion through a planar cell polarity 

(PCP)-like pathway. PCP is known for its critical role in symmetric/asymmetric cell 

divisions in epithelial organs. The wider physiological impact of PCP signaling on 

hematopoiesis is yet to be identified. Our general hypothesis is that non-canonical Fzd6 

receptor regulates the activation and the maintenance of HSPC during homeostasis and 

under hematopoietic stress conditions. With this end, this thesis project examines the 

role of non-canonical PCP receptor, Frizzled-6 (Fzd6) in normal and emergency 

hematopoiesis. 

The first aim of the current study was to answer the question: 

 Does Fzd6 play a role in the regulation of HSPC function? 

To answer this question, we characterized the hematopoietic phenotype of    

Fzd6-/- mice during steady state adult hematopoiesis and  examined in vivo repopulation 

and multi-lineage differentiation potential Fzd6-/- HSCs through a series of 

transplantation experiments. 

Inflammation and infections promotes expansion and differentiation of HSPCs, 

altering stem cell homeostasis. Wnt signaling components have been implicated in the 

modulation of inflammatory responses. However, the role of Wnt signaling in 

inflammation- and infection-induced HSC response had not been investigated. Our 

hypothesis is that Fzd6 regulates not only inflammation/infection-induced HSC activation 

but also lineage differentiation skewing of HSPCs toward the myeloid lineage under 

inflammatory conditions. Therefore, we pursued our study to further investigate the 

importance of Fzd6 signaling in emergency hematopoiesis in response to natural stress 

conditions using mouse models of endotoxin-induced inflammation and chronic visceral 

leishmaniasis.  

The second part of this thesis focused on the questions: 
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 How does Fzd6 deficient HSPCs respond to endotoxin-induced acute 

inflammation? 

 What is the impact of chronic Leishmania donovani infection on the BM HSPC 

compartment? How does the BM microenvironment contribute to enhanced 

myeloid output during L. donovani infection? 

 How are the lineage commitment decisions from HSPCs initiated and regulated in 

the absence of Fzd6 in response to endotoxin-toxin induced acute inflammation 

and chronic L. donovani infection? 
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1. SUMMARY 

 

Adult hematopoietic stem/progenitor cell (HSPC) numbers remain stable in the 

absence of external stressors. After bone marrow transplant, HSPCs need to expand 

substantially in order to repopulate the bone marrow and to replenish the peripheral 

blood cell pool. Here we show that a non-canonical Wnt receptor, Frizzled-6 (Fzd6), 

regulates HSPC expansion and survival in a hematopoietic cell-intrinsic manner. Fzd6 

deficiency increased the ratio of Flt3hi multipotent progenitors to CD150+ stem cells in 

the mouse bone marrow, suggesting defective stem cell maintenance. Competitive 

transplantation experiments demonstrated that Fzd6-/- HSPCs were able to home to the 

bone marrow but were severely impaired in their capacity to reconstitute a lethally 

irradiated host. Lack of Fzd6 resulted in a strong activation of caspase-3 and a gradual 

loss of donor HSPCs and peripheral blood granulocytes. Fzd6 was also necessary for 

the efficient HSPC expansion during emergency hematopoiesis. Mechanistically, Fzd6 is 

a negative regulator of Cdc42 clustering in polarized cells. Furthermore, β-catenin-

dependent signaling may be disinhibited in Fzd6-/- HSPCs. Collectively, our data reveal 

that Fzd6 has an essential role in HSPC maintenance and survival. Non-canonical Wnt-

Fzd6 signaling pathway could thus present an interesting target for promoting HSPC 

expansion and multilineage hematopoietic recovery after transplant.  

 

 

Keywords: hematopoietic stem cells; bone marrow transplantation; wnt signal 

transduction 
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2. INTRODUCTION 
 

Adult hematopoietic stem/progenitor cells (HSPCs) are maintained in a specialized 

niche in the bone marrow (BM). Multiple signals from the niche regulate HSPC numbers 

and their ability to self-renew as well as to differentiate into all blood cell types (Martinez-

Agosto et al., 2007, Scadden, 2014). Micro-environmental cues also influence the cell 

cycle status of HSPCs and modulate stem cell polarity. Polarity has been suggested to 

maintain the dynamic balance of HSPC pool by regulating the outcome (self-renewal 

versus differentiation) of HSPC divisions (Florian et al., 2012b, Florian et al., 2010, 

Schroeder, 2007b, Wu et al., 2007). The molecular mechanisms coordinating the cross-

talk between niche-associated signals and HSPC-intrinsic polarity determinants remain 

unclear.  

Wnt signaling is necessary for adult HSPC self-renewal in the BM, but it needs to be 

tightly regulated (Lane et al., 2011, Luis et al., 2011, Schaniel et al., 2011): mild 

increases in β-catenin-dependent signaling enhance HSPC function, while stronger 

signals would favor myeloid expansion to the detriment of stem cell self-renewal. 

Although non-canonical, β-catenin-independent, Wnt signaling pathways are known to 

modulate cell polarity, cell motility and tissue patterning (Angers et al., 2009, Devenport 

et al., 2008, Devenport et al., 2011, Gillies et al., 2011, Gray et al., 2011, Guo et al., 

2004, Lapebie et al., 2011, Mirkovic et al., 2011), their role in hematopoietic cells is 

much less well established. Exogenous Wnt5a has been shown to activate β-catenin-

independent signaling in Lin-Sca1+cKithi (LSK) hematopoietic progenitors and to improve 

HSPC maintenance and function by promoting their quiescence (Buckley et al., 2011, 

Murdoch et al., 2003, Nemeth et al., 2007, Povinelli et al., 2014). By contrast, 

hematopoietic Wnt5a expression is augmented during HSPC aging and decreasing 

Wnt5a levels in aged HSPCs resulted in the restoration of their polarity and self-renewal 

(Florian et al., 2013). Wnt4 enhances the expansion of fetal liver LSKs, most notably 

Flt3hi LSKs, and improves thymic recovery after irradiation and hematopoietic cell 

transplant through mechanisms that depend on Jnk2 but do not require β-catenin or its 

binding partner Tcf1 (Heinonen et al., 2011b, Louis et al., 2008). Lastly, inhibition of 

canonical Wnt signaling through the activation of Frizzled (Fzd)-8 and the atypical 

cadherin Fmi maintained quiescent long-term hematopoietic stem cells in the adult 

mouse BM (Sugimura et al., 2012). Most polarity genes are expressed in fetal HSPCs 
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(Heinonen et al., 2011b); however, the direct role of most core non-canonical Wnt 

signaling effectors and planar cell polarity (PCP) has not been addressed in 

hematopoietic cells. 

We recently reported that the receptor Fzd6 was at least partially required for the 

Wnt4-mediated expansion of fetal liver HSPCs in culture (Heinonen et al., 2011b). 

Furthermore, we observed alterations in the frequency of BM HSPCs in Fzd6-/- mice on a 

mixed C57BL/6x129sv background. Fzd6 expression has been demonstrated in HSPCs 

and mature blood-forming cells in human and mouse (Heng et al., 2008) with the 

strongest expression levels corresponding to more immature cell types (Wagner et al., 

2004, Yokota et al., 2008). Fzd6 is generally associated with PCP signaling in epithelial 

cells (Angers et al., 2009, Gray et al., 2011, Guo et al., 2004, Lapebie et al., 2011) and it 

has been previously proposed to act as a negative regulator of the β-catenin-dependent 

canonical Wnt pathway (Golan et al., 2004, Mirkovic et al., 2011). Very little is known 

about the functional role of Fzd6 signaling in the hematopoietic lineage, except for its 

being involved in the initiation and progression of chronic lymphocytic leukemia in the 

Eµ-TCL1 mouse model (Wu et al., 2009b).  

Here we have examined the impact of Fzd6 in the regulation of HSPC function using 

mice on C57BL/6 background. We report a cell-intrinsic requirement for Fzd6 in 

competitive short- and long-term hematopoietic reconstitution after irradiation and 

transplant. We show that Fzd6 deficiency impaired the expansion and survival of 

HSPCs, resulting in the activation of caspase-3 and inefficient HSPC engraftment in the 

first week after BM transplant. We further show that Fzd6 is necessary for efficient 

emergency responses during systemic inflammation. Overall we demonstrate a crucial 

role for Fzd6 in HSPC self-renewal and negative regulation of Cdc42/Jnk signaling in the 

BM and suggest that Fzd6 could be an interesting target for stimulating HSPC expansion 

in culture or in situ post-transplant. 
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3. RESULTS 
 

3.1. Fzd6 deficiency does not affect intracellular β-catenin levels in HSPCs 

Fzd6 mRNA is abundantly expressed by fetal liver (Heinonen et al., 2011b) as well 

as BM HSPCs (Yokota et al., 2008). However, given the different methods of detection 

and the variable markers used for cell identification, we wanted to validate these results 

and directly compare Fzd6 expression levels in fetal liver and adult mouse BM CD150+ 

Lineage-Sca-1+c-Kit+ (LSK) cells, which are enriched in hematopoietic stem cells (HSC) 

(Kiel et al., 2005), as well as different HSPC sub-populations in the BM. Fzd6 mRNA 

levels were comparable between adult and fetal liver CD150+ HSPCs as detected by 

quantitative RT-PCR on sorted cells (Fig. 1A). To evaluate Fzd6 expression in different 

BM HSPC sub-populations, we took advantage of the LacZ construct inserted into the 

Fzd6 mutant allele (Guo et al., 2004). Using fluorescein di-V-galactoside as the 

substrate for β-galactosidase, only CD150+ HSPCs displayed detectable levels of Fzd6 

promoter activity (Fig. 1B). These results correlate well with previously published data 

(Yokota et al., 2008). as well as data found in the Immunological Genome project 

database (Heng et al., 2008) (http://www.immgen.org/) and support the hypothesis that 

Fzd6 play a key role in the regulation of fetal and adult hematopoiesis. 

Fzd6 has been associated with non-canonical Wnt signaling (Gray et al., 2011, Guo 

et al., 2004) with the potential to inhibit β-catenin-dependent canonical Wnt pathway in 

non-hematopoietic cells (Golan et al., 2004, Mirkovic et al., 2011). In contrast, Fzd6 

expression correlated with increased levels of intracellular β-catenin in a mouse model of 

chronic B lymphocytic leukemia although there was no evidence of a direct functional 

relationship (Wu et al., 2009b). To determine whether lack of Fzd6 modulated β-catenin 

in normal BM HSPCs, we quantified intracellular active β-catenin levels by flow-

cytometry using an antibody specific for the stable, non-phosphorylated form of the 

protein. We observed no difference in β-catenin staining between Fzd6+/+ and Fzd6-/- 

CD150+ HSPCs (Fig. 1C), indicating that Fzd6 was not involved in the maintenance of 

intracellular β-catenin levels in HSPCs at steady-state and thus appeared to signal 

through a non-canonical pathway.  
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Figure 1. Non-canonical Fzd6 is expressed on CD150
+
 HSCs and influences the ratio of Flt3

+
 vs CD150

+
 

progenitors   

A) Analysis of Fzd6 expression by quantitative RT-PCR in the E13.5 fetal liver and 6-week-old adult BM 

HSCs. Histogram represents mean +SEM from three independent experiments. B) -galactosidase 
expression from the Fzd6-nLacZ allele was determined by its ability to cleave the fluorescent substrate 
FDG in Fzd6

-/-
 (KO) and BM stem/progenitor cells. Fzd6

+/+ 
(WT)  cells were used as negative control. 

Similar results were obtained from three independent experiments. C) Intracellular active β-catenin 
levels in BM CD150

+
 Fzd6

-/-
 and Fzd6

+/+ 
HSCs. Similar results were obtained from four independent 

experiments. D) Flow cytometry analysis of the proportion of CD150
+
 CD135 (Flt3)

-
 HSCs, CD150

-
 CD135

-
 

MPPs and CD150
-
 CD135

+/hi
 LMPPs. Representative flow cytometry data are shown for 6-week-old Fzd6

-

/-
 and Fzd6

+/+
 BM. Numbers within the flow cytometry panels represent the mean percentages of total 

LSKs as well as the different LSK subsets over total LSKs from eight animals per group. Histogram 
represents the absolute numbers of BM LSK subpopulations HSC, LMPP, MPP in 3-week (n=6) and 6-
week-old (n=8) in Fzd6

-/-
 and Fzd6

+/+
 mice (mean + SEM). E) Cell cycle analysis of CD150

+
 HSCs. 

Ki-67/Hoechst co-staining was used to distinguish the G0, G1 and S/G2/M cell cycle phases. Histogram 
represents mean + SEM from three animals per group. *P<0.05, **P<0.005 (two-tailed, unpaired 
student’s t-test). 
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3.2. Fzd6 has an age-dependent effect on hematopoietic progenitor cell 

maintenance  

To determine whether Fzd6 was required for resting hematopoiesis, we examined 3- 

and 6-week-old Fzd6-/- and sex-matched littermate Fzd6+/+ mice. The frequency and the 

numbers of bone marrow LSKs, CD150- multipotent progenitors (MPPs) and CD150+ 

CD135- HSCs were not altered in Fzd6-/- weanling or young adult mice. Interestingly, 6-

week-old adult Fzd6-/- BM presented a modest, approximately two-fold increase in the 

number of LSKs with high cell–surface Flt3 (CD135; lymphoid-primed MPPs, or LMPPs) 

while no significant differences were observed at three weeks (Fig. 1D). This was largely 

due to an overall increase in Flt3 staining intensity in Fzd6-/- BM, suggesting defective 

HSC maintenance. Given that a relative increase in more differentiated, Flt3+ subsets 

could correlate with HSC activation (Sugimura et al., 2012, Wilson et al., 2008, Wilson et 

al., 2004), our observation led us to speculate that Fzd6 might be involved in the 

regulation of HSC turnover.  

During resting hematopoiesis, the majority of long-term HSCs remain in a quiescent 

state with only a small fraction that are actively cycling.  Adult HSC self-renewal has 

been frequently linked to HSC quiescence since disruption of quiescence leads to 

defects in HSC self-renewal (Nygren et al., 2006, Rossi et al., 2012, Sugimura et al., 

2012, Wilson et al., 2008). More specifically, non-canonical Wnt5a signaling favors HSC 

maintenance via quiescence (Nemeth et al., 2007, Povinelli et al., 2014, Sugimura et al., 

2012). To assess whether Fzd6 regulated HSPC cycling, we stained Fzd6+/+ and Fzd6-/- 

BM cells with the DNA dye Hoechst and an antibody against Ki-67. Somewhat 

unexpectedly, we found no significant difference in the proportion of resting (G0) HSPCs 

(Fig. 1E). However, we did observe a slight but reproducible decline in the proportion of 

dividing (S-G2-M phase) Fzd6-/- HSCs (Fig. 1E). These results suggested that Fzd6 

signaling might promote cell cycle progression and proliferation of HSCs.  

To determine whether Fzd6-/- HSPCs were functionally biased toward lymphoid 

fates given their elevated levels of Flt3 expression (Sitnicka et al., 2002), we assessed 

the frequency of early T lineage progenitors in the thymus and mature T and B lymphoid 

cell subsets in BM and spleen. Although we saw some evidence of an augmented 

lymphoid output as shown by an increase in Fzd6-/- thymic cellularity, flow cytometry 

analysis revealed no significant differences in the proportion of various lymphoid subsets 
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in the BM or lymphoid organs (spleen and thymus) between Fzd6-/- and Fzd6+/+ mice 

(Supplementary Figure 1). Our data therefore indicate that Fzd6 deficiency increases the 

ratio of Flt3hi LMPPs to CD150+ HSCs within the LSK compartment (Fig. 1D) but the 

potential lymphoid bias appears compensated for during steady-state hematopoiesis. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

A) Flow cytometry analysis of CD3e+ T lymphocytes and CD19+ B lymphocyte populations in the bone 
marrow (left) and spleens (right) of adult Fzd6+/+ and Fzd6-/- mice. B lymphocyte subpopulations were 
gated as IgD+IgM+ mature/recirculating B cells, IgD-IgM+ immature B cells and IgD-IgM- pro- and pre-B 
cells within the CD19+ cells. Numbers shown in different quadrants indicate the mean percentage from 
four independent experiments. B) CD3e+ T lymphocyte and CD19+ B lymphocyte numbers in bone 
marrow (top) and spleen (bottom). Histograms represent the cell numbers (mean + SEM) from four 
independent experiments. C) Thymic cellularity for Fzd6+/+ and Fzd6-/- mice (mean ±SEM, n=5). D) Flow 
cytometry analysis of thymocytes from adult Fzd6+/+ and Fzd6-/- mice, showing CD4-CD8- double 
negative (DeKoter et al.) CD4+ or CD8+ single positive, and CD4+CD8+ double positive (DP) subsets on 
the left. T cell progenitors were first gated on Lin- (B220, CD3ε, CD11b, GR1, Ter119, CD8") and then 
separated according to c-Kit (CD117) and CD25 expression as follows: c-Kit+ CD25- early thymic 
progenitor (ETP), c-Kit+CD25+ DN2, and c-Kit-CD25+ DN3. Numbers shown in different quadrants 
indicate the mean percentage out of total thymocytes (for CD4/CD8) and Lin- cells (for T cell precursors) 
from four different experiments 

Figure S1. Fzd6
-/- 

mice present grossly normal lymphoid development. 
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3.3. Fzd6 negatively regulates Cdc42/JNK signaling in HSPCs  

Non-canonical Wnt signaling can modulate cell divisions (Gillies et al., 2011, 

Lapebie et al., 2011), HSPC quiescence (Nemeth et al., 2007, Povinelli et al., 2014, 

Sugimura et al., 2012), and polarity (Florian et al., 2013). In particular, an increase in 

Wnt5a/Cdc42-dependent signaling has been linked to the apolarization of HSPCs during 

aging (Florian et al., 2012, Florian et al., 2013), whereas Fzd8/Fmi-dependent 

suppression of HSPC activation is necessary for the maintenance of long-term HSCs 

(Sugimura et al., 2012). To evaluate the role of Fzd6 in non-canonical signaling, we 

examined the expression of Celsr1, which has been shown to interact with Fzd6 in other 

tissues (Devenport et al., 2008), phosphorylated active JNK and Cdc42 in Fzd6-/- and 

Fzd6+/+ HSPCs by flow cytometry. We did not observe any difference in Celsr1 

expression (Fig. 2A), although we cannot conclude about its localization. However, both 

phospho-JNK and Cdc42 were present at higher levels in Fzd6-/- HSPCs (Fig. 2A), 

suggesting that Fzd6 might negatively regulate Cdc42/JNK signaling.  

The localization of Cdc42 appears essential for its role in HSPC polarity and aging 

(Florian et al., 2013). To visualize Cdc42 in Fzd6-/- and Fzd6+/+ HSPCs, we resorted to 

imaging flow cytometry and evaluated Cdc42 polarization (asymmetrical distribution 

within the cell) and the staining intensity of Cdc42 clusters (bright detail intensity). There 

was no difference in the proportion of HSPCs with polarized Cdc42 between Fzd6-/- and 

Fzd6+/+ BM cells (32% and 32%, respectively). However, Fzd6-/- HSPCs showed a 

greater proportion of bright Cdc42 clusters (Fig. 2B-C), with almost all polarized HSPCs 

falling under the Cdc42 bright category (96% vs 67% for Fzd6+/+). Collectively these 

results suggest that Fzd6 provides a regulatory function to restrict Cdc42 clustering and 

thus negatively regulates Cdc42/JNK signaling. 
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Figure 2. Fzd6 is a negative regulator of Cdc42/Jnk signaling 

A) Flow cytometry analysis of the expression of Celsr1, phospho-Jnk (T183/Y185) and Cdc42 in BM 
CD150

+
 Fzd6

-/-
 and Fzd6

+/+ 
HSCs. Similar results were obtained from at least three independent 

experiments. B) Imaging flow cytometry analysis of Cdc42 staining in BM CD150
+
 Sca1

+
 cells. The data 

are pooled from two independent experiments with a total of four mice per genotype. The X-axis of the 
histogram represents the staining intensity of Cdc42 clusters for Fzd6

-/-
 and Fzd6

+/+ 
cells. The table 

shows the numbers of cells within the Cdc42 dim gate (left side of the histogram) and the Cdc42 bright 
gate (right side of the histogram) according to genotype. The numbers in parentheses represent 
polarized events (polarized Cdc42 staining) in each group. P<0.0001 (Fisher’s exact test). C) 
Representative images of Fzd6

-/-
 and Fzd6

+/+ 
cells in G0/G1 and G2/M phases of the cell cycle. The 

bottom images show the staining control (secondary antibody only) for Cdc42. 
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3.4. Fzd6 is essential for competitive repopulating capacity of HSCs and 

long-term granulocytic reconstitution 

To directly determine whether Fzd6 was required for cell-intrinsic regulation of 

HSPC function in vivo, we performed competitive transplantation assays. Fresh BM cells 

from Fzd6-/- and Fzd6+/+ mice (CD45.2+) were mixed with congenic competitor BM cells 

at a 1:1 ratio and transferred into lethally irradiated recipients (Fig. 3A). Donor chimerism 

was assessed by flow-cytometry analysis of peripheral blood leukocytes at 4, 8, 12 and 

16 weeks post-transplant. Approximately half of the mice having received Fzd6-/- cells 

displayed poor reconstitution already at 4 weeks post-transplant (Fig. 3B). The defects in 

the repopulating ability of Fzd6-/- HSPCs became even more pronounced at 12 and 16 

weeks (Fig. 3B) with a progressive loss of Fzd6-/- GR1hi granulocytes, which suggested 

defective long-term HSC self-renewal (Fig. 3C). To further determine the cell-intrinsic 

role of Fzd6 in myelo-lymphoid differentiation in vivo, the contribution to B cells, T cells 

and GR1hi myeloid cells within CD45.2+ donor cells was evaluated by flow-cytometry 

analysis of peripheral blood at different time points. There was no difference in the 

distribution of granulocytes, monocytes and lymphocytes within Fzd6-/- donor cells when 

compared to Fzd6+/+ donors at eight weeks after transplant. However, the proportion of 

granulocytes decreased significantly with time while the relative contribution of Fzd6-/- 

cells to the more long-lived lymphoid lineages and monocytes was not negatively 

affected (Fig. 3D). To obtain a more quantitative representation of lymphoid and myeloid 

lineages, we also analyzed the spleen at 16 weeks after transplant. The numbers of 

Fzd6-/- donor-derived cells were significantly decreased for all subsets (Fig. 3D), with an 

approximately 5-fold difference for B lymphocytes and monocytes and a nearly 10-fold 

decrease for T lymphocytes and granulocytes.  

Flow-cytometry analysis of BM cells from the primary recipient mice confirmed the 

absence of Fzd6-/- HSCs in the majority of recipients at 16 weeks after transplantation 

(Fig. 4A). Consistent with the peripheral blood analysis, in vitro colony-forming ability of 

myeloid progenitor cells of Fzd6-/- origin was also significantly decreased (Fig. 4B). To 

further test the self-renewal activity of donor cells, we selected primary recipients of 

Fzd6-/- BM cells with detectable donor contribution at 16 weeks (11-32% total chimerism 

in peripheral blood) together with representative primary recipients of Fzd6+/+ cells for 

secondary transplants. As expected from the frequency of phenotypic donor HSCs (Fig. 

4A),  
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Figure 3. Fzd6
-/-

 HSPCs display defective long-term engraftment and self-renewal in vivo.  

(A) Experimental design of the competitive reconstitution assay. (B) Peripheral blood (PB) chimerism in 
primary recipient mice at 4, 8, 12, and 16 wk after transplant. Representative flow cytometry data at 4 
and 16 wk are shown in the left panel. Pooled data from two independent groups of transplants are 
shown in the right panel. Dots represent individual mice (open circles for Fzd6

+/+ 
donors; black circles 

for Fzd6
-/-

 donors), and horizontal lines represent the mean (solid line, Fzd6
+/+

; dotted line, Fzd6
-/-

).       
(C) Flow cytometry analysis of short and long-term Fzd6

+/+
 and Fzd6

-/-
 donor cell contribution to 

peripheral blood SSC
hi

GR1
hi

 granulocytes. (D) Representative flow cytometry data and quantitative 
analysis of the relative distribution of CD19

+
 B lymphocytes, CD3ε

+
 T lymphocytes, CD11b

+
GR1

lo
 

monocytes, and GR1
hi

SSC
hi

 granulocytes among donor-derived peripheral blood cells (top right panel) 
and donor-derived splenocytes (bottom right panel) in recipient mice. Histograms indicate mean + SEM 
from two independent experiments (n = 8).*p , 0.05, **p , 0.005 (two-tailed, unpaired Student t test). 
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Fzd6-/- donor cells were unable to establish multi-lineage hematopoietic 

reconstitution (>1% in all lineages) in secondary recipients, even at short-term (Fig. 4C). 

In comparison, Fzd6+/+ donor cells were present in secondary recipients at a frequency 

that was at least equivalent to that detected in primary recipients (Fig. 4C-D). These data 

strongly suggest that Fzd6 is crucial for in vivo repopulating activity and HSC self-

renewal capacity, particularly under stress.  

 

 

                                                                                   
 

 

 

 

 

 

 

 

Figure 4. Fzd6
-/-

 HSPCs display defective long-term engraftment and self-renewal in vivo  

A) Representative flow cytometry data from peripheral blood (left) and BM 16 weeks after transplant. 
Pooled data from two independent groups of transplants are shown on the right. Dots represent 
individual mice (open circles for Fzd6

+/+
 donors; black circles for Fzd6

-/-
 donors) and horizontal lines 

represent the mean (solid line, Fzd6
+/+

; dotted line, Fzd6
-/-

). n=8 for both groups. B) Flow cytometry 
analysis of cells recovered from CFC assays. Left panel represents the percentage of donor-derived cells 
among all cells. Right panel shows the distribution GR1

hi
 granulocytes, GR1

lo/neg 
monocytes and CD11c

+
 

dendritic cells among donor-derived CD11b
+
 cells. Similar results were obtained from four independent 

experiments. C) Representative flow cytometry data from peripheral blood of secondary recipients. Left 
panel represents total chimerism and right panel shows the contribution of donor-derived cells to GR1

hi
 

granulocytes. Numbers indicate the mean from one experiment (n=4 for both groups). Similar results 
were obtained from a second, independent transplant experiment. *P<0.05, **P<0.005 (two-tailed, 
unpaired student’s t-test). 
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3.5. Long-term reconstitution defects of Fzd6 deficient HSPCs are not due 

to altered homing but rather to defective survival and expansion in the 

recipient bone marrow 

 

To understand the mechanisms underlying the observed defects in the engraftment 

and reconstitution capacity of Fzd6-/- HSPCs, we first examined the role of Fzd6 in BM 

homing. To assess the homing efficiency of HSPCs, Fzd6-/- or Fzd6+/+ BM cells were 

transplanted into sub-lethally irradiated congenic recipient mice and the numbers of 

donor-derived HSPCs in the BM were determined by flow-cytometry at 16 h (Fig. 5A). 

Our results revealed no differences in the ability of Fzd6-/- cells to home to the BM when 

compared to Fzd6+/+ controls (Fig. 5B). Furthermore, the percentage of donor-derived 

granulocytes generated in a colony-forming assay was similar for both Fzd6+/+ and Fzd6-

/- donors (Fig. 5C). Not surprisingly we saw no major differences in the expression levels 

of Cxcr4 or CD44 between Fzd6+/+ and Fzd6-/- HSPCs at baseline (Fig. 5D). These 

results indicate that the presence of Fzd6 is not necessary for migration to the BM. It 

might rather be required for HSPC expansion and maintenance. 

Given the problems with myeloid reconstitution already present at four weeks post-

transplant (Fig. 3C), we hypothesized that the loss of Fzd6-/- donor HSPCs would be an 

early event. We therefore decided to investigate the initial HSPC expansion to 

repopulate the recipient BM at four days and eight days post-transplant (Fig. 6A).  Fzd6-/- 

HSPCs were present at comparable numbers on day four but failed to expand between 

days four and eight (Fig. 6B). Cell cycle analysis correlated with cell numbers, with the 

proportion of Fzd6+/+ donor cells in the proliferating phase increasing between the two 

time points in contrast to Fzd6-/- HSPCs (Fig. 6D). Fzd6-/- cells showed similar behavior 

in both non-competitive (Fig. 6) and competitive settings (Fig. 3 and 4), suggesting a 

decrease in not only relative Fzd6-/- HSPC fitness but also in absolute terms. These 

results parallel the cell cycle analysis at steady-state (Fig. 1E), suggesting that either 1) 

Fzd6 is directly implicated in cell cycle progression or that 2) dividing Fzd6-/- HSPCs are 

lost due to differentiation or cell death. 
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Figure 5. Defective long-term reconstitution of Fzd6
-/-

 HSPCs is not due to altered homing   

A) Experimental design for the homing assay. B) Representative flow cytometry data showing the 
percentage donor-derived cells and donor-derived CD150

+
 HSCs in recipient BM 16 h after transplant. 

Histogram represents the absolute number of donor-derived HSCs in BM. Similar results were obtained 
from two independent experiments with three mice per group in each experiment. C) Frequency of 
donor-derived granulocytes among cells recovered from mixed colony assays seeded with BM 
harvested 16h after transplant. Similar results were obtained from two independent experiments. D) 
Representative flow cytometry data depicting CD44 and Cxcr4 expression on Fzd6

+/+
 (black line) and 

Fzd6
-/-

 (solid gray) bone marrow HSPCs. Similar results were obtained from four pairs of mice.
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Figure 6. Fzd6
-/-

 HSPCs cannot expand and die by apoptosis in the first week after transplant.   

A) Experimental design for the short-term transplants. B) Numbers of donor-derived HSCs in BM on day 
4 and day 8 after transplant. Graph represents pooled results from two independent experiments with 
three to five mice per group. C) Representative flow cytometry data depicting phospho-Jnk (T183/Y185) 
staining in Fzd6

+/+
 and Fzd6

-/-
 donor HSPCs. Similar results were obtained from four pairs of mice. D) Cell 

cycle analysis of donor-derived HSCs in the recipient bone marrow. Graphs represent pooled results 
from two independent experiments with two to five mice per group. E) Representative flow cytometry 
data depicting β-catenin and cleaved caspase-3 staining in Fzd6

+/+
 and Fzd6

-/-
 donor HSPCs. Similar 

results were obtained from four pairs of mice. F) Representative flow cytometry data depicting the 
proportion of c-Kit and CD11b staining within Fzd6

+/+
 and Fzd6

-/-
 donor-derived cells recovered from 

mixed colony assays. Similar results were obtained from four pairs of mice. 
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To investigate the second possibility, we stained post-transplant BM cells with an 

antibody against the active form of caspase-3 together with β-catenin. Sustained β-

catenin expression has been shown to activate caspase-3 and result in loss of HSPCs 

shortly after transplant (Ming et al., 2012). While Fzd6+/+ donor HSPCs were mostly 

caspase-3 negative, 35-75% Fzd6-/- HSPCs stained positive for active caspase-3 (Fig. 

6E). Caspase-3-positive cells also co-stained strongly for β-catenin (relative fluorescent 

intensity of 21-50 for Fzd6-/- cells, 8.5-11 for Fzd6+/+). Furthermore, colonies generated 

by Fzd6-/- HSPCs contained a smaller proportion of cKit+ cells, which are indicative of 

colony-forming cells with high proliferative potential (Fig. 6F), suggesting that a larger 

proportion of the remaining Fzd6-/- HSPCs had initiated myeloid differentiation. In 

contrast to steady-state, we did not observe any difference in phospho-JNK activity    

(Fig. 6C). Collectively with the data presented in Figure 5 these results clearly 

demonstrate that Fzd6-/- HSPCs are fully able to reach the BM but once at destination, 

fail to expand due to a strong activation of caspase-3 and consequently decreased 

HSPC survival. 

 

3.6. Fzd6 deficient HSPCs expand poorly in response to emergency signals 

To determine if Fzd6-/- HSPCs fail to expand also in response to other types of 

proliferative stress, we induced emergency myelopoiesis using a sublethal dose of LPS 

(Fig. 7A) (Boettcher et al., 2012). Although both Fzd6+/+ and Fzd6-/- HSPCs expanded in 

both proportion and number (Fig. 7B), BM from Fzd6-/- mice contained significantly fewer 

LSKs and CD150+ HSCs. This difference did not appear to stem from decreased cell 

cycle entry (Fig. 7C) but would be rather due to loss of cells either through cell death or 

differentiation. Similar numbers of HSCs were found in the spleen (on average, 5.0x103 

for Fzd6+/+ vs 5.9x103 for Fzd6-/-), supporting the hypothesis of increased differentiation 

and BM exit. BM Fzd6-/- HSPCs also generated proportionately fewer cKit+ cells in a 

colony-forming assay (Fig. 7D), similar to what we saw shortly after transplant. 

Therefore, Fzd6 is necessary for efficient BM HSPC expansion and self-renewal, not 

only after transplant but also under proliferative stress such as emergency myelopoiesis. 
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Figure 7. Fzd6
-/-

 HSPCs exhibit poor emergency hematopoiesis.   

A) Experimental design for the emergency response. B) Flow cytometry analysis of the BM HSPC 
compartment. Representative flow cytometry data are shown on the left. The numbers within flow 
cytometry plots show the percentage of HSPC subpopulations within LSKs. Histograms represent the 
proportion and absolute numbers of HSPCs per BM. Data are derived from three independent 
experiments with three to five mice per group. C) Cell cycle analysis of HSCs in the bone marrow. 
Histogram represents pooled results from three independent experiments with two to five mice per 
group. D) Representative flow cytometry data depicting the proportion of c-Kit and CD11b staining 
within Fzd6

+/+
 and Fzd6

-/-
 cells recovered from mixed colony assays. Similar results were obtained from 

four pairs of mice. 
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4. DISCUSSION  

 

We have examined here the role of the Wnt signaling receptor Fzd6 in the 

expansion and differentiation of mouse BM HSPCs at steady state and under replicative 

stress. At steady state, the proportion of CD150+ HSCs was normal in the Fzd6-/- BM but 

Fzd6-/- HSPCs expressed a higher level of Flt3 than their Fzd6+/+ counterparts. 

Furthermore, we show that although Fzd6-/- HSPCs were able to reach the recipient BM, 

they failed to reconstitute an irradiated host due to impaired expansion and survival. 

Fzd6-/- HSPCs also failed to expand in response to LPS. Thus, Fzd6 was necessary for 

normal HSPC function in a hematopoietic cell-intrinsic manner.  

Self-renewal is a crucial feature of HSCs, which allows them to replenish all 

hematopoietic lineages under conditions of BM stress e.g., ablative chemotherapy, 

irradiation, infections and injury (Baldridge et al., 2010b, Mendez-Ferrer et al., 2010, 

Wilson et al., 2008). Wnt signaling can play a critical role in HSPC self-renewal, although 

the extent and source of signals are still under debate and likely involve different 

pathways under different circumstances (Florian et al., 2013, Lento et al., 2014, 

Sugimura et al., 2012). Canonical Wnt signaling is induced by myeloablative stress 

(Sugimura et al., 2012) and reportedly required for hematopoietic recovery in response 

to irradiation (Lento et al., 2014). However, in the absence of negative regulators, such 

as Fzd6 (Golan et al., 2004), the response is likely to remain unchecked. Although we 

did not detect differences in canonical Wnt signaling in Fzd6-/- HSPCs at steady-state, in 

contrast to what was reported for Fmi-/- and Fzd8-/- cells (Sugimura et al., 2012), we did 

observe stronger intracellular β-catenin staining after transplant. Fzd6-/- HSPCs were 

present at numbers comparable to controls at four days post-transplant but showed 

increased apoptosis and failed to expand over the following days. Sustained stabilization 

of -catenin has been previously shown to be directly associated with HSPC exhaustion 

and apoptosis and could thus result in the loss of Fzd6-/- donor cells after transplant 

(Kirstetter et al., 2006, Ming et al., 2012, Scheller et al., 2006b). 

 Fmi and Fzd8 loss-of-function studies suggested a non-canonical requirement for 

the maintenance of HSPC quiescence, as their absence altered the pool size, self-

renewal and engraftment of HSPCs (Sugimura et al., 2012). Namely, Fzd8/Fmi signaling 

axis inhibited canonical Wnt signaling in HSCs and thus maintained HSC quiescence at 
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steady state. Label-retaining HSCs expressed much higher levels of Fzd8 and Fmi than 

cycling HSCs, and both Fmi and Fzd8 expression was decreased after activation of 

HSCs in response to 5-fluoro-uracil. Exogenous Wnt5a is also reported to maintain 

HSCs by enforcing their resting state (Nemeth et al., 2007, Povinelli et al., 2014). 

Although we did not detect significant differences in the fraction of quiescent (G0) HSCs 

in the Fzd6-/- BM, we cannot exclude possibility that Fzd6 is also required for the 

quiescence of a specific subset of CD150+ HSCs. Loss of quiescence would ultimately 

result in decreased HSC survival and decreased long-term repopulation (Nygren et al., 

2006, Pietras et al., 2014, Wilson et al., 2008), in agreement with our results after 

transplant. Further studies using, e.g., label-retention approaches will be required to 

conclusively clarify the issue. 

Our results suggest that Fzd6 is a negative regulator of both Cdc42/Jnk and -

catenin –dependent signaling in HSPCs. In contrast to Fmi-/- and Fzd8-/- cells, Fzd6-/- 

HSPCs displayed normal active -catenin levels at steady state. There was also no 

difference in the expression of CD44, a classical Wnt target gene (Staal et al., 2004). 

However, we observed enhanced Cdc42 and Jnk activity as indicated by the increased 

size of Cdc42 clusters and stronger staining with the phospho-specific Jnk antibody. 

Cdc42 activity can have opposing downstream results: activation of NFAT via the 

Cdc42/Ca2+ pathway and suppression of NFAT nuclear translocation through the 

Cdc42/Casein-kinase-1 pathway (Dejmek et al., 2006). Fmi/Fzd8 signaling suppressed 

HSC activation through the inhibition of NFAT/IFN-γ axis and consequent 

downregulation of β-catenin activity (Sugimura et al., 2012), with  Fmi-/- and Fzd8-/- 

HSPCs likely losing their self-renewal capacity due to excessive proliferation. 

Wnt5a/Cdc42 activity has been shown to inhibit canonical Wnt signaling also in culture 

(Nemeth et al., 2007a) and during aging (Florian et al., 2013). It is thus possible that 

even though we do not detect altered active -catenin levels in Fzd6-/- HSPCs, the 

enhanced Cdc42 activity could interfere with canonical Wnt signaling in our model and 

contribute to, e.g. decreased cell cycle progression. On the other hand, increased 

phosphorylation of -catenin by Jnk could promote the translocation of stable -catenin 

to the nucleus and thus enhance the potential for canonical Wnt signaling (Wu et al., 

2008). 

Altered engraftment of HSPCs in the BM is frequently associated with impaired 

homing to the BM niche. This is certainly the case for HSPCs mutated for cell adhesion 
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related genes, such as Rho-family small GTPases Cdc42 and Rac1 (Gu et al., 2003, 

Yang et al., 2007). Although we cannot completely exclude defective interaction of Fzd6-

/- HSPCs with the recipient stromal cells, we detected no impairment in their ability to 

home to the BM immediately after transplant. There was also no difference in the 

expression of CD44, a classical Wnt target gene (Staal et al., 2004) that is involved in 

BM homing (Khaldoyanidi et al., 1996). There may have been a subtle decrease in 

CXCR4 expression in Fzd6-/- HSPCs when compared to their Fzd6+/+ counterparts and 

we certainly cannot exclude the possibility of defective CXCR4 signaling in Fzd6-/- cells. 

However, we saw no significant accumulation of Fzd6-/- HSPCs in the spleen, for 

example, demonstrating that Fzd6-/- donor cells failed to expand and generate 

differentiated progeny irrespective of their location.  

Taken together, we have shown here that Fzd6 plays an essential role in long-

term maintenance and self-renewal of mouse HSPCs in a hematopoietic cell-

autonomous manner that was likely independent of HSPC homing to the BM but rather 

related to their expansion, maintenance and survival. Mechanistically Fzd6 is a negative 

regulator of both Cdc42/Jnk and β-catenin -dependent signaling. We propose that the 

activation of Fzd6 signaling through pharmacologic means would constitute an 

interesting option for improving HSPC engraftment and the recovery of immune function 

after transplant. 
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5. MATERIAL AND METHODS 

 

Experimental Animals 

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). Mice 

deficient in Frizzled6 (Fzd6−/−) are described elsewhere (Guo et al., 2004) and were 

originally a kind gift from J. Nathans (Johns Hopkins, Baltimore, MD). Fzd6+/- mice from 

mixed C57Bl/6x129sv background were backcrossed to C57Bl/6 for 10 generations and 

then maintained as Fzd6+/- to Fzd6+/- intercrosses. Fzd6-/- mice were compared to sex-

matched Fzd6+/+ littermates. For competitive transplant experiments, first generation 

progeny from B6.SJLxFzd6+/+ intercrosses were used as recipients and their littermates 

or B6.SJL mice were used as competing donors. For non-competitive short-term 

transplants and homing experiments the recipient mice were B6.SJL. All mice were bred 

and housed under specific pathogen-free conditions in sterile ventilated racks at the 

animal facility of INRS-Institute Armand-Frappier (Centre National de Biologie 

Expérimentale, CNBE). All procedures were in accordance with the Canadian Council on 

Animal Care guidelines. 

 

Flow-cytometry Analysis and Cell-Sorting 

BM was harvested by flushing tibias and femurs with PBS/0.1% BSA/0.5mM 

EDTA using a 25-gauge needle. To analyze BM HSPCs, the following antibodies were 

used: biotin-conjugated anti-lineage mAbs anti-CD3e (145-2C11), anti-CD11b (M1/70), 

anti-CD45/B220 (RA3-6B2), anti-GR1 (RB6-8C5), and anti-Ter119; streptavidin 

conjugated to BD Horizon™-V500 (BD Biosciences, Mississauga, ON) or FITC (BD 

Biosciences); PE anti-CD117 (c-kit, 2B8; BD Biosciences), PE-Cy7 anti-Sca-1 (Ly6A/E, 

D7; BD Biosciences), PerCP-eFluor® 710 anti-CD135 (Flt3, A2F10), and Alexa-Fluor® 

647 anti-CD150 (TC15-12F12.2; BD Biosciences). PE-Cy7 anti-CD3, PE anti-CD19 

(1D3), APC or FITC anti-CD45.1 (A20), eFluor® 450 or FITC anti-CD45.2 (104), and 

APC-Cy7 anti-GR1 (BD Biosciences) were used for the analysis of peripheral blood 

chimerism. For intracellular staining, surface-stained BM cells were fixed and 

permeabilized using the Foxp3 staining kit (eBioscience, San Diego, CA) and then 
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incubated with PE anti–β-catenin (15B8), Alexa-Fluor® 488 active Caspase-3 (Cell 

Signaling Technologies), PE-eFluor610® anti-Ki67 (SoIA15), PE anti-phospho JNK1/2 

(pT183/pY185; BD Biosciences), unconjugated anti-active β-catenin (D13A1; Cell 

Signaling Technologies), unconjugated anti-Celsr1 (Abcam), or appropriate isotype 

controls. Unconjugated antibodies were detected with a PE-conjugated F(ab’)2 fragment 

against rabbit IgG (Molecular Probes). All antibodies were purchased from eBioscience 

unless indicated otherwise. For cell-cycle analysis, BM cells were first incubated for 30 

min at 37°C with Hoechst #33342 (Sigma Aldrich, Oakville, ON) in DMEM supplemented 

with 10% Premium FBS (Wisent Bioproducts, St-Bruno, QC) and 1 mM HEPES (Life 

Technologies, Burlington, ON), followed by staining with surface antibodies and 

intracellular anti-Ki67 as described above. The FluoReporter® lacZ Flow Cytometry kit 

(Life Technologies) was used for the detection of β-galactosidase expression from the 

Fzd6 mutant allele. Samples were acquired with a four-laser LSR Fortessa flow 

cytometer (Beckton Dickinson, BD Biosciences, Mountain View, CA) and analyzed using 

BD FACS Diva software or FlowJo (for histogram overlays). For cell sorting, BM cells 

were stained as above. For fetal liver HSCs, CD11b was removed from the lineage 

panel and cells were further stained with Alexa Fluor® 647 anti-CD150, PE-Cy7 anti-

Sca1, and APC-Alexa Fluor® 780 CD11b Samples were sorted for purity with a three 

laser FACS Aria-II (Beckton Dickinson). 

 

Imaging Flow Cytometry (Amnis ImageStream) 

BM cells were harvested as above and enriched for c-Kit+ cells using biotinylated 

anti-mouse CD117 (BD Biosciences) and EasySep biotin selection kit (Stem Cell 

Technologies, Vancouver, BC). HSPCs were further identified by PE-Cy7 anti-Sca-1 and 

Alexa Fluor® anti-CD150. Flow cytometry analysis conducted in parallel confirmed that 

all Sca-1+ CD150+ cells were also c-Kit+. Cells were washed in PBS, fixed and 

permeabilized at 4°C for 90 min, washed and blocked with 3% BSA for 30 min, followed 

by staining with anti-Cdc42 (EMD Millipore) for 1h. Staining was detected with a PE-

conjugated F(ab’)2 fragment of goat anti-rabbit IgG (Molecular Probes) in blocking buffer 

for 1h. Cells were counter-stained with DAPI (Life Technologies). Stained cells were 

washed in PBS and acquired with Amnis Imagestream Mark II imaging flow cytometer 

(EMD Millipore) and analyzed with IDEAS v6.1 software.  A cell was considered 
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polarized when Cdc42 protein showed a distinctly asymmetrical distribution when a line 

was drawn across the middle of the cell. 

 

Colony Assays  

Single cell suspensions were prepared in IMDM containing 10% Premium FBS 

(Wisent Bioproducts), and cells were seeded into 35mm non-adherent petri dishes at a 

density of 104 cells/dish in methylcellulose medium containing stem cell factor, IL-3, IL-6, 

and erythropoietin (Methocult GF M3434; Stem Cell Technologies). The cultures were 

incubated at 37°C in 5% CO2 for 7–10 days and hematopoietic colonies were counted 

and identified based on morphology under an inverted microscope. Harvested colony 

forming cells were further stained with antibodies against CD11b, CD11c, CD117/c-Kit, 

GR1, CD45.1 and CD45.2. Stained cells were analyzed as described above. 

 

Transplantation Assays 

For competitive long-term reconstitution experiments, 5x105 Fzd6-/- or Fzd6+/+ BM 

cells (CD45.2+) were mixed with 5x105 competitor cells (CD45.1+ or CD45.1+/CD45.2+) 

and injected into the lateral tail vein of lethally irradiated (two doses of 450 rads, 16 h 

apart) congenic recipient mice. For secondary transplants, an equal number (2x106) of 

total BM cells from two primary recipients were pooled and injected into lethally 

irradiated secondary recipients. For short-term analysis, 10x106 donor cells were 

transferred without competition. To determine peripheral blood chimerism, blood 

samples were collected through the mandibular vein from recipient mice at 4, 8, 12 and 

16 weeks and analyzed by flow cytometry. Sixteen weeks after transplantation, mice 

were euthanized and analyzed for reconstitution in BM and spleen.  

 

Homing Assay 

To determine the homing efficiency of hematopoietic cells, 20x106 BM cells from 

Fzd6-/- or Fzd6+/+ donors (CD45.2+) were injected into sub-lethally irradiated (500 rads) 

CD45.1+ recipient mice. Mice were euthanized and their BM harvested 16 h later for 

flow-cytometry and functional analysis of donor HSPCs. 



98 

 

Emergency hematopoiesis 

To evaluate HSPC expansion during emergency hematopoiesis, Fzd6-/- and 

Fzd6+/+ mice were given two i.p. injections of gamma-irradiated LPS (E.coli 0111:B4; 

Sigma-Aldrich) at a dose of 1mg/kg body weight, 48h apart (Boettcher et al., 2012). 

Their BM was harvested 24h after the second injection for flow-cytometry and functional 

analysis. 

 

Statistical analysis 

Each value represents at least three independent experiments. Two-tailed student's 

t test was used to determine statistical significance unless otherwise noted. P < 0.05 was 

considered significant. 
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1. ABSTRACT  

Cells of the immune system are derived from hematopoietic stem cells (HSCs) 

residing in the bone marrow. HSCs become activated in response to stress, such as 

acute infections, which adapt the bone marrow output to the needs of the immune 

response. However, the impact of infection-adapted HSC activation and differentiation 

on the persistence of chronic infections is poorly understood. We have examined here 

the bone marrow outcome of chronic visceral Leishmaniasis and show that the parasite 

Leishmania donovani induces HSC expansion and skews their differentiation towards 

non-classical myeloid progenitors with a regulatory phenotype. Our results further 

suggest that emergency hematopoiesis contributes to the pathogenesis of visceral 

Leishmaniasis, as decreased HSC expansion results in a lower parasite burden. 

Conversely, monocytes derived in the presence of soluble factors from the infected bone 

marrow environment are more permissive to infection by Leishmania. Our results 

demonstrate that L. donovani is able to subvert host bone marrow emergency responses 

to facilitate parasite persistence, and put forward hematopoiesis as a novel therapeutic 

target in chronic infections.  
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2. AUTHOR SUMMARY 

Hematopoietic stem cells (HSCs) are responsible for the generation of all blood 

cells and thus play an important but often underappreciated role in the host response to 

infections. HSCs are normally dormant, but they can become activated in response to 

stress, such as infections. This stress response is meant to generate more blood cells 

and help the body to eliminate the invading pathogen. We have studied here the 

activation of HSCs in a mouse model of chronic infection with the parasite Leishmania 

donovani. We found that the parasite efficiently activates HSCs and steers them to 

produce large numbers of specific blood cells that are among the preferred targets of the 

parasite and become even more susceptible to infection when produced within the 

diseased environment. Using a mouse strain in which HSC activation cannot be 

sustained, we found that diminished HSC activity correlated with decreased parasite 

numbers. We therefore propose that HSC activation by the parasite promotes the 

infection and could be used as a new target for treatment. 
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3. INTRODUCTION 

Emergency hematopoiesis in response to severe bacterial infection is associated 

with an expansion of hematopoietic stem/progenitor cells (HSPCs) and their progeny, 

mediated by a combination of environmental cues, including inflammatory cytokines and 

microbial products (Baldridge et al., 2010, Burberry et al., 2014, Manz et al., 2014). 

Activated, proliferating HSPCs and myeloid progenitor cells (MPCs) leave the bone 

marrow and migrate to the spleen, liver, and other inflamed target organs where they 

can directly contribute to hematopoiesis (Burberry et al., 2014, Griseri et al., 2012, Haas 

et al., 2015b). In the case of acute bacterial infection, the resulting increase in myeloid 

differentiation promotes the immune response that is required for clearance of the 

pathogen (Baldridge et al., 2010b, Manz et al., 2014). Similarly, increased myelopoiesis 

in response to an acute viral infection can be beneficial for helping to mount the 

appropriate T cell responses to eliminate infected cells (Matatall et al., 2014). Bone 

marrow homeostasis is usually restored after the infection is cleared. However, the 

potential impact of infection-adapted hematopoiesis on the ability of pathogens to persist 

and establish chronic infections has not been widely studied.  

Persistent inflammatory conditions, including chronic parasitic infections such as 

visceral Leishmaniasis may lead to an acquired bone marrow failure, where the HSPCs 

and bone marrow stroma are no longer able to support blood homeostasis (de Freitas et 

al., 2016, Kaye et al., 2011, Matnani et al., 2016). The underlying mechanisms are 

poorly understood, but the pathology clearly suggests that the parasite infection 

profoundly changes normal hematopoiesis: visceral Leishmaniasis is generally 

associated with hepatosplenomegaly, extramedullary hematopoiesis, pancytopenia, and 

immunosuppression. Previous studies using the Balb/c mouse model of infection with 

Leishmania donovani suggest that the parasite does not directly infect HSPCs or MPCs. 

Instead, L. donovani establishes a persistent infection in bone marrow macrophages, 

which correlates with an enhanced MPC output by bone marrow and spleen, and the 

production of myeloid growth factors (Cotterell et al., 2000a, Cotterell et al., 2000b, Kaye 

et al., 2011). However, the contribution of enhanced myelopoiesis to the course of 

infection is not well understood. 

HSPC activation corresponds to changes in Wnt signaling activity, with the various 

intracellular signaling pathways promoting either activation or quiescence (Abidin et al., 
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2015, Staal et al., 2016b, Sugimura et al., 2012). We have previously shown that the 

absence of the Wnt signaling receptor Frizzled6 (Fzd6) results in defective stem cell self-

renewal, completely abrogating their ability to reconstitute an irradiated host after 

transplant, and dampens HSPC expansion during LPS-induced emergency 

hematopoiesis (Abidin et al., 2015). Wnt signaling generally contributes to the 

establishment of T cell memory and regulates effector T cell responses (Gattinoni et al., 

2009, Zhou et al., 2010) and leukocyte trafficking (Chae et al., 2016), but its role in 

inflammation-induced myelopoiesis and the regulation of chronic infections is not known.  

We show here that experimental L. donovani infection induces the expansion of 

hematopoietic stem cell (HSC)-like cells and Sca1+ emergency MPCs in the bone 

marrow. The myeloid progeny of these emergency MPCs consists predominantly of 

Ly6Chi monocytes with a regulatory, suppressor cell-like phenotype. We further 

demonstrate that the expansion is functionally important, as monocytes generated in the 

presence of soluble factors extracted from the infected bone marrow are more 

permissive to infection, and a stunted emergency response such as seen in Fzd6-/- mice 

results in decreased parasite burden. Collectively our results support the hypothesis that 

Leishmania subverts the host bone marrow emergency response to promote its own 

proliferation and to allow for continued persistence of the infection. 
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4. RESULTS  

4.1. L. donovani induces the expansion of HSC-like cells in the bone 

marrow and spleen 

L. donovani infection results in enhanced myelopoiesis in the bone marrow and 

spleen of Balb/c mice (Cotterell et al., 2000a, Cotterell et al., 2000b); however, it is 

unclear which HSPCs the parasite targets and what functional consequences stem from 

the increased myeloid output. We initially followed the progression of L. donovani 

infection in the bone marrow of mice on C57Bl/6 background and observed a sharp 

increase in parasite burden beginning in the third week after infection (Fig. 1A). In 

parallel with parasite burden, the proportion and number of bone marrow Lin-Sca-1+c-Kit+ 

(LSK) cells and CD150+CD16/CD32-LSKs, which correspond to an HSC-like phenotype 

in uninfected mice, also increased, reaching a plateau between day 21 and day 28, 

depending on the strength of the infection (Fig. 1B, 1C, S1). A similar expansion was 

also observed in the spleen: both LSKs and HSC-like cells were virtually undetectable in 

the naïve spleen, but their numbers continued to augment in infected mice through day 

35 (Fig. 1D, S1). These results indicate that the most immature HSPCs are indeed 

affected by infection with L. donovani, and that this effect persists in time. 

Adult HSCs are usually dormant in the bone marrow, with more than two thirds of 

the cells residing in a quiescent state in the G0 phase of the cell cycle. However, they 

become readily activated under stress or in response to inflammatory cytokines 

(Baldridge et al., 2010b, Pietras et al., 2016, Wilson et al., 2008). Chronic infection with 

L. donovani induced HSC-like cells to enter cell cycle, resulting in a gradual loss of 

quiescent cells (Fig. 1E). This was accompanied by differentiation, as the proportion of 

CD150+ HSC-like cells that had acquired CD48 and thus represented multipotent 

progenitors with myeloid bias (Kiel et al., 2005, Wilson et al., 2008) also increased from 

25% to 75% (Fig. 1F, 1G); however, there was a significant expansion of the CD48- 

population as well. HSC activation and cell cycle entry have been shown to correlate 

with the induction of β-catenin-dependent Wnt signaling in non-infectious settings 

(Sugimura et al., 2012). We observed a significant increase in intracellular levels of 

active β-catenin that was specific for CD150+ HSC-like cells (Fig. 1H), suggesting that 

Wnt signaling could contribute to regulating L. donovani-induced HSC expansion. 
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Figure 1. Parasite expansion coincides with proliferation and accumulation of bone marrow 
hematopoietic stem/progenitor cells  

(A) Bone marrow parasite burden was assessed using the serial limiting dilution technique. Graph 
shows parasite burden per one femur and one tibia. (B) Representative flow cytometry data and gating 
strategy of BM HSPCs. BM cells were first gated on Lin

-
 (B220

-
CD3e

-
CD11b

-
GR1

-
Ter119

-
) and identified 

according to Sca1 and cKit (CD117) expression. HSCs were defined as CD150
+
 CD16/CD32

-
 within the Lin

-

cKit
hi

 Sca1
+
 (LSK) population. Numbers within flow cytometry plots represent mean LSK percentage 

within total bone marrow and mean HSC percentage within LSKs. (C) Histograms show percentage and 
absolute numbers of LSKs and HSCs per two femora and two tibiae. Data are pooled from three 
independent experiments, with each individual dot representing one mouse. Horizontal lines represent 
the sample mean. (D) Absolute numbers of LSKs and CD150+ HSCs in spleens of infected mice. See also 
Fig. S1. (E) Ki-67/Hoechst co-staining was used to distinguish the G0, G1, and S/G2/M cell cycle phases 
of CD150+ HSC-like cells during infection. (F) Analysis of CD48 expression within BM CD150

+
 HSC-like 

cells. Numbers within flow cytometry plots represent CD48+ and CD48- HSC subsets within CD150
+
 HSC 

like cells. (G) Graphs depict the numbers of cells for the two subsets at various time points after 
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infection. (H) Intracellular active β-catenin levels (MFI) within CD150+ HSC-like cells. See also Fig. S1. All 
bar graphs represent mean + SEM with 4 mice per group coming from one single infection. Similar 
results were obtained in two additional independent experiments. *P<0.05; **P<0.01; ***P<0.001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure S1. Analysis of hematopoietic stem/progenitor cells in the spleen (Related to Fig 1).   

(A-B) Representative flow cytometry plots and gating strategy for LSKs and HSCs in the bone marrow 
and spleen. Numbers represent the percentage in each population for one individual mouse on day 28. 
(C) Representative flow cytometry plots and gating strategy for LSKs and HSCs in spleens of infected 
mice at various time points during infection. Mean percentage for each cell subset is indicated in 
histograms. (D) Intracellular β-catenin expression on bone marrow HSC cell like subsets in naïve and 
infected mice at D28pi. 
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4.2. Induction of myelopoiesis during L. donovani infection results in the 

generation of altered progeny with a regulatory phenotype  

Leishmaniasis is accompanied by an increase in circulating monocytes, and L. 

donovani induces the expansion and export to spleen of MPCs in Balb/c mice (Cotterell 

et al., 2000b, Mirkovich et al., 1986, Passos et al., 2015). To better define the kinetics 

and the types of progenitors that were responding to the infection, we analyzed the bone 

marrow MPC compartment and observed that the number and proportion of granulocyte-

monocyte progenitors (GMPs; CD16/CD32+cKit+CD41-CD150-Lin-) remained stable over 

time (Fig. 2A, 2B, S2). There was no specific change in the proportion of actively cycling 

GMPs (Fig. 2C, S2), and in contrast to HSC-like cells, the increase in active β-catenin 

levels was very modest (Fig. 2F). However, there was a striking upregulation of Sca1 

expression on GMPs (Fig. 2D, S2), which translated into a decline in the numbers of 

Sca1-GMPs that are normally associated with steady-state hematopoiesis. The steady 

increase in the numbers of Sca1+ “emergency” GMPs (Fig. 2E; Buechler et al., 2013) 

together with the stable levels of total GMPs (Fig. 2A, 2B) suggested that the major 

change brought about by L. donovani did not impact as much the numbers of MPCs as 

the type of progeny they generated. B lymphopoiesis was nearly completely abrogated 

at later stages (Fig. S3), indicative of profound alterations to the bone marrow 

environment. 

GMPs as a population give rise to both granulocytes (mostly neutrophils) and 

monocytes. During resting hematopoiesis, approximately half of the bone marrow 

myeloid cells are granulocytes (SSChiGR1hiLy6G+), with the remaining half divided into 

Ly6Chi monocytes ready to enter the circulation and a Ly6Clo/- population that comprises 

alternative monocytes and macrophages in addition to immature stages of both 

monocytes and granulocytes. Ly6Chi monocytes represented the only myeloid cell type 

whose proportion steadily increased over time in the infected marrow (Fig. 3A). On 

day28, we observed infected cells with monocyte as well as myeloblast morphologies in 

bone marrow smears (Fig. 3B). All monocytes contained a single parasite, while the 

myeloblast-like cells, similar to mature macrophages, could be found to house several. 

These latter, productively infected cells could represent either immature myeloid cells or 

potentially an intermediate stage in monocyte maturation towards a more macrophage-

like morphology.  
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(A) Representative flow cytometry data and gating strategy of granulocyte-monocyte progenitors 
(GMPs) in the bone marrow. Steady state myeloid progenitor (MP) cells were first gated on Lin

-
Sca1

-
c-

kit
hi

 and then subdivided according to the expression of CD41, CD150 and CD16/CD32. GMPs were 
identified as CD16/CD32

+
 CD41

-
 CD150

-
. Due to the inflammation-induced shift in Sca1 expression, the 

total Lin
- 
c-Kit

hi
 HSPC population was included for analysis during infection. See also Fig. S2. (B) Graphs 

show percentage and absolute numbers of GMPs at various time points. Data are pooled from three 
independent experiments, with each individual dot representing one mouse. Horizontal lines represent 
the sample mean. (C) Percentage of GMPs in S/G2/M phases of cell cycle. (D) Percentage of Sca-1

+
 

emergency GMPs within all GMPs. (E) Numbers of cells within Sca-1
+
 and Sca-1

-
 GMP subsets. (F) 

Intracellular active β-catenin levels (MFI) in GMPs.  

 

 

Figure 2. Bone marrow HSCs switch their differentiation towards non-classical myeloid progenitors  
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(A) Representative flow cytometry plots and gating strategy for granulocyte-monocyte progenitors 
(GMPs) in the bone marrow of naïve and infected mice at D28pi. Numbers represent the percentage in 
each population for one individual mouse. (B) Representative histograms for cell-cycle analysis on bone 
marrow GMPs. (C) Representative flow cytometry data showing Sca-1 expression on GMPs in naïve and 
infected mice at D28pi. 

 

 

 

 

Figure S2. Analysis of myeloid progenitors in the bone marrow (Related to Figure 2)   
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To better evaluate monocyte differentiation and maturation, we sought to determine 

if the newly generated monocytes had acquired an altered, regulatory phenotype, similar 

to what has been reported in response to trypanosomal infection (Askenase et al., 

2015). Ly6Chi monocytes rapidly acquired Sca1 expression, similar to the emergency 

GMPs (Fig. 3C, S3). In comparison, only a small percentage of Ly6Clo/- cells upregulated 

Sca1. Ly6Chi monocytes also upregulated MHCII (Fig. 3C, S3) and down-regulated Ly6C 

expression (Fig. 3D),which suggested that they had been exposed to IFN-γ (Askenase 

et al., 2015). To further support the hypothesis of monocyte developmental skewing, the 

Ly6Chi monocytes generated in L. donovani –infected mice also upregulated Galectin-3 

(Fig. 3D, S3), which is associated with alternative macrophage activation (MacKinnon et 

al., 2008), IL-10 production (Chung et al., 2013), and pro-fibrotic responses. These data 

collectively show that L. donovani subverts bone marrow hematopoiesis, enhancing the 

generation of emergency GMPs and the differentiation of monocytes that, due to their 

regulatory or immature phenotype, could represent safe targets and promote parasite 

expansion (Mirkovich et al., 1986). 
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Figure 3. Leishmania parasite expansion promotes myeloid output in the bone marrow 

(A) Representative flow cytometry data to demonstrate gating strategy for myeloid cell subsets in the 
bone marrow. Graphs show percentage and numbers of granulocytes (GR1

hi
 SSC

hi
), mature monocytes 

(Ly6C
hi

CD11b
+
) and remaining immature/resident myelo-monocytes (Ly6C

lo/- 
GR1

lo/- 
CD11b

+
). Data are 

pooled from three independent experiments, with each individual dot representing one mouse. 
Horizontal lines represent the sample mean. See also Figure S3. (B) Giemsa-stained infected bone 
marrow monocytes, myeloblast-like cells and macrophages bearing intracellular Leishmania 
amastigotes  (100 X under oil immersion lens). Scale bar=5µm. (C) Sca-1 and MHC-II expression on 
Ly6C

hi
 and Ly6C

lo/- 
monocyte subsets. (D) Galectin and Ly6C expression (MFI) on Ly6C

hi
 monocytes. All 

bar graphs represent mean + SEM with 4 mice per group coming from one single infection. Similar 
results were obtained in a second, independent experiment. *P<0.05; **P<0.01; ***P<0.001. 
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Figure S3. Analysis of bone marrow B cell and myeloid cells during infection (Related to Figure 3). 

(A) Representative flow cytometry plots and gating strategy for CD19
+
 B cells in the bone marrow of 

infected mice. Data represent mean + SEM from four mice at each time point. Similar results were 
obtained in a second, independent experiment. *P<0.05; **P<0.01; ***P<0.001. (B) Representative flow 
cytometry data for MHC-II and Sca-1 expression on bone marrow Ly6C

hi
 and Ly6C

lo /- 
monocytes. (C) 

Representative flow cytometry data for Galectin-3 expression on bone marrow Ly6C
hi

 monocytes. 
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4.3. Fzd6 promotes bone marrow response to L. donovani  

We have previously shown that the absence of the Wnt signaling receptor Frizzled6 

(Fzd6) dampens HSC expansion during LPS-induced emergency hematopoiesis (Abidin 

et al., 2015b). Given that Wnt signaling was induced in L. donovani –activated HSCs 

(Fig. 1H), we sought to evaluate if Fzd6 was also important for the bone marrow 

response to the parasite, and if we could use Fzd6-deficient mice as a tool to investigate 

the importance of the bone marrow response in promoting parasite expansion. There 

was no significant difference in bone marrow LSK or HSC numbers between Fzd6-/- and 

Fzd6+/+ mice on day 14, before the expansion (Fig. 4A) or on day 21 (Fig. S4). However, 

expansion was blunted in Fzd6-/- mice on day 28 post-infection (Fig. 4A), which 

corresponds to the peak of expansion (Fig. 1G). The difference in HSPC accumulation 

was not due to decreased proliferation, as Fzd6-/- HSCs entered the cell cycle at least as 

efficiently as their Fzd6+/+ counterparts (Fig. 4B). If anything, there was a decrease in the 

proportion of quiescent HSCs in Fzd6-/- bone marrow on day 28 (Fig. 4B), correlating 

with their previously reported self-renewal defect (Abidin et al., 2015), and indicating that 

the Fzd6-/- bone marrow responded to the infection. However, the response did not result 

in as great an accumulation of HSPCs. There was also no significant difference in β-

catenin activation (Fig. 4C), similar to what we had previously reported at steady state 

(Abidin et al., 2015). These results suggested that Fzd6-/- mice could provide a model to 

investigate the impact of L. donovani –adapted hematopoiesis on parasite expansion. 

Fzd6-/- mice display no specific defects in the bone marrow MPC compartment at 

steady state (Fig. S5) or on day 14 post-infection, prior to the parasite-induced changes 

in hematopoiesis (Fig. 4D, 4E). However, on day 28 we observed a two-fold decrease in 

GMPs (Fig. 4D) and more specifically in Sca1+ emergency GMPs (Fig. 4E). Similar to 

HSCs, there was no difference in cell cycle (Fig. 4F) or β-catenin activity (Fig. 4G) 

between Fzd6-/- and Fzd6+/+ GMPs; nor was GM-CSF receptor expression altered (Fig. 

S6). We also evaluated the presence of common monocyte precursors (cMoPs; Lin-

CD115+cKithiFlt3-Ly6C+CD11b-, Fig. S5), and found that the number of cMoPs was 

slightly higher in L. donovani –infected bone marrow when compared to uninfected 

controls (Fig. 4H). cMoPs acquired Sca1 expression in the infected marrow, similar to 

GMPs and Ly6Chi monocytes (Fig. 2D, 2E, 3C). However, Fzd6-/- cMoPs were not 

expanded in response to L. donovani and a lower proportion had acquired Sca1 (Fig. 

4H). Myeloid colony formation in culture was also decreased, with HSPCs isolated from 
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infected Fzd6-/- bone marrow generating 3-times fewer CD11b+ myeloid cells than 

Fzd6+/+ controls (Fig. 4I). Together these data show that the presence of Fzd6 promotes 

parasite-induced HSPC expansion and skewing towards an emergency phenotype. 
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Figure 4. Frizzled-6 is required for parasite-induced expansion and myeloid differentiation of HSPCs  

(A) Analysis of bone marrow LSK and HSC compartments in infected Fzd6
-/-

 (KO) and Fzd6
+/+

 (WT) mice. 
Mean percentage for LSKs and HSC-like cells within total bone marrow are indicated in the corner of 
each histogram. Graphs show the numbers of LSKs and HSCs on days 14 and 28. Day 28 data are pooled 
from three independent experiments, with each individual dot representing one mouse. Horizontal 
lines represent the sample mean. (B) Representative flow-cytometry plots for cell cycle analysis of WT 
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and KO HSCs on day 28. Graph shows percent CD150
+
 HSC like cells in the G0, G1 and S-G2-M phases of 

cell cycle.  (C) Intracellular active β-catenin levels (MFI) in WT and KO CD150
+
 HSCs on days 14 and 28. 

(D) Flow cytometry analysis of BM GMPs. Numbers in the histograms represent mean percentage for 
WT and KO GMPs. Graphs show the numbers of HSPCs and GMPs at day 14 and 28. Day 28 data are 
pooled from three independent experiments, with each individual dot representing one mouse. See 
also Figures S4, S5, S6. (E) Percentage and numbers of Sca-1

-
 and Sca-1

+
 GMPs on day 14 and 28 pi. (F) 

Cell cycle analysis of WT and KO GMPs on day 28. Similar results were obtained from six individual mice 
for each group. (G) Intracellular active β-catenin levels (MFI) in different GMP subsets on day 28. (H) 
Gating strategy and representative flow cytometry plots for common monocyte progenitors (cMoPs). 
BM cells were first gated on Lin

-
 (CD3e

−
B220

−
NK1.1

−
Ly6G

−
) CD115

+
 and then subdivided according to 

Sca1. cMoPs were identified as cKit
+
CD135

-
Ly6C

+
CD11b

-
 within Lin

-
 CD115

+
 cell populations. Mean 

percentage for cMoPs within total bone marrow is depicted in flow cytometry plots, and the graph 
shows absolute numbers (mean + SEM from six mice per group). To note, there were no Sca1

+
 cMoPs in 

naïve mice. (I) Flow cytometry analysis of cells recovered from myeloid colony forming assays. Numbers 
shown in different quadrants indicate the mean percentage in CD11b

+
 cells. Histogram represents 

pooled data from one single infection for a total of five mice. Similar results were obtained in a second, 
independent experiment. All bar graphs represent mean + SEM with 10 mice per group for day 28 
pooled from two independent experiments and 3 mice per group for day 14 unless otherwise noted. 
*P<0.05; **P<0.01; ***P<0.001. 
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Figure S4. Analysis of emergency hematopoiesis in infected Fzd6
-/-

 (KO) and Fzd6
+/+

 (WT) mice on day 21 
(Related to Figure 4 and Figure 5) 

Analysis of (A-F) bone marrow and (Choi et al.) splenic HSPCs and myeloid cell subsets in infected Fzd6
-/-

 
(KO) and Fzd6

+/+
 (WT) mice on day 21 post-infection. (A) Flow cytometry data for LSK and HSC 

compartments in the bone marrow. (B) Flow cytometry analysis of BM GMPs. Numbers in the 
histograms represent mean percentage. (C) Analysis of bone marrow myeloid subsets in the bone 
marrow of infected KO and WT mice. (D) Graph shows numbers of granulocytes and monocytes in the 
bone marrow. (E) Ly6C and CCR2 expression (MFI) on bone marrow Ly6C

hi
 monocytes. (F) Percentage of 

Sca-1
+
, MHC-II

+
 and CXCR4

+ 
cells within bone marrow Ly6C

hi
 monocytes. (G) Flow cytometry analysis of 

myeloid cells in the spleen. (H) Numbers of myeloid cell subsets in the spleen. (I) Parasite burden in the 
spleen. (J) Percentage of Sca-1

+
 and MHC-II

+
 cells within Ly6C

hi
 monocytes in the spleen. (K) Flow 

cytometry data for myeloid cell subsets in the blood. Numbers indicate mean percentage of 
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granulocytes and Ly6C
hi

 monocytes. All bar graphs represent mean + SEM with 3 mice per group for day 
21pi coming from one single infection. *P<0.05; **P<0.01; ***P<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. Steady-state myelopoiesis does not require Fzd6 in the bone marrow (Related to Figure 4)  

(A) BM cells were first gated on Lin
- 

(B220
-
CD3e

-
CD11b

-
GR1-Ter119

-
) and subdivided according to the 

expression of CD41, CD150, CD16/32 and CD105 as depicted in the representative FACS plots: 
CD41

+
CD150

+
, Megakaryocyte progenitors (MkP); CD16/32

hi
, CD150

-
, granulocyte-monocyte 

progenitors(GMP); CD105
+
CD150

+
, pre-CFU-E; CD105

+
 CD150

-
, CFU-E; CD105

-
CD150

+
, Megakaryocyte-

erythrocyte progenitors (MEP); CD105
-
 CD150

- 
CD41

-
CD16/32

-
, pre-GMP (or CMP). (B) Total numbers for 

different myeloid progenitor subsets per bone marrow. (C) Representative flow cytometry data and 
mean percentages of cMOPs in naïve Fzd6

+/+
 and Fzd6

-/-
 bone marrow. (D) Colony forming ability of 

Fzd6
+/+

 and Fzd6
-/-

 bone marrow cells. Colonies were classified as erythroid (BFU-E), granulocyte (CFUG), 
macrophage (CFU-M), granulocyte-macrophage (CFU-GM) and granulocyte/erythroid/megakaryocyte/ 
macrophage (CFU-GEMM) according to size and morphology on day 12. (E) Flow cytometry analysis of 
cells recovered from CFU assays. Numbers shown in different quadrants indicate the mean percentage 
in CD11b

+
 cells. All histograms represent pooled data from at least three independent experiments for a 

total of at least five mice per group. 
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4.4. Enhanced myelopoiesis correlates with increased parasite burden 

To further investigate the impact of HSPC expansion on downstream myeloid 

differentiation during infection, we evaluated the acquisition of regulatory markers by 

Fzd6-/- Ly6Chi monocytes. There was no difference in the proportion of granulocytes 

(SSChi GR1hi/Ly6G+), mature Ly6Chi monocytes, or Ly6Clo monocytes/macrophages at 

steady state (Fig. S7) or on day 14 (Fig. 5A) or day 21 (Fig. S4). However, there was a 

specific decrease in the output of both GR1hi and Ly6Chi myeloid cells (Fig. 5A) and F4-

80+ CD11bint macrophages (Fig. 5B) in the Fzd6-/- bone marrow on day 28. In contrast to 

Fzd6+/+ cells, Fzd6-/- Ly6Chi monocytes did not downregulate Ly6C or Ccr2 (Fig. 5C, S8) 

and expressed higher levels of Cxcr4 (Fig. 5D, S8). Ccr2 and Ly6C downregulation are 

generally associated with monocyte differentiation into macrophages (Morias et al., 

2015, Phillips et al., 2005, Zhou et al., 1999), while Cxcr4 expression has been recently 

shown to correspond to a transitional stage between cMoPs and mature monocytes 

(Chong et al., 2016). Together, these data suggest that Fzd6-/- Ly6Chi monocytes were 

more immature and perhaps less likely to differentiate locally into macrophages.  

Both Fzd6-/- and Fzd6+/+ Ly6Chi monocytes expressed elevated Sca1 and MHCII 

(Fig. 5D, S8), indicative of an inflammatory microenvironment. In further support of their 

potential regulatory function, Ly6Chi monocytes from both groups upregulated Arginase1 

expression, and expressed IL-10 (Fig. 5E, S8). Furthermore, there was no upregulation 

of iNOS by Ly6Chi monocytes or F4-80+ bone marrow macrophages from either Fzd6-/- or 

Fzd6+/+ mice (Fig. 5F, S8). Thus, Fzd6-/- Ly6Chi monocytes are produced in lower 

numbers, presumably due to decreased expansion of upstream progenitors, but they do 

not significantly differ in the expression of activation markers, such as MHCII, Sca1, or 

iNOS. However, Fzd6-/- mice present with lower parasite burden in the bone marrow 

(Fig. 5G), suggesting that the decreased production of “safe targets” in the form of 

Ly6Chi monocytes might be sufficient to dampen parasite expansion, independent of 

their functional capacity. In further support of this hypothesis, we established a statistical 

correlation between bone marrow parasite burden and the number of CD150+ HSCs 

(Fig. 5H) as well as bone marrow Ly6Chi monocytes (Fig. 5I), independent of mouse 

genotype or the stage of infection (D14-D28). 
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Figure 5. Diminished myeloid output in Fzd6
-/-

 mice correlates with a reduced parasite burden during 
the chronic phase of infection. 

(A) Analysis of bone marrow myeloid subsets infected Fzd6
-/-

 (KO) and Fzd6
+/+

 (WT) mice. Mean 
percentage for each cell subset is indicated within flow cytometry plots. Graphs show numbers of 
granulocytes and monocytes on day 14 and 28. See also Figures S4, S6, S7. (B) Numbers within flow 
cytometry plots indicate mean percentage of Ly6C

lo/- 
F4-80

+
 bone marrow macrophages. Histograms 

show total numbers of macrophages and percent F4-80
+
 within Ly6C

hi
 monocytes (mean + SEM from 

seven mice per group). (C) Ly6C and CCR expression (MFI) on Ly6C
hi

 monocytes at day 28pi. (D) 
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Percentage of CXCR4
+
,
 
Sca-1

+
 and MHC-II

+ 
cells within Ly6C

hi
 monocytes on day 28pi. See also Figure S8. 

(E) Percentage of Arginase-1 (Arg-1) and IL-10 expressing cells within Ly6C
hi

 monocytes. (F) NOS2 
expression (MFI) on Ly6C

hi
 monocytes and Ly6C

lo/- 
F4-80

+
 bone marrow macrophages at day 28pi. (G) 

Parasite burden determined by the limiting dilution assay in WT and KO bone marrow at day 28. Data 
shown were pooled from two independent infections with 10 mice per genotype. (H-I) Pearson's 
correlation coefficient was used to assess correlation between bone marrow parasite burden and bone 
marrow HSCs (H) and Ly6C

hi
 monocytes (I) during the course of the infection. Data for correlation were 

pooled from C57BL/6, Fzd6
+/+

 and Fzd6
-/-

 mice at day 14, 21 or 28. All bar graphs represent mean + SEM 
with 6 mice per group for day 28 and 3 mice per group for day 14 unless otherwise noted. Similar 
results were obtained from three independent experiments for day 28. *P<0.05; **P<0.01; ***P<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. Analysis of myeloid progenitor cells in infected Fzd6
+/+

 and Fzd6
-/-

 bone marrow. (Related to 
Fig. 4 and Fig. 5) 

(A) Representative flow cytometry data showing GM-CSFR expression on Fzd6
+/+

 (WT) and Fzd6
-/-

 mice 
(KO) bone marrow LSKs and GMPs at day 28pi. Mean fluorescence intensities are depicted in the graph 
on the right (Mean + SEM from five mice per group). (B) Apoptotic rate of WT and KO HSCs determined 
by caspase-3 activity at D28pi. (C-D) Representative flow cytometry plots for Sca-1

-
 and Sca-1

+
 common 

monocyte progenitors (cMOPs) in naïve and infected mice. 
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To determine whether the differences in bone marrow were also reflected in 

peripheral organs, we evaluated the recruitment of myeloid cells also to liver and spleen, 

two major target organs in visceral Leishmaniasis. Similar to the bone marrow, spleen 

myeloid compartment was still unchanged on day 14, but the numbers of granulocytes 

and monocytes were all substantially increased by day 28 (Fig. 6A, 6B). Once more, 

there was no difference between Fzd6-/- and Fzd6+/+ mice at steady state (Fig. S7), or 

earlier during the infection, before the onset of altered hematopoiesis (Fig. 6B, S4). We 

observed a specific decrease in Fzd6-/- GR1hi and Ly6Chi myeloid cells (Fig. 6A, 6B) with 

no difference in Ly6Clo monocytes or F4-80+ CD11bint red pulp macrophages (Fig. 6A-C). 

There was also a corresponding decrease in Ly6Chi monocytes in the liver (Fig. S9). The 

decrease in myeloid cells correlated with decreased parasite burden on day 28 in Fzd6-/- 

spleen (Fig. 6D) and liver (Fig. S9). Wnt signaling has been reported to affect leukocyte 

infiltration (Chae et al., 2016); however, there was no difference in the proportion of 

Ly6Chi monocytes in peripheral blood (Fig. S4) or in the relative ratio of Ly6Chi 

monocytes present in spleen as compared to bone marrow (Fig. 6E), suggesting that the 

decrease in Fzd6-/- peripheral monocytes was mainly due to differences in 

hematopoiesis. There was no difference in the expression of Sca1, MHCII, Ly6C, or 

Ccr2 between Fzd6-/- and Fzd6+/+ Ly6Chi monocytes in spleen (Fig. 6F, 6G) or liver (Fig. 

S9). Fzd6+/+ Ly6Chi monocytes expressed IL-10 (Fig. 6H, S8) but did not upregulate 

iNOS (Fig. 6H), thus supporting the theory that they may have regulatory functions. A 

smaller proportion of Fzd6-/- Ly6Chi monocytes were IL-10+. Wnt5a has been reported to 

directly induce IL-10 production in dendritic cells through a non-canonical pathway 

(Oderup et al., 2013), while β-catenin activation promotes TLR-mediated IL-10 secretion 

by human monocytes (Martin et al., 2005). Overall these results suggest that the 

decreased monocyte output by the Fzd6-/- bone marrow translates into decreased 

monocytes numbers in the periphery, decreased IL-10 production, and an apparently 

improved control of parasite expansion. 
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Figure 6. Decreased accumulation of myeloid cells is accompanied with reduced parasite burden in   
Fzd6

-/-
 spleen 

(A) Analysis of myeloid subsets in the spleen of infected Fzd6
-/-

 (KO) and Fzd6
+/+

 (WT) mice. Mean 
percentage for each cell subset is indicated within flow cytometry plots. See also Figures S7, S8 and S9. 
(B) Graphs show numbers of granulocytes and monocytes on day 14 and 28. (C) F4-80

+
 cells within 

Ly6C
hi

 monocytes and numbers of Ly6C
lo/- 

F4-80
+
 macrophages in the spleen. (D) Parasite burden 

expressed as Leishmania donovani Units (LDU) in spleen on days 14 and 28pi. (E) Ratio of splenic to 
bone marrow granulocytes and Ly6C

hi
 monocytes in infected KO and WT mice on day 28 (mean + SEM 

from six mice per group). (F) Percentage of Sca-1
+
 and MHC-II

+ 
cells within Ly6C

hi
 monocytes on day 

28pi. (G) Ly6C and CCR2 expression (MFI) on Ly6C
hi

 monocytes at day 28pi. (H) Percentage of IL-10 
expressing cells and NOS2 expression (MFI) on Ly6Chi monocytes at day 28pi. All bar graphs represent 
mean + SEM with 18 mice per group for day 28 pooled from three independent experiments and 3 mice 
per group for day 14 unless otherwise noted. *P<0.05; **P<0.01; ***P<0.001. 
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Figure S7.Steady-state myeloid maturation and migration to spleen do not require Fzd6 (Related to   
Fig. 5 and Fig. 6) 

Representative flow cytometry analysis of granulocytes (GR1
hi

SSC
hi

), mature monocytes (Ly6C
hi

CD11b
+
) 

and remaining immature/resident myelo-monocytes (Ly6Cl
o/-

 CD11b
+
) in the bone marrow (A) and 

spleens (B) of naive Fzd6
+/+

 (WT) and Fzd6
-/-

 mice (KO). Numbers represent the mean percentage of total 
bone marrow cells. Bar graphs show numbers of myeloid cell subsets in bone marrow (mean+SEM from 
at least three experiments for a total of at least five mice per group). 
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Figure S8. Flow cytometry analysis of bone marrow myeloid cells subsets in WT and KO mice at D28pi 
(Related to Fig. 5 and Fig. 6) 

Representative flow cytometry data for (A) MHC-II and Sca-1; (B) F4-80, CCR2, CXCR4 and Arginase-1; 
(C) IL-10; and (D) NOS2 on Ly6C

hi
 monocytes at D28pi. 
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Figure S9. Liver monocytes are also decreased in number in Leishmania-infected Fzd6
-/-

 mice (Related to 
Fig. 6)   

Analysis of myeloid cell subsets in the livers of infected Fzd6
-/- 

(KO) and Fzd6
+/+

 (WT) mice on day 28pi. 
(A) Representative flow cytometry data shows granulocytes, monocytes and macrophages in the liver. 
Mean percentage for each cell subset is indicated within flow cytometry plots. (B) Graph show numbers 
of granulocytes and monocytes. (C) Percentage of F4-80

+
 cells within Ly6C

hi
 monocytes and numbers of 

Ly6C
lo/- 

F4-80
+ 

macrophages in the liver.  (D) Parasite burden expressed as LDU in the liver on day 28pi. 
(E) Ly6C and CCR2 expression (MFI) on Ly6C

hi
 monocytes in the liver. (F) Percentage of Sca-1

+
 and MHC-

II
+
 cells within Ly6C

hi
 monocytes in the liver. All bar graphs represent mean + SEM with 7 mice per group 

for day 28pi coming from one single infection. Similar results were obtained in a second, independent 
experiment.  *P<0.05; **P<0.01; ***P<0.001. 
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4.5. Decreased parasite expansion in Fzd6-/- mice is not due to enhanced T 

lymphocyte activity  

 

Improved T lymphocyte function (Bankoti et al., 2012, Belkaid et al., 2002, Glennie 

et al., 2015, Romano et al., 2015) or macrophage-mediated parasite killing (Arango 

Duque et al., 2015) could also contribute to diminished parasite expansion, independent 

of changes in myeloid differentiation. We first investigated T lymphocyte recruitment to 

the bone marrow and their ability to produce cytokines. There is no major difference in T 

lymphocyte development in the absence of Fzd6 (Abidin et al., 2015). There was also no 

major difference in the numbers of T lymphocytes in the bone marrow or spleen of Fzd6-

/- mice when compared to controls (Fig. 7A, 7B, S10), as we observed a similar increase 

in CD4+ T lymphocytes in both groups. There was a slight but statistically significant 

increase in CD8+ T lymphocytes in the Fzd6-/- spleen. However, CD8+ T cells become 

progressively exhausted in chronic visceral Leishmaniasis (Joshi et al., 2009a). There 

was also no increase in cytokine production by either bone marrow or splenic T 

lymphocytes in response to parasite presented by bone marrow-derived dendritic cells 

(Fig. 7C, 7D), indicating that T lymphocytes were unlikely to explain the difference in 

parasite burden.  

To investigate the contribution of macrophages, we first generated bone marrow-

derived macrophages (BMDMs) in culture from Fzd6-/- and Fzd6+/+ progenitors. We had 

not observed any striking differences the Ly6Clo CD11b+ population that includes bone 

marrow macrophages at steady state (Fig. S7), although the F4-80+ CD11bint 

macrophage population is decreased in mice infected with L. donovani (Fig. 5A, 5B). 

Similarly, there was no difference in the expression of CD11b, F4/80, MHCII or Sca1 

between Fzd6-/- and Fzd6+/+ macrophages at baseline (Fig. S10). There was also no 

difference in their upregulation of MHCII in response to IFNγ (Fig. S10), and we detected 

no significant changes in parasite uptake using fluorescence-labeled amastigotes (Fig. 

7E, S10). However, there was an improvement in parasite control 72h post-infection in 

the presence of IFNγ (Fig. 7F, 7G), suggesting that Fzd6-/- bone marrow macrophages 

could partially contribute to the decreased parasite burden. Interestingly, exposure to the 

parasite resulted in massive upregulation of Sca1 on BMDMs (Fig. S10), while IFN-γ 

alone had no impact. Sca1 expression in the Ly6Clo bone marrow population could 

therefore represent a biomarker for active infection rather than the IFN-dependent 

acquisition of a regulatory phenotype. 
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Figure 7. Fzd6
-/-

 T lymphocytes are functionally indistinguishable from their Fzd6
+/+

 counterparts 

(A-B) Numbers of CD4
+
 and CD8

+
 T cells in BM (A) and spleen (B) of naïve and infected mice on day 28. 

(C-D) Cytokine production by bone marrow and spleen CD4
+
 T cells isolated from infected mice and 

stimulated ex vivo with parasite-pulsed bone marrow dendritic cells. Representative flow cytometry 
data are shown in (C). Graph in (D) shows compiled results from a representative experiment. See also 
Figure S10. All bar graphs represent mean + SEM with 7 mice per group for day 28. (E) Macrophages 
derived from naïve Fzd6

-/-
 (KO) and Fzd6

+/+
 (WT) bone marrow were either left untreated, stimulated 

with IFN-γ alone or first primed with IFN-γ and then infected with PKH26-labeled L. donovani 
amastigotes. See also Figure S10. Imaging flow cytometry analysis of macrophages infected with 
fluorescent Leishmania parasites, showing multiple parasites within both Fzd6

-/-
 (KO) and Fzd6

+/+
 (WT) 

macrophages. (F) Histograms represent percentage of infected macrophages and (G) parasite numbers 
in infected macrophages 72h post-infection. Low=1-3, medium=4-10, high= >10 parasites / cell. Bar 
graphs represent mean + SEM from two independent experiments. 
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Figure S10. Analysis of T lymphocytes and bone marrow-derived macrophages from Fzd6
-/-

 and Fzd6
+/+

 
mice. (Related to Fig. 7)   

(A, C) Representative flow cytometry data for lymphoid cell subsets in (A) bone marrow and (C) spleen 
of naïve and infected Fzd6

-/-
 (KO) and Fzd6

+/+
 (WT) mice. Numbers in flow cytometry plots indicate 

mean percentage for CD19
+
 B cells, total CD3ε

+
 T cells and CD3ε

+
 CD4

+
 and CD3ε

+
CD8

+
 T cells within BM. 

(B, D) Numbers of CD19
+
 B cells and CD3ε

+
 T cells in (B) BM and (D) spleen of naïve and infected mice on 

day 28. (E) Representative flow cytometry histograms showing uniform CD11b and F4/80 expression on 
untreated and infected macrophages. (F) MHC-II and Sca-1 expression on untreated, IFN-γ stimulated 
and infected macrophages. (G) Flow cytometry analysis of parasite uptake at 24h. Similar results were 
obtained from three independent experiments. 
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4.6. Bone marrow cytokine environment promotes the generation of 

permissive monocytes  

L. donovani-infected macrophages produce TNF-α and GM-CSF, which have been 

suggested to promote myelopoiesis (Cotterell et al., 2000b). However, stromal 

macrophages represent a relatively small proportion of all bone marrow cells, with the 

vast majority of the marrow being occupied by the developing myeloid, lymphoid and 

erythroid cells. To obtain a more comprehensive picture of the bone marrow cytokine 

environment during infection, we used the supernatant from freshly harvested total bone 

marrow cells as a surrogate for the extracellular milieu and compared uninfected mice to 

L. donovani-infected mice at different time points. The levels of MIP1α/Ccl3, IL-1, and 

IFNγ-inducible factors, such as ICAM-1, IP10/Cxcl10 and Cxcl9 were all increased in the 

chronic phase of the infection (Fig. 8A). Both IFN-α and IFN-γ were also upregulated on 

day 21 (Fig. 8A, 8B), at the beginning of the chronic phase, and could thus contribute to 

HSPC expansion in the bone marrow (Baldridge et al., 2010, Buechler et al., 2013, de 

Bruin et al., 2013, Matatall et al., 2014). However, IFN-γ levels appeared to decrease 

back to or even below baseline levels by day 28. There was no significant difference in 

the levels of IFN-γ, IFN-α, or myeloid growth factors GM-CSF, M-CSF, IL-3, or IL-6 

between Fzd6-/- and Fzd6+/+ mice. However, Fzd6-/- bone marrow environment 

demonstrated an even more dramatic upregulation of MIP1α and IL-1, together with a 

stronger IFNγ response. These observations together with data from Figures 4 and 5 

suggest that the reduced parasite burden in Fzd6-/- mice is at least partially the result of 

a different inflammatory microenvironment that could contribute to its own maintenance 

via altered myeloid differentiation.  

To investigate this hypothesis in culture, we used the bone marrow supernatants as 

source of growth factors and evaluated the expansion and differentiation of both Fzd6-/- 

and Fzd6+/+ bone marrow progenitor cells over four days. Supernatants from both Fzd6-/- 

and Fzd6+/+ infected bone marrow stimulated the emergence of GR1+/Ly6Chi/CD11b+ 

cells (Fig. 9A, S11); however, their numbers were significantly lower in cultures that had 

been exposed to the Fzd6-/- environment. Similar results were obtained also with GMPs 

and LSKs, indicating that the cytokine environment present in the Fzd6-/- bone marrow 

significantly reduces HSPC expansion. The differentiation patterns were very similar 

when Fzd6-/- progenitor cells were used (Fig. S11), suggesting that the initial steps of the 

progenitor cell response were not affected, similar to what we observed in vivo on day 
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14 (Fig. 4A-4E), or over the first few days after transplant (Abidin et al., 2015). Cell-

intrinsic self-renewal defects would only appear after a much longer period. Thus, 

although L. donovani induces the production of factors that promote myeloid 

differentiation in both Fzd6-/- and Fzd6+/+ bone marrow, the Fzd6-/- cytokine environment 

reduces HSPC expansion, possibly via myelosuppressive factors, which in turn results in 

the generation of fewer GR1+/Ly6Chi monocytes both in culture (Fig. 9) and in vivo (Fig. 

5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Fzd6
-/-

 bone marrow microenvironment is enriched in pro-inflammatory cytokines and 
chemokines 

(A) Fold change in cytokine/chemokine levels in Fzd6
-/-

 (KO) and Fzd6
+/+

 (WT) bone marrow extracellular 
milieu on day 28pi as compared to untreated mice. Heatmap represents log 2 fold change in mean pixel 
density per cytokine/chemokine in at various time points of infection as compared to untreated mice. 
Each square represents one individual experiment coming from a pooled sample of 4-6 mice per group. 
(B) Interferon alpha levels in bone marrow supernatant obtained from naïve and infected mice. 
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Figure S11. Extracellular fluid from naive bone marrow does not promote myeloid differentiation 
(Related to Fig. 9) 

Impact of bone marrow supernatants from naïve mice as compared to L. donovani –infected mice after 
four days of culture on (A) Lin

-
 Fzd6

+/+
 (WT) BM cells and (B) Lin

- 
Fzd6

-/-
 (KO) BM cells. (C) Freshly 

isolated lineage-depleted Fzd6
-/-

 (KO) BM cells were cultured in complete medium supplemented with 
30% BM supernatant as indicated. Representative flow cytometry data show the gating strategy for 
CD11b

+
, LSK and GMP populations. Graphs show numbers of cell recovered per 5x10

5
 cells seeded for 

each subset. 
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To directly test whether the monocytes generated in the infected bone marrow 

environment were functionally different from normal in vitro –differentiated monocytes, 

we exposed the cultures to fluorescence-labeled L. donovani amastigotes. Less than 5% 

Ly6Chi monocytes generated in the naïve setting became infected and there was no 

increase in the proportion of infected cells from 24h to 72h (Fig. 9C-9E), although the 

proportion of monocytes containing efficiently replicating parasites increased over that 

period. In contrast, there was a 10-fold increased in the proportion of infected monocytes 

derived in the presence of supernatants coming from the infected bone marrow (Fig. 9C-

9E), and this proportion increased over time. In both cultures, the proportion of Ly6Chi 

cells increased between 24h and 72h (Fig. 9B), which could indicate either continued 

differentiation or the loss of Ly6Clo/- cells due to cell death or increased adhesion. In 

summary, these results show that the L. donovani –infected bone marrow environment 

not only promotes myelopoiesis but also renders the newly generated cells more 

permissive to infection.  
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Figure 9. Infected bone marrow microenvironment directly promotes HSPC expansion and the 
generation of permissive monocytes..  

Freshly isolated lineage-depleted Fzd6
+/+

 (WT) BM cells were cultured in complete medium supplemented 
with 30% BM supernatant as indicated. (A) Representative flow cytometry data show the gating strategy 
for CD11b

+
, LSK and GMP populations. Graphs show numbers of cell recovered per 5x10

5
 cells seeded for 

each subset. Lin
-
 Fzd6

+/+
 (WT) BM cells cultured with BM supernatant obtained from infected Fzd6

-/-
 (KO) 

and Fzd6
+/+

 (WT) mice. See also Figure S11. Data were pooled from three independent experiments. (B) 
Percentage of Ly6C

+
 monocytes in differentiation cultures following infection on day 4, and (C) the 

proportion of infected Ly6C
+
 monocytes after 24h and 72h. (D-E) Imaging flow cytometry analysis of 

monocytes infected with fluorescent Leishmania parasites, showing multiple parasites at (D) 24h and (E) 
72h post-infection. Histograms represents parasite uptake in infected macrophages. Low=1-3, medium=4-
10, high= >10 parasites respectively. Bar graphs represent mean + SEM from three independent 
experiments. *P<0.05; **P<0.01. 
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5.  DISCUSSION  

We have examined here the role of HSPC expansion and altered myeloid 

differentiation in promoting parasite proliferation during experimental visceral 

Leishmaniasis. We demonstrate that L. donovani induces HSPC proliferation in the bone 

marrow, and promotes the generation of Sca1+ emergency GMPs and their 

differentiation into Ly6Chi monocytes expressing regulatory markers, such as Sca1, 

MHCII, Galectin-3 and IL-10. In contrast, an inefficient emergency response and 

diminished accumulation of emergency GMPs and Ly6Chi monocytes in Fzd6-/- mice 

corresponds to lower parasite expansion in bone marrow and in the periphery. We 

further show that the bone marrow cytokine environment is sufficient to promote HSPC 

expansion and myeloid differentiation, and to render the newly produced monocytes 

more susceptible to infection. Collectively our data support the hypothesis that L. 

donovani modulates the host hematopoietic program to support its own expansion.  

Leishmania parasites have developed multiple mechanisms to survive inside their 

classical targets, macrophages (Arango Duque et al., 2015), and to promote the 

recruitment of more monocytes to the site of infection (Passos et al., 2015). Leishmania 

infection has also been associated with increased extramedullary myelopoiesis in the 

spleen (Cotterell et al., 2000b, Matnani et al., 2016, Mirkovich et al., 1986), which has 

been proposed to generate “safe targets”, or permissive monocytes for the parasite to 

replicate in (Mirkovich et al., 1986). Thus the parasite could not only modify its target 

cells to its liking but also promote their generation. L. donovani establishes a chronic 

infection in the bone marrow (Cotterell et al., 2000b), the predominant site of adult 

hematopoiesis, and chronic Leishmaniasis is associated with pancytopenia and may 

ultimately lead to bone marrow failure (de Freitas et al., 2016, Matnani et al., 2016). 

Despite all this, the role of bone marrow in the pathogenesis of visceral Leishmaniasis 

remains obscure. We have now characterized in detail the changes to the bone marrow 

HSPC compartment during experimental visceral Leishmaniasis, and demonstrate that 

HSC-like cells and emergency GMPs are substantially expanded during the early 

phases of chronic infection. Emergency GMPs are associated with superior proliferative 

potential when compared to their classical Sca1- counterparts, and would thus result in 

the generation of more progeny in the periphery (Buechler et al., 2013). In addition, our 

data provide functional evidence that L. donovani –induced adaptations to 

hematopoiesis are indeed important for parasite expansion: bone marrow cytokine 
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environment from infected mice was not only sufficient to induce HSPC expansion and 

myeloid differentiation in culture but also promoted the infection of newly generated 

monocytes. Conversely, parasite burden directly correlated with bone marrow HSPC and 

Ly6Chi monocytes numbers. Thus put together, our data strongly support the hypothesis 

that infection-adapted emergency myelopoiesis directly promotes parasite expansion 

and the persistence of a chronic infection.  

Monocytes have been proposed as safe targets for L. major (Mirkovich et al., 1986), 

and alternative monocytes contribute to the pathogenesis of L. brasiliensis (Passos et 

al., 2015); however, the role of monocytes in the pathogenesis of visceral Leishmaniasis 

is not well established (Kaye et al., 2011). Development of liver granulomas and the 

clearance of L. donovani in the liver are dependent on incoming monocytes and can be 

promoted with GM-CSF (Cervia et al., 1993, Murray et al., 1995), but the contribution of 

monocytes to the progression of infection in bone marrow and spleen is not known. Our 

results suggest that in contrast to liver, the accumulation of Ly6Chi/int monocytes in 

spleen and bone marrow is detrimental to the host, resulting in higher parasite burden. 

We observed an increased frequency of IL-10+ and Arginase1+ Ly6Chi monocytes in L. 

donovani-infected mice with no upregulation of iNOS, suggesting that the myeloid cells 

adopt indeed an M2-like phenotype. We also show in another study investigating the 

importance of tissue hypoxia that splenic CD11b+ cells are able to suppress Th1 

responses in an antigen-independent manner (AH, SS, manuscript submitted). This 

could be due to the different environmental factors that promote their conversion to a 

regulatory phenotype (Askenase et al., 2015), permissive to infection but unable to kill 

the parasite. 

Bone marrow cytokine environment was responsible for mediating HSPC expansion 

and myeloid differentiation in culture. Our finding correlates with previous reports, 

suggesting that infected macrophages produce myeloid growth factors, such as GM-

CSF, in culture (Cotterell et al., 2000b). However, our approach takes into account not 

only the infected macrophages but also other components of the bone marrow 

microenvironment, including the immature myeloid cells that compose the bulk of the 

marrow. When comparing the cytokine and chemokine environment from infected mice 

to uninfected controls, we saw that GM-CSF levels were actually downregulated in 

chronic infection, which could correlate with decreased leishmanicidal activity (Murray et 

al., 1995). We also saw a corresponding increase in GM-CSFR expression on the 
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surface of both GMPs and more mature myeloid cells, suggesting decreased ligand 

availability. These data suggest that the impact of a chronic in vivo infection with L. 

donovani on cytokine production may be very different from what is seen in culture. They 

also emphasize the need for more in depth analysis of various microenvironmental 

niches, as the cytokines present in different organs or even between separate sites 

within the same organ may have opposing effects.  

Chronic Leishmaniasis is associated with anemia and pancytopenia, signs of 

diminished HSC function and bone marrow failure. We observed a decrease in SDF-

1/Cxcl12 and an increase in MIP-1α/Ccl3 in the infected bone marrow environment. 

Cxcl12 is required for HSC maintenance in the bone marrow (Sugiyama et al., 2006), 

and a decrease in Cxcl12 levels is associated with HSC activation and release to 

peripheral sites, for example, during acute bacterial infection (Takizawa et al., 2011, 

Ueda et al., 2005). Conversely, Ccl3 has been shown to modify bone marrow HSC 

niches, thus promoting the maintenance of leukemic stem cells, for example, at the 

expense of normal HSCs (Baba et al., 2013, Schepers et al., 2013). Ccl3 can also 

promote the settlement of macrophages to the bone marrow (Li et al., 2015). Together, 

the decrease in Cxcl12 and the concomitant increase in Ccl3 observed in the bone 

marrow of L. donovani –infected mice are coherent with HSC activation and a gradual 

loss of function, and represent potential targets for intervention to prevent bone marrow 

failure.  

A better understanding of the signaling pathways underlying bone marrow 

alterations during visceral Leishmaniasis may also result in the development of 

immunotherapies. For example, it should be possible to develop complementary 

therapies to be used in combination with parasitostatic treatment that would selectively 

promote the generation of monocytes capable to controlling and ultimately eliminating 

the parasite. Alternatively, it might be possible to interfere with monopoiesis in a short-

term, preventive treatment, targeted for travellers visiting an endemic area. Lastly, long-

term trained immunity (Cheng et al., 2014, Netea et al., 2011, Saeed et al., 2014) almost 

certainly involves epigenetic alterations at the HSPC level. Identifying the factors that 

stimulate HSPC expansion and the skewing of myeloid differentiation towards a 

permissive phenotype could thus pave the way for the design of vaccines dependent on 

innate immune cell function. 
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Taken together, we report here a substantial activation and accumulation of HSC-

like cells and Sca1+ emergency GMPs during the early stages of chronic L. donovani 

infection, concomitant with the sudden increase in bone marrow parasite burden. We 

further demonstrate that reduced HSPC expansion is associated with lower parasitemia 

and thus provide mechanistic evidence that L. donovani indeed subverts bone marrow 

hematopoiesis in vivo to support its own expansion. Our results support the hypothesis 

that emergency hematopoiesis directly contributes to the pathogenesis of visceral 

Leishmaniasis, and suggest that HSPCs could represent an interesting therapeutic 

target.  

 

6. EXPERIMENTAL PROCEDURES 

 

Experimental Animals and Parasites 

C57BL/6 mice were purchased from The Jackson laboratory (Bar Harbor, ME). 

Mice deficient in Frizzled 6 (Fzd6−/−) were first backcrossed to C57BL/6 for ten 

generations and then maintained under specific pathogen-free conditions in sterile 

ventilated racks at the animal facility of INRS-Institut Armand-Frappier (CNBE), as 

described (Abidin et al., 2015). Female Fzd6-/- mice were compared to sex-matched 

Fzd6+/+ littermates unless otherwise noted. Leishmaniadonovani (strain LV9) were 

maintained by serial passage in B6.129S7-Rag1tm1Mom mice, and amastigotes were 

isolated from the spleens of infected animals. Experimental mice were infected by 

injecting 2×107 amastigotes via the lateral tail vein. Bone marrow and splenic parasite 

burdens were determined either by limiting dilutions or by examining methanol-fixed, 

Giemsa stained tissue impression smears (Hammami et al., 2015). Data are presented 

as number of parasites per bone marrow (one femur and one tibia) or as Leishmani 

Donovan Units (LDU). 

Ethics statement 

All procedures were in accordance with the Canadian Council on Animal Care 

guidelines and approved by the Comité institutionnel de protection des animaux of the 

INRS (CIPA #1411-02, 1210-06, 1510-02). 
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Flow Cytometry 

Bone marrow was harvested by flushing tibiae and femora in phosphate-buffered 

saline (PBS), and the cells were then passed through a 25-gauge needle to obtain a 

single cell suspension. PBS was supplemented with 0.1% bovine serum albumin (BSA) 

and 0.5mM ethylene-diamine-tetra-acetic acid (EDTA) for flow cytometry staining. See 

Table S1 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 37°C with Hoechst #33342 (Sigma-Aldrich, Oakville, ON, 

Canada) 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 acquired 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).  

Wright-Giemsa Staining 

Freshly isolated bone marrow cells from infected mice were collected on slides 

using a cytospin centrifuge (Hettich, Tuttlingen, Germany) at 800rpm for 5 min. The 

smears were air dried and stained with modified Wright-Giemsa stain (Protocol Hema3; 

Thermo Fisher Scientific) as per manufacturer’s instructions. Slides were mounted using 

Fluoromount-G (SouthernBiotech) and coverslips sealed with nail polish. Analyses of 

infected cells were performed using a Nikon Eclipse E800 microscope (Nikon) with a 

100x oil immersion lens and images were captured with a digital camera (COOLPIX 990; 

Nikon). 

Colony Assays 

Freshly harvested cells were seeded in duplicate into 35mm non-adherent petri 

dishes at a density of 104 cells/dish in methylcellulose medium containing stem cell 

factor, IL-3, IL-6, and Erythropoietin (Methocult GF M3434, Stem Cell Technologies, 

Vancouver, BC, Canada). The cultures were incubated at 37°C in 5% CO2 for 10 days 

and hematopoietic colonies were identified based on morphology under an inverted 

microscope.  
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Table S1. Antibodies used in flow cytometry 
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T cell stimulation  

To analyze endogenous CD4 T cell responses, bone marrow-derived dendritic 

cells (BMDCs) were pulsed with fixed parasites for 24 h at 37 ̊C. Splenocytes or bone 

marrow cells from infected animals were then added to BMDCs and incubated for 2 h at 

37 ̊C. Brefeldin A (BD Pharmingen) was added for an additional 4 h, after which cells 

were stained with appropriate antibodies as described above. 

Macrophage infection and parasite survival 

Macrophages were derived from total bone marrow cells in IMDM supplemented 

with 10% very low endotoxin FBS and 15% L929-cell conditioned medium (Heinonen et 

al., 2006). Purity of macrophage cultures was determined by flow cytometry 7 days after 

culture. Macrophages were then plated 2-3x106 cells per 35mm non-adherent petri dish 

and either left untreated or stimulated with 10ng/ml IFN-γ for 2h. IFN-γ-primed 

macrophages were infected with PKH26-labeled L. donovani amastigotes at MOI of 5:1 

for 24h or 72h in the continued presence of IFN-γ. Macrophages were harvested from 

cultures and analyzed by flow cytometry. For imaging flow cytometry, cells were first 

surface-stained with anti-CD11b and anti-F4/80 and then fixed and counterstained with 

DAPI (Life Technologies). Samples were acquired with Amnis Imagestream Mark II 

imaging flow cytometer (EMD Millipore) and analyzed with IDEAS v6.1 software using 

spot count function. 

Bone marrow cytokine/chemokine analysis 

Bone marrow cell supernatants were collected from naïve or L. donovani infected 

mice by harvesting cells from both hind legs into 2 ml PBS, followed by centrifugation. 

Supernatants were pooled from at 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 ImageJ image analysis 

software. Samples were normalized by subtracting pixel intensities from negative 

controls, and the fold changes for infected mice were determined as a ratio over naive 

mice of the same genotype. Levels of mIFN-α were determined by using mouse IFN-

alpha Platinum ELISA (eBioscience). 
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In vitro differentiation assay 

Bone marrow cells were first enriched for progenitor cells using a Mouse 

hematopoietic progenitor cell enrichment kit (StemCell Technologies, Vancouver, BC), 

and their purity was determined by flow cytometry. 5x105 Lin- BM cells per condition 

were divided in ten wells of a non-adherent 96-well plate (BD Falcon), and cultured in 

IMDM supplemented with 10% very low endotoxin FBS (Wisent) and 30% bone marrow 

supernatant in the presence of 10ng/ml IL-3, IL-6 and SCF for up to 4 days. Cells were 

harvested as indicated and their number and differentiation stage were analyzed by flow 

cytometry. Culture-derived monocytes were infected with PKH26-labeled L. donovani 

amastigotes at MOI of 5:1 for 24h or 72h. Cells were surface-stained with anti-CD11b 

and anti-Ly6C and then fixed and counterstained with DAPI (Life Technologies) for 

analysis by imaging flow cytometry as detailed above. 

Statistical analysis 

Statistical significance was determined using ANOVA (for multiple comparisons) 

or two-tailed student's t test (for comparing Fzd6+/+ and Fzd6-/-). P < 0.05 was considered 

significant. 
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CHAPTER 4  

GENERAL DISCUSSION 
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1. Fzd6 is indispensable for the self-renewal and repopulation of 

hematopoietic stem cells 
 

Hematopoietic stem/progenitor cells (HSPCs) located in the BM, are responsible 

for the lifetime production of blood cells. Blood homeostasis depends on the appropriate 

balance between self-renewal and differentiation of HSPCs, allowing tightly controlled 

generation of mature blood cells as well as the maintenance of stem cell function at 

steady state and during regeneration (Yamamoto et al., 2013, Wilson et al., 2008). The 

polarity establishment plays a critical role in cell fate determination and patterning in 

tissues with high turnover rates, such as the hematopoietic system (Carolina Florian et 

al., 2010, Pham et al., 2014). The core PCP receptor, Fzd6 plays a crucial role in the 

regulation of cell planar polarity at precursor cell level to establish an orientation axis for 

molecular asymmetry in different tissue cells through interactions with neighboring cell 

surfaces (Cantilena et al., 2011, Chang et al., 2016, Oozeer et al., 2017). Recent studies 

have identified Fzd6 as a predictive factor of a poor prognosis and invasion in diverse 

human cancers (Corda et al., 2017a). Although Fzd6 is known to be highly expressed on 

HSPCs, its precise role in hematopoiesis had not been previously defined. In the 

Chapter-2 of this thesis, we show that cell-autonomous Fzd6 signaling is indispensable 

for the long-term maintenance and self-renewal of HSPCs. Our results further 

demonstrate that Wnt/Fzd6 signaling acts as guardian of integrity of hematopoietic stem 

cell pool under transplantation stress.  

Mouse HSPCs, including LT-HSCs, ST-HSCs and LMPPs can be identified 

within the LSK (Lin-Sca1+c-Kit) subset of BM cells (Adolfsson et al., 2001, Morrison, 

2002, Muller-Sieburg et al., 2012). Evaluating the steady-state frequencies of each of 

LSK cell populations under steady-state conditions, we found that whereas lack of Fzd6 

did not appreciably affect the frequency and numbers of HSCs in weanling (3 wk) or 

young adult (6 wk) mice, Fzd6 deficiency resulted in a modest, approximately two-fold 

increase in the number of LSKs with high cell–surface Flt3 (LMPPs) in young adult Fzd6-

/- BM (Figure 1-publication no.1). We also observed a higher frequency of Flt3 

expressing progenitor cells within Lin-cKit+Sca1lo (SL) fraction of Fzd6-/- BM (data not 

shown). These results suggest an overall increase in Flt3 staining intensity in BM in the 

absence of Fzd6. It has been previously shown that upregulation of Flt3 expression in 

BM stem cell compartment is accompanied by loss of self-renewal capacity of HSCs 

(Adolfsson et al., 2001). Considering also the fact that proliferating fetal HSCs shifts to a 
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quiescent adult phenotype 3–4 weeks after birth (Bowie et al., 2007) and no significant 

differences were observed at 3 week-old mice in our analysis, it is possible to speculate 

that Fzd6 might be involved in the regulation of HSC turnover. It is well known that a 

similar developmental switch occurs in HSCs during aging, which is characterized by 

increased proliferation of non-functional stem cells (Rossi et al., 2007). Our observation 

that age-dependent HSC expansion was significantly diminished in early-aging (12-14 

wk) Fzd6-/- mice (Figure 1), further suggests that Fzd6 plays a critical role in the 

regulation of homeostatic maintenance and self-renewal divisions of HSCs throughout 

the adult life.  

 

 

Figure 1. The percentage and numbers of HSPC populations in wild-type and Fzd6 

deficient young and early aging adult mouse bone marrow. 

 

 

Quiescence is crucial for the proper maintenance of HSCs and its loss is often 

linked to HSC exhaustion (Pietras et al., 2011). The establishment of cell polarity plays a 

critical role in the maintenance of a quiescent state in HSCs. Consistently, the loss of 

core PCP components in HSPCs including Celsr1/Fmi and Fzd8 alters stem cell pool 

size, self-renewal and engraftment (Sugimura et al., 2012). Enriched Fzd6 expression in 

the slow-dividing fraction of primitive human HSCs suggests a similar role for Fzd6 in the 

regulation of quiescence and self-renewal of HSPCs (Wagner et al., 2004).  

Unexpectedly, loss of Fzd6 did not affect quiescence in our study, but rather resulted in 

a slight decrease in the proportion of proliferating HSCs (Figure 1-publication no.1). 
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These results suggest that Fzd6 might regulate cell cycle progression and proliferation in 

HSCs, a finding consistent with previous reports in other cell types (Cantilena et al., 

2011, Corda et al., 2017b, Wu et al., 2009a). 

Although we observed that loss of Fzd6 slightly increased the LMPP/HSC ratio 

within BM stem cell compartment, it did not significantly disrupt hematopoiesis in 

homeostatic state. It is now established that the majority of HSCs remain dormant and 

divide only five times during the lifetime of a mouse under steady-state conditions (Foudi 

et al., 2009, Wilson et al., 2008). Recent evidence shows that even the depletion of LT-

HSCs from the hematopoietic system does not significantly compromise steady-state 

(Schoedel et al., 2016). While homeostatic hematopoiesis is mainly sustained by 

proliferating hematopoietic progenitors, hematopoietic stress can induce proliferation of 

LT-HSC pool (Busch et al., 2015, Sun et al., 2014). Indeed, it has been shown that 

quiescent and proliferating HSCs have a distinct gene expression signature as shown in 

transplantation settings (Venezia et al., 2004). Because, only a few HSCs are required to 

sustain homeostatic hematopoiesis (Busch et al., 2015, Schoedel et al., 2016, Sun et al., 

2014), and the existence normal numbers of steady-state HSCs does not certainly 

reflect their functional capacity (Chambers et al., 2007, Desponts et al., 2006, Juntilla et 

al., 2010, McMahon et al., 2007, Sun et al., 2010, Ueno et al., 2009), the detection of the 

functional HSCs require more fastidious approaches. This prompted us to test the role of 

Fzd6 in the regulation of HSC function under transplantation-induced stress. With this 

end, we examined the relative BM reconstitution efficiency of Fzd6-/- BM in a competitive 

setting (Figure 3-publication no.1). Analysis of PB chimerism in recipients showed a 

progressive loss of Fzd6-/- donor-derived BM cells in recipient mice between 4 to 16 

weeks post-transplant.  This was accompanied by a gradual loss of Fzd6-/-GR1hi 

granulocytes that was directly linked to the low numbers of Fzd6-/- HSCs in the BM from 

the primary recipient mice. Consequently, Fzd6-/- HSC exhibited a strong defect in their 

ability to reconstitute short term- and long term-hematopoiesis in primary and secondary 

transplants. Following transplantation, engraftment of HSCs occurs as a multistep 

process involving homing of donor cells to the BM cavity and stem cell adhesion in the 

niche (Srour et al., 2001). Loss of cell polarity is often associated with impaired homing 

ability and consequent defective repopulation.  The Rho family of GTPases (Cdc42, Rac 

and Rho) was shown to be activated through stimulation of CXCR4/CXCL12 signaling. 

Consistently, the deletion of Rac-1 leads to reduced migration in response to CXCL12 

and diminishes the homing of HSCs to the endosteum (Williams et al., 2008). Likewise, 
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Cdc42 deficient HSCs show defective homing due to altered reorganization response to 

CXLCL2 as well as defective adhesion and trans-endothelial migration (Yang et al., 

2007). The core PCP receptor Ptk7 is also involved in directing homing of HSPCs to the 

BM following transplantation. Given the fact that Fzd6-/- BM cells exhibited poor 

reconstitution capacity in the vast majority of primary recipient mice already at 4 weeks 

post-transplant, we speculated that this could be an early event after transplantation. A 

previous study has shown that recruitment of HSCs to the BM is completed during the 

first 12 to 24 hours following transplantation (Lewandowski et al., 2010). Our results 

show that comparable frequencies of Fzd6-/- and Fzd6+/+ LSKs and HSCs are found in 

recipient BM 16 hours post-transplant. Moreover, our colony-forming assays revealed no 

difference in in vitro myeloid differentiation capacity of Fzd6-/- progenitor cells at this time 

point (Figure 5-publication no.1). These data indicate that loss of Fzd6 does not affect 

initial homing and differentiation potential of ST-HSCs/MPPs in vivo. It was previously 

reported that HSC proliferation occurs on the second or third day following 

transplantation, self-renewal divisions appear to take place on between 5 to 7 days post-

transplant for the massive expansion of HSPCs (Lewandowski et al., 2010). Consistent 

with these results, Fzd6+/+ HSPCs progressively multiplied their numbers between day 4 

and day 8 following injections that was correlated with increased cell cycle progression. 

In contrast, the numbers of Fzd6-/- HSPCs remain unchanged in the first week of 

transplantation (Figure 6-publication no.1).  Therefore, Fzd6 might regulate self-renewal 

divisions and proliferation of ST-HSC/MPPs and long-term maintenance of HSC pool.  

Recent studies indicate that stress hematopoiesis, which occurs following BM 

transplantation is subject to distinct molecular and cellular regulatory networks (Rossi et 

al., 2012). When HSCs exit quiescence and enter the cell cycle, self-renewal occurs 

through SCD and ACD. Numb protein, a negative regulator of Notch signaling, is known 

to modulate SCD/ACD. Increased inheritance of Numb in one of two daughter cells 

points to ACD, while Numb protein segregation in both daughter cells indicates SDD and 

sustained low levels of Numb in both daughter cells marks SCD (Schroeder, 2007a). 

During homeostasis, the quiescent stem cell pool intrinsically restricted to ACD while 

stress conditions can promote both ACD and SCD. Regulation of appropriate balance 

between these two fate decisions is the essence of the hematopoiesis as increased 

differentiation can result in exhaustion of HSC pool. Polarity is an attractive candidate 

mechanism for the regulation of the outcome (self-renewal versus differentiation) of 

HSPC divisions under stress conditions.  Evidence indicates that loss polarity can result 
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in the stem cell defects by altering the ratio of self-renewal divisions. For instance, 

dynein binding protein Lis1, which regulates inheritance of fate determinants in daughter 

cells during the cell divisions, plays a crucial role in cell polarity determination. The loss 

of Lis1 leads to increased inheritance of Numb and results in increased frequency of 

asymmetric HSC divisions, consequently a bloodless phenotype (Zimdahl et al., 2014). 

Reduction in essential components of the cell polarity signaling has been indicated 

during stress hematopoiesis. For instance, reduced expression levels of non-canonical 

Wnt components Fmi and Fzd-8 in LT-HSCs in response to 5FU treatment (Sugimura et 

al., 2012), may account for the loss of self-renewal in LT-HSCs due to excessive 

proliferation. These studies suggest the repression of gene sets involved in HSC polarity 

results in reduced symmetric self-renewal and increased symmetric differentiation 

divisions, subsequently leading to progressive depletion of functional HSCs (Will et al., 

2013). It will be of interest to investigate whether the loss of Fzd6 favors SDDs in HSCs 

leading to exhaustion of stem cell pool in response to transplantation stress. 

Because active cross talk between the BM niche and HSPCs is essential for 

stable hematopoietic repopulation, it is also crucial to understand how donor Fzd6-/- 

HSPCs interacts with different components of recipient BM microenvironment. Fzd6 is 

highly expressed in OBs (Spencer et al., 2006), MSCs (Okoye et al., 2008, Etheridge, 

2004) and endothelial cells (Goodwin et al., 2006), which are important components of 

the BM microenvironment.  Adhesion of donor HSCs within the endosteal niche, 

particularly their attachment to OBs plays a crucial role in the expansion of HSPCs 

following transplantation (Jung et al., 2007, Sahin et al., 2012), thus decreased adhesion 

could lead to a defective engraftment and subsequent loss of the stem cell pool. Indeed, 

our data demonstrate that inadequate expansion of Fzd6-/- HSCs was a consequence of 

strong caspase-3 activation that was followed by almost total depletion of HSCs as early 

as 8 days after transplantation. Fmi and Fzd8 have been shown to mediate a homophilic 

interaction between N-cadherin+ OBs and HSCs at the interface of these cells (Sugimura 

et al., 2012). Therefore, one can speculate that Fzd6 might be also involved in such 

complex interactions. Consistent with this notion, we observed that Fzd6 potentially 

restrict the size of Rho-related small GTPase Cdc42 clustering in HSPCs (Figure 2-

publication no.1). Cdc42 is known to play a central role in cell polarization, adhesion and 

migration by dictating cell fate decisions via regulation of actin cytoskeleton or the 

microtubule network. Considering the fact that constitutively increased Cdc42 activity in 

HSPCs is associated with the activation of JNK-mediated apoptotic machinery and 
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defective engraftment (Wang et al., 2006a) and loss of Fzd6 in HSPCs also results in 

higher levels of phosphorylated active JNK, it is likely that Fzd6 serve as negative 

regulator of Cdc42/JNK signaling in HSPCs and support survival and expansion of HSC 

pool. Future studies are needed to investigate the role of Fzd6 in polarity in the 

establishment and mode/outcome of HSPCs.  

Previous studies indicated that Fzd6 act as a negative regulator of β-catenin-

dependent canonical Wnt pathway in other cell types (Cantilena et al., 2011, Golan et 

al., 2004b, Mirkovic et al., 2011b). In our study, although we did not detect any 

differences in active β-catenin expression at the baseline, elevated levels of activated β-

catenin Fzd6-/- HSPCs following transplantation indicate that Fzd6 might be a negative 

regulator of β-catenin-dependent Wnt signaling during regeneration (Figure 6-publication 

no.1). It was previously shown that while proper amount canonical Wnt activity maintains 

a functional stem cell pool, sustained activation of β-catenin in HSCs results in the down-

regulation HSC self-renewal genes and subsequent loss of functional HSCs (Luis et al., 

2011, Scheller et al., 2006a). Thus, the constitutive β-catenin activation in the absence 

of Fzd6 might be the cause of impaired self-renewal and multi-lineage defects observed 

in recipient mice.  

 

 

2. Fzd6 regulates endotoxin-induced expansion and myeloid differentiation 

of hematopoietic stem/progenitor cells 

 

Mouse models of steady-state and bone-marrow (BM) transplantation-induced 

stress hematopoiesis have provided valuable information to identify key molecules and 

signaling pathways that regulate hematopoietic stem/progenitor cell (HSPC) function in 

vivo. Acute inflammation is characterized by rapid generation and mobilization of 

myeloid effector cells from the BM, leading to inflammatory leukocytosis. Myeloid 

effector cells, particularly granulocytes and monocytes act as the first line host defense 

against pathogenic agents (Lacy et al., 2015). Even though HSCs predominantly remain 

quiescent under steady-state conditions, recent studies suggest that they directly 

respond to infections by expanding the progenitors and producing myeloid cells capable 

of destroying the microbial pathogens (Scumpia et al., 2010, Ueda et al., 2005). Pro-

inflammatory and inflammatory cytokines directly affect expansion and myeloid 
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differentiation of HSPCs during infections (Baldridge et al., 2011). Thus, balanced 

production of these factors plays a critical role in preserving an intact stem cell pool, a 

critical feature of host defense. Sepsis is one of the best examples of excessive 

production of pro-inflammatory cytokines, which promote HSPC exhaustion and 

myelosuppression that can eventually lead to death (Zhang et al., 2016). 

Lipopolysaccharide (LPS) or endotoxin from gram-positive bacteria accounts for almost 

60% of sepsis cases (Cohen, 2002). However, by which mechanisms HSPCs respond to 

inflammation is incompletely understood. In this thesis, we investigated the role of 

Wnt/Fzd6 signaling in response to LPS-induced acute inflammation.  Our findings 

demonstrate that Fzd6 regulates the expansion and myeloid outcome of HSPCs through 

limiting hyper-immune response during endotoxin-induced inflammation (see Appendix).  

During steady-state hematopoiesis, Fzd6-/- deficient BM was present with 

increased numbers of LMPPs but the potential lymphoid bias was largely absorbed 

(Figure S1-publication no.1). Conversely, HSPCs derived from Fzd6-/- BM showed a 

substantial decrease in in-vitro granulocyte-macrophage colony formation in response to 

myeloid cytokines GM-CSF and IL-3 (Figure A1), suggesting the defective growth and 

differentiation of myeloid progenitors in the absence of Fzd6. Considering the 

importance of myeloid cells in host defense, we investigated the hematopoietic changes 

in Fzd6-/- mice in response endotoxin-induced inflammation. With this end, we 

challenged Fzd6-/- and Fzd6+/+ mice with two sub-lethal doses of LPS by two days 

intervals. As previously reported (Scumpia et al., 2010), a single dose of LPS induced a 

rapid LSK expansion beginning 24h post-infection and lasting 48h before the second 

dose (Figure 7-publication no.1 and Figure A2).  This increase was more pronounced in 

the LT-HSC (CD41-CD150+CD48- LSKs) subset whose numbers gradually increased 

over the course of 72h LPS challenge. Indeed, LPS treatment promoted the recruitment 

of LT-HSCs from the dormant into an activated state and less than 50% of this cell 

subset was found to be quiescent 24h after the first dose of LPS (Figure A2). Increased 

expansion of LT-HSCs was accompanied by myeloid differentiation, as the expression of 

CD48 increased in CD150+ HSC-like cells and a gradual increase is also observed in the 

numbers of myeloid-biased MPPs (MMP2:CD41-CD48-CD150-LSKs) (Wilson et al., 

2008, Zhang et al., 2016). Although the initial LPS response was not impaired in Fzd6-/- 

HSPCs at 24h, Fzd6-/- LT-HSCs failed to expand and generate efficient numbers of 

myeloid biased MPPs beginning 48h after the first dose and 24h after the second dose 

of LPS injection (Figure A2). Since the cell-cycle progression of Fzd6-/- LT-HSCs were 



153 

 

similar to Fzd6+/+ HSCs, it was likely due to the reduced proliferation capacity rather than 

lack of activation of Fzd6-/- HSCs.  It was previously shown that toll-like receptor (TLR) 

signaling plays an active role in HSC activation in response to pathogen-induced 

stimulation during emergency hematopoiesis (Clapes et al., 2016). TLR4 is specific for 

LPS recognition and highly expressed on murine HSCs and GMPs (Takizawa et al., 

2012). However, no differences are observed in TLR4 expression levels on the surface 

of HSCs from LPS-treated Fzd6+/+ and Fzd6-/- mice (Figure A3). This data indicates that 

LPS component was sufficiently recognized on the surface of Fzd6-/- HSPCs.   

We have previously shown that Fzd6 act as a negative regulator of β-catenin 

activation under BM transplantation stress (Figure 6-Publication no1). The involvement 

of Wnt/β-catenin signaling in the LPS-induced inflammatory responses of other cell types 

has been shown in culture (Jang et al., 2017). Moreover, the induction of β-catenin-

dependent Wnt signaling in HSCs was found to accompany HSC expansion in response 

5-FU treatment (Sugimura et al., 2012). However, we did not detect any increase in 

intracellular active β-catenin levels in HSCs from LPS-treated mice (data not shown), 

suggesting that low dose of LPS is not sufficient to induce activation of canonical Wnt 

signaling in HSCs.  

Sca-1, also known as Ly6a (lymphocyte antigen 6 complex, locus A) is one of the 

cell surface proteins whose expression is highly enriched in HSPCs and myeloid 

progenitors are found in the Lin-Sca-1-c-Kit+ cell subset within the BM during steady-

state hematopoiesis (Morrison, 2002). Bacterial infections and LPS have been shown to 

induce Sca-1 expression in not only in LSKs but also in myeloid progenitors (Buechler et 

al., 2013, Shi et al., 2013). Up-regulation of Sca-1 expression correlates with HSC 

activation and increased myeloid differentiation in inflammatory settings (Essers et al., 

2009). Thus, disruption of Sca-1 impairs myeloid-colony formation of HSPCs at steady 

state (Ito et al., 2003) and during inflammation (Melvan et al., 2011). In agreement with 

these studies, we observed increased upregulation of Sca-1 in Lin-c-Kit+ HSPCs (Figure 

A4). As previously reported (Buechler et al., 2013), there was a decline in Sca-1- GMPs 

over the course of treatment while a gradual increase was observed in the numbers of 

Sca-1+ emergency GMPs (eGMPs)  in Fzd6+/+ BM (Figure A4). In contrast, Fzd6-/- BM 

were present with significantly fewer numbers of Sca-1+ HSPCs and Sca-1+ eGMPs at 

24h after the second dose of LPS injection. This could be explained by the increased 

myeloid differentiation of Fzd6-/- eGMPs. As expected, Fzd6+/+ mice exhibited a rapid 

decline in BM cellularity and a sustained reduction in in the absolute numbers of  
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lymphoid cells, particularly CD19+ B cells and LMPPs in the BM  at 24h after the first 

dose of LPS (data not shown). The numbers of granulocytes was also declined at 24h 

post-injection.  This was accompanied by a relative increase of myeloid effector cells, 

particularly granulocytes and Ly6Chi inflammatory monocytes in the blood circulation, 

“injection” site, peritoneal cavity and the extramedullary hematopoietic site, spleen 

(Figure A5 and Figure A6). Conversely, we observed an increase in BM myeloid cell 

numbers at 48h after the first injection  that became more pronounced at 24h following 

the second injection. This increase was presumably associated with appearance and 

rapid expansion of Sca-1+ emergency GMPs as the increased numbers of eGMPs 

reached to a plateau at 48h post-infection (Figure A4). However, LPS-treated Fzd6-/- 

mice had overall reduced accumulation of myeloid cells in the BM, spleen, peritoneal 

cavity (Figure A5 and FigureA6). It was previously reported that lethal dose of LPS 

administration increases HSC death and lead to a decline in HSPC cell numbers (Zhang 

et al., 2016). Yet, no differences were observed in the caspase-3 activity in Fzd6-/- LSKs. 

HSCs, GMPs and myeloid cell subsets following LPS treatment when compared to 

Fzd6+/+ BM (data not shown). Therefore, it can be suggested that Fzd6 deficiency not 

only alters the expansion of HSPCs but also decreases the myeloid output without 

affecting the survival of progenitors in response to LPS.  

In addition to cell-intrinsic regulation, BM microenvironment also actively 

contributes to the activation and response of HSPCs during infection (Boettcher et al., 

2014, van Lieshout et al., 2012). Modulation of stromal-derived signals by certain 

pathogens has been shown to induce expansion and myeloid differentiation of HSPCs 

(Zhou et al., 2012). LPS is known to induce the production of G-CSF by endothelial cells, 

macrophages, epithelial cells and fibroblasts in the BM microenvironment (Bendall et al., 

2014). Increased G-CSF levels induce the recruitment of myeloid cells to the 

inflammation sites that maximizes pathogen clearance (Bendall et al., 2014). Elevated 

G-CSF levels were shown to alter BM microenvironment by suppressing CXCL12 

production in stromal cells (Day et al., 2015, Eash et al., 2010, Semerad et al., 2005). 

Down-regulation of CXCL12 allows HSPC mobilization from the BM into the circulation 

(Johns et al., 2012). The spleen serves as an extramedullary hematopoietic organ during 

inflammation and infection. Although the numbers of HSPCs remain very low in 

homeostasis, infection induce the accumulation these cells in the spleen (Burberry et al., 

2014).Our results show that Fzd6-/- BM is able to upregulate G-CSF production, which 

was accompanied by down-regulation of CXCL12 at similar levels compared to Fzd6+/+ 
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in response to LPS (Figure A7). Moreover, similar numbers of HSPCs observed in the 

spleen following LPS stimulation point that inadequate expansion HSCs and myeloid 

progenitor was not due the increased extramedullary accumulation. LPS stimulation also 

increased the expression levels of the monocyte chemoattractant protein-1 (MCP-

1/CCL2). Evidence show that CAR cells and Nestin+ MSCs are the main producers of 

MCP-1 in response to LPS (Shi et al., 2011a). MCP-1 plays a critical role in monocyte 

mobilization and trafficking in response to low dose LPS  (Shi et al., 2011a). Therefore, 

sufficient upregulation observed in MCP-1 levels in the BM and its ligand CCR2 on 

Ly6Chi monocytes in Fzd6-/- mice further indicate that the overall decreased numbers of 

monocytes cannot be explained by defective accumulation or trafficking of this cell 

subset (Figure A7). Interestingly, other pro-inflammatory factors, particularly MIP-1α, 

MIP-2 and TNF-α were only increased in the BM of Fzd6-/- mice following LPS 

stimulation. While the production of MIP-1α is restricted to hematopoietic cells, 

particularly activated macrophages (Berkman et al., 1995, Christman et al., 1992), MIP-2 

can be produced by different cellular sources including macrophages (Wolpe et al., 

1989), endothelial cells (Li et al., 2000) and mast cells (Biedermann et al., 2000) in 

response to bacterial infections. The release of MIP-1α and MIP-2 from hematopoietic 

and non-hematopoietic cells in the BM is not only crucial for myeloid cell recruitment but 

also enhanced phagocytic function necessary for the clearance of pathogens (Fahey et 

al., 1992, Tumpey et al., 2002, Walley et al., 1997). However, elevated levels of these 

two chemokines have been reported to supress not only the proliferation but also 

myeloid differentiation of HSPCs (Broxmeyer et al., 1990, Cook, 1996, Eaves et al., 

1993). Likewise, excessive production of TNF-α, the major regulator of endotoxin 

induced immune response, not only inhibit HSPC proliferation  (Pronk et al., 2011) but 

also leads to a block in myeloid differentiation (Sade-Feldman et al., 2013) during 

infections. Increased levels of MIP-1 α, MIP-2 and TNF- α, are often observed during 

severe sepsis in patients and experimental models (Brueckmann et al., 2004, Lv et al., 

2014, Walley et al., 1997). Indeed, significantly higher amount of body weight loss (≥ 

20%) is observed in Fzd6-/- mice 24h after a lethal dose of LPS injection, thus indicating 

the severity of sepsis in these mice (data not shown). Our reciprocal transplantation 

assays revealed that Fzd6 signaling regulates the differentiation and activation of 

myeloid cells in a cell autonomous fashion (Figure A8). Considering 

monocyte/macrophages are generated from donor HSPCs following transplantation and 

the initial response of Fzd6-/- HSPCs to LPS appear to be similar to Fzd6+/+ mice, it is 
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likely that increased production of hematopoietic suppressive factors such as MIP-1α, 

MIP-2 and TNF-α from Fzd6-/- macrophages had a secondary role in decreased 

expansion and myeloid differentiation of HSPCs in our model. However, the functional 

relevance and activity of Fzd6-/- macrophages had yet to be elucidated.  

 

3. Fzd6 signaling accelerates the progression of Leishmania donovani 

parasite infection in mice  

 

Visceral Leishmaniasis (VL) is a potentially life-threating chronic disease, which 

is characterized by long-term impairment of the immune system. VL is caused by the 

infestation of macrophages with Leishmania donovani parasites (Badaro et al., 1986, 

Faleiro et al., 2014). Because the liver and spleen are the main targets of in VL, most 

studies have investigated the mechanisms underlying organ-specific immune-

pathological changes associated with cell mediated immunity in these tissues (Faleiro et 

al., 2014, Goto et al., 2004). However, the involvement of the BM during the chronic 

phase of VL both in patients (Chandra et al., 2013, Varma et al., 2010) and experimental 

models (Cotterell et al., 2000a, Cotterell et al., 2000b)appears to be the major cause of 

progression from infection to chronic inflammatory disease. Recent reports suggest that 

HSPCs might play a critical role in coordinated host response to limit parasite infections 

by modulating hematopoietic activity (Belyaev et al., 2010, Cotterell et al., 2000a, Shi et 

al., 2011c). However, the impact of the hematopoietic and stromal compartments of BM 

microenvironment on Leishmania parasite expansion is poorly understood. In chapter 3 

of this thesis, we show that chronic L. donovani infection promotes expansion and 

myeloid differentiation of HSPC in the BM. Our results show that enhanced myeloid 

output in the BM plays a critical role in the chronic progression of VL. Our results further 

suggest that non-canonical Wnt/Fzd6 signaling contributes to the establishment of 

persistent L. donovani infection through modulating HSC differentiation and cytokine 

production in the BM.  

Leishmania parasites are intracellular protozoan parasites whose flagellated 

promastigotes exist within sandfly vector, while intracellular amastigotes are found in 

infected mammals. In infected mammals, Leishmania parasites preferentially infect 

mononuclear phagocytes, particularly macrophages, which can be found in the spleen, 

liver and BM (Stanley et al., 2007). Experimental VL is initiated by intravenous injection 

of L. donovani amastigotes at high numbers. Following injection, L. donovani 
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amastigotes enter the liver, spleen and BM and rapidly multiply their numbers by 

invading host macrophages. Although parasite growth is controlled in the liver during the 

chronic phase (days 28-35) of infection (Paun et al., 2011), a dramatic enhancement of 

parasite expansion in the spleen (Hammami et al., 2015) and BM (Cotterell et al., 2000a) 

leads to the establishment of a persistent infection in these tissues.  

It has been previously shown that Leishmania parasites does not directly infect 

HSPC, but their accumulation in the BM increases in vitro myeloid colony-forming ability 

of HSPCs during the chronic phase of experimental VL (Cotterell et al., 2000a). Other 

reports have pointed that L. donovani amastigotes induce in vitro production of myeloid 

growth factors and in turn enhance the numbers of mononuclear phagocytes, which are 

the main targets for parasite replication (Singal et al., 2005, Cotterell et al., 2000b). In 

this study, we showed that increased parasite growth in the BM during the chronic phase 

(days 21-35) of the infection enhance the numbers of myeloid cells, particularly Ly6Chi 

monocytes in the BM and spleen (Figure 1-publication no.2). The importance of 

monocytes in defense against other Leishmania species (Passos et al., 2015, Romano 

et al., 2017) was previously demonstrated, however the role of monocytes in the 

pathogenesis of visceral Leishmaniasis was not well documented (Kaye et al., 2011). 

Our results suggest that myeloid cell precursors and monocytes are ideal secondary in 

vivo target cells of L. donovani amastigotes (Figure 3-publication no.2). Our in vitro 

infection assays further revealed that a remarkably higher proportion of infected 

monocyte were Ly6C+, thus suggesting these immature inflammatory monocyte subset 

as the preferred mononuclear host cell similar to those observed in L. major infection 

(Romano et al., 2017). Upregulation of IL-10 and Arginase1 on Ly6Chi monocytes from 

infected mice at D28 pi suggested a regulatory function for this subset of monocytes 

during Leishmania infection (Figure 5-publication no.2). In contrast to naïve monocytes, 

Ly6Chi monocytes at this stage expressed high levels of MHC-II and Sca-1 that 

resembles IFN-γ response (Askenase et al., 2015). Indeed, increased IFN-γ production 

has been reported during the chronic phase of VL both in patients (Khoshdel et al., 

2009) and mice (Lehmann et al., 2000). Consistently, we observed an increase in IFN-γ 

expression in the BM microenvironment at day 21pi which was accompanied by 

increased production of IFNγ-inducible factors, such as ICAM-1, IP10/Cxcl10 and Cxcl9 

at days 21-28pi (Figure 8-publication no.2). IFN-γ is known to induce activation and 

myeloid differentiation of HSPCs in infection settings (Baldridge et al., 2010a, Matatall et 

al., 2014). In agreement with these studies, enhanced parasite growth in the BM 



158 

 

activated LT-HSCs and promoted their expansion and differentiation with a contaminant 

increase in the numbers of ST-HSCs. Increased intracellular levels of active β-catenin in 

HSCs suggest the contribution of canonical Wnt signaling to HSC activation in response 

to Leishmania infection (Figure 1-publication no.2). Enhanced expansion of HSCs 

directly correlated with the parasite growth in the BM (Figure 5-publication no.2), thus 

indicating a role for HSC expansion in host defense. Appearance of Sca-1+ GMPs and 

cMOPs during the chronic stage (Figure 2 and Figure 4-publication no.2) supports the 

idea that sensing of danger signals by these progenitors directly affects the generation 

Ly6Chi monocytes with a regulatory phenotype.  

In addition to enhanced IFN-γ-inducible factors, we also observed dramatically 

increased production of MIP-1α, IL-1 (IL-1α and IL-1β) and MCP-1 in the BM 

microenvironment. MIP-1α and MCP-1 do not only act as a chemoattractant to promote 

the recruitment of monocytes (DiPietro et al., 1998, Shi et al., 2011b) but contributes to 

parasite uptake and phagocytic activity of monocytes/macrophages (Dey et al., 2005, 

Sato et al., 1999) during L. donovani infection. Likewise, increased production of IL-1 

accompanies enhanced parasitization and killing ability of monocyte/macrophages 

during in vitro L. donovani (Reiner et al., 1990) and L.major infection (Cillari et al., 1989).  

Yet, IL-1 is also known to induce myeloid differentiation of HSPCs (Pietras et al., 2013). 

In line with these results, exposure to BM supernatant obtained from infected mice at 

day 28pi, induced myeloid differentiation of Lin depleted HSPCs and generation of 

Ly6Chi monocytes in culture (Figure 9-publication no.2). Moreover, our results 

demonstrated that infected BM supernatant increased the parasite uptake of monocytes, 

indicating susceptibility to intracellular L. donovani infection. In contrast, infected Fzd6-/- 

BM supernatant showed significantly elevated levels (P<0.05) of MIP-1α, CXCL9, IL-1 

(IL1a and IL1b) when compared infected Fzd6+/+ BM. In addition MIP-1α, chronic 

exposure to elevated levels of CXCL9 (Lu et al., 2012) or IL-1 (Pietras et al., 2016) can 

also lead to the depletion of HSC pool and myelosuppression. Consequently, Fzd6-/- 

mice presented with significantly fewer numbers of BM HSCs and myeloid progenitors 

and a dramatic reduction in the accumulation of myeloid cells, particularly Ly6Chi 

monocytes in the BM, spleen and liver at day 28pi compared to those in Fzd6+/+ mice. 

Decreased myeloid output in Fzd6-/- mice directly correlated with a reduction in the 

parasite growth due to the corresponding decrease in safe targets in these mice (Figure 

5-publication no2). Furthermore, Fzd6 deficiency also enhanced parasite killing ability of 

macrophages in culture (Figure 7-publication no.2). A previous study has shown that 
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non-canonical Wnt5a signaling intermediates Rac1 and Rho kinase and inhibits L. 

donovani growth in infected macrophages in vitro (Chakraborty et al., 2017). It will be 

interesting to determine the interaction of Fzd6 signaling with Wnt5a and down-stream 

signaling during parasite infection.  

 

4. Conclusion: a new role for Fzd6 signaling in homeostatic and          

stress-induced hematopoiesis  

 

 

Homeostasis and regeneration of the hematopoietic system upon injury depend 

on the balanced fate decisions of HSCs regarding to quiescence, self-renewal and 

survival. The reduction or depletion of functional stem cell population can be potentially 

devastating and contribute to the development of malignancies such as leukemia and 

lymphoma. This raised the questions of which signaling mechanisms control cell-fate 

decisions and function of these clinically valuable cells, what goes awry in hematological 

malignancies and how to enhance marrow engraftment after BM transplantation. In 

recent years, non-canonical Wnt signaling components have emerged as critical 

regulators of HSC function in homeostasis and in regeneration. The deregulation of this 

pathway has been also shown to promote leukemia development. The current study 

gives new insights into the role of non-canonical Wnt/Fzd6 signaling in homeostatic and 

stress-induced hematopoiesis. We provide evidence for the requirement of cell 

autonomous Fzd6 signaling in the expansion, self-renewal and survival of HSPCs 

following BM transplantation. Considering the clinical utility of HSCs in the hematologic 

disease and to restore hematopoiesis in cancer patients, we anticipate that Fzd6 

signaling is a promising therapeutic target to modulate HSC engraftment and survival for 

new treatment concepts to overcome the limitations of BM transplantation.  

Although BM transplantation remains to be a gold standard to assess 

proliferation and multi-lineage differentiation of HSCs in vivo, new efforts focus on 

understanding how HSC function is regulated in response to natural signals, particularly 

those stemming from the interplay between infectious agents and the host immune 

system. Recent evidence shows that the ability of HSPCs to respond to infections by 

expanding the progenitors and producing myeloid effector cells capable of destroying the 

microbial pathogens, while preserving an intact stem cell pool, is a critical feature of host 
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defense. However, there are still many outstanding questions about which networks (cell 

types and molecular mediators) contribute to the regulation of hematopoietic lineage 

specification and myeloid cell production and how the crosstalk between BM 

microenvironment and HSPCs affects hematopoietic output at steady state and during 

chronic inflammation. Elements of non-canonical Wnt signaling, which are known to be 

crucial in lineage specification of HSCs during development, have recently been 

identified as the important modulators of the inflammatory immune response. Yet, the 

precise role of this signaling pathway in HSC response and emergency myelopoiesis 

during acute and chronic inflammatory stress had not been studied. The current study 

extends the role of Wnt/Fzd6 signaling in emergency myelopoiesis and regulating innate 

effector functions by using mouse models of endotoxin-induced inflammation and 

chronic visceral leishmaniasis. Findings of this study demonstrate that during chronic 

parasitic infection, the cytokine milieu from BM microenvironment directly regulate HSC 

expansion and promotes the generation of distinct myeloid progenitors with a regulatory 

phenotype, which generates regulatory immune effector cells to enhance host-defense. 

Our study further identifies a potential feedback mechanism in which Fzd6 signaling may 

fine tune the activation and effector function of antigen presenting cells, thereby 

protecting the hematopoietic system from hyper-activation during pathogen-induced 

inflammation. Further studies needs to be undertaken to elucidate the molecular 

mechanisms Fzd6 action in the function and lineage specification of HSCs and immune 

response. Filling the gaps in understanding the regulatory networks that balance stem 

cell expansion and lineage differentiation will enhance the treatment options for 

pathological conditions such as chronic infections and inflammatory diseases.  

 

 

 

 

 

 

 

 

 

 

 



161 

 

CHAPTER 5   REFERENCES 

 

Abidin BM, Kwarteng EO & Heinonen KM (2015) Frizzled-6 regulates hematopoietic 
stem/progenitor cell survival and self-renewal. The Journal of Immunology 
195(5):2168-2176.   

Adler PN (2002) Planar signaling and morphogenesis in Drosophila. Developmental cell 
2(5):525-535.   

Adolfsson J, Borge OJ, Bryder D, Theilgaard-Mönch K, Åstrand-Grundström I, Sitnicka 
E, Sasaki Y & Jacobsen SE (2001) Upregulation of Flt3 expression within the 
bone marrow Lin− Sca1+ c-kit+ stem cell compartment is accompanied by loss of 
self-renewal capacity. Immunity 15(4):659-669.   

Aerbajinai W, Giattina M, Lee YT, Raffeld M & Miller JL (2003) The proapoptotic factor 
Nix is coexpressed with Bcl-xL during terminal erythroid differentiation. Blood 
102(2):712-717.   

Agarwal P, Zhang B, Ho Y, Cook A, Li L, Mikhail FM, Wang Y, McLaughlin ME & Bhatia 
R (2017) Enhanced targeting of CML stem and progenitor cells by inhibition of 
porcupine acyltransferase in combination with TKI. Blood 129(8):1008-1020.   

Aggarwal BB (2003) Signalling pathways of the TNF superfamily: a double-edged sword. 
Nature Reviews Immunology 3(9):745-756.   

Ahn VE, Chu ML-H, Choi H-J, Tran D, Abo A & Weis WI (2011) Structural basis of Wnt 
signaling inhibition by Dickkopf binding to LRP5/6. Developmental cell 21(5):862-
873.   

Akashi K, He X, Chen J, Iwasaki H, Niu C, Steenhard B, Zhang J, Haug J & Li L (2003) 
Transcriptional accessibility for genes of multiple tissues and hematopoietic 
lineages is hierarchically controlled during early hematopoiesis. Blood 
101(2):383-389.   

Akashi K, Traver D, Miyamoto T & Weissman IL (2000) A clonogenic common myeloid 
progenitor that gives rise to all myeloid lineages. Nature 404(6774):193-197.   

Alberts B, Johnson A, Lewis J, Raff M, Roberts K & Walter P (2002) The cytoskeleton 
and cell behavior.   

Alberts B, Johnson A, Lewis J & Raff M (2002) The adaptive immune system.   Garland 
Science. 

Allakhverdi Z, Comeau MR, Smith DE, Toy D, Endam LM, Desrosiers M, Liu Y-J, Howie 
KJ, Denburg JA & Gauvreau GM (2009) CD34+ hemopoietic progenitor cells are 
potent effectors of allergic inflammation. Journal of Allergy and Clinical 
Immunology 123(2):472-478. e471.   

Angers S & Moon RT (2009) Proximal events in Wnt signal transduction. Nature reviews. 
Molecular cell biology 10(7):468-477.   

Antman KS, Griffin JD, Elias A, Socinski MA, Ryan L, Cannistra SA, Oette D, Whitley M, 
Frei III E & Schnipper LE (1988) Effect of recombinant human granulocyte-
macrophage colony-stimulating factor on chemotherapy-induced 
myelosuppression. New England Journal of Medicine 319(10):593-598.   

Arai F & Suda T (2008) Quiescent stem cells in the niche.   
Arango Duque G & Descoteaux A (2015) Leishmania survival in the macrophage: where 

the ends justify the means. Curr Opin Microbiol 26:32-40.   
Arinobu Y, Iwasaki H, Gurish MF, Mizuno S-i, Shigematsu H, Ozawa H, Tenen DG, 

Austen KF & Akashi K (2005) Developmental checkpoints of the basophil/mast 



162 

 

cell lineages in adult murine hematopoiesis. Proceedings of the National 
Academy of Sciences of the United States of America 102(50):18105-18110.   

Asai T, Liu Y, Bae N & Nimer SD (2011) The p53 tumor suppressor protein regulates 
hematopoietic stem cell fate. Journal of cellular physiology 226(9):2215-2221.   

Askenase MH, Han SJ, Byrd AL, Morais da Fonseca D, Bouladoux N, Wilhelm C, Konkel 
JE, Hand TW, Lacerda-Queiroz N, Su XZ, Trinchieri G, Grainger JR & Belkaid Y 
(2015) Bone-Marrow-Resident NK Cells Prime Monocytes for Regulatory 
Function during Infection. Immunity 42(6):1130-1142.   

Auffray C, Fogg DK, Narni-Mancinelli E, Senechal B, Trouillet C, Saederup N, Leemput 
J, Bigot K, Campisi L & Abitbol M (2009) CX3CR1+ CD115+ CD135+ common 
macrophage/DC precursors and the role of CX3CR1 in their response to 
inflammation. Journal of Experimental Medicine 206(3):595-606.   

Austin TW, Solar GP, Ziegler FC, Liem L & Matthews W (1997) A role for the Wnt gene 
family in hematopoiesis: expansion of multilineage progenitor cells. Blood 
89(10):3624-3635.   

Baba T, Naka K, Morishita S, Komatsu N, Hirao A & Mukaida N (2013) MIP-
1alpha/CCL3-mediated maintenance of leukemia-initiating cells in the initiation 
process of chronic myeloid leukemia. J Exp Med 210(12):2661-2673.   

Baba Y, Yokota T, Spits H, Garrett KP, Hayashi S-I & Kincade PW (2006) Constitutively 
active β-catenin promotes expansion of multipotent hematopoietic progenitors in 
culture. The journal of Immunology 177(4):2294-2303.   

Badaro R, Jones T, Carvalho E, Sampaio D, Reed S, Barral A, Teixeira R & Johnson Jr 
W (1986) New perspectives on a subclinical form of visceral leishmaniasis. 
Journal of infectious diseases 154(6):1003-1011.   

Baldridge MT, King KY, Boles NC, Weksberg DC & Goodell MA (2010a) Quiescent 
haematopoietic stem cells are activated by IFN-[ggr] in response to chronic 
infection. Nature 465(7299):793-797.   

Baldridge MT, King KY, Boles NC, Weksberg DC & Goodell MA (2010b) Quiescent 
haematopoietic stem cells are activated by IFN-gamma in response to chronic 
infection. Nature 465(7299):793-797.   

Baldridge MT, King KY & Goodell MA (2011) Inflammatory signals regulate 
hematopoietic stem cells. Trends in immunology 32(2):57-65.   

Banerjee P, Crawford L, Samuelson E & Feuer G (2010) Hematopoietic stem cells and 
retroviral infection. Retrovirology 7(1):8.   

Bankoti R, Gupta K, Levchenko A & Stager S (2012) Marginal zone B cells regulate 
antigen-specific T cell responses during infection. J Immunol 188(8):3961-3971.   

Barata JT (2013) IL-7Rα: Mr Hyde’s twists and turns. Blood 122(26):4151-4152.   
Barda-Saad M, Rozenszajn LA, Ashush H, Shav-Tal Y, Nun AB & Zipori D (1999) 

Adhesion molecules involved in the interactions between early T cells and 
mesenchymal bone marrow stromal cells. Experimental hematology 27(5):834-
844.   

Barner M, Mohrs M, Brombacher F & Kopf M (1998) Differences between IL-4Rα-
deficient and IL-4-deficient mice reveal a role for IL-13 in the regulation of Th2 
responses. Current Biology 8(11):669-672.   

Baron MH (2003) Embryonic origins of mammalian hematopoiesis. Experimental 
hematology 31(12):1160-1169.   

Battinelli EM, Hartwig JH & Italiano Jr JE (2007) Delivering new insight into the biology 
of megakaryopoiesis and thrombopoiesis. Current opinion in hematology 
14(5):419-426.   

Becker AJ, McCulloch EA & Till JE (1963) Cytological demonstration of the clonal nature 
of spleen colonies derived from transplanted mouse marrow cells.   



163 

 

Belkaid Y, Piccirillo CA, Mendez S, Shevach EM & Sacks DL (2002) CD4+CD25+ 
regulatory T cells control Leishmania major persistence and immunity. Nature 
420(6915):502-507.   

Belyaev NN, Brown DE, Diaz A-IG, Rae A, Jarra W, Thompson J, Langhorne J & 
Potocnik AJ (2010) Induction of an IL7-R+ c-Kithi myelolymphoid progenitor 
critically dependent on IFN-[gamma] signaling during acute malaria. Nature 
immunology 11(6):477-485.   

Bendall LJ & Bradstock KF (2014) G-CSF: From granulopoietic stimulant to bone 
marrow stem cell mobilizing agent. Cytokine & growth factor reviews 25(4):355-
367.   

Bennett CN, Longo KA, Wright WS, Suva LJ, Lane TF, Hankenson KD & MacDougald 
OA (2005) Regulation of osteoblastogenesis and bone mass by Wnt10b. 
Proceedings of the National Academy of Sciences of the United States of 
America 102(9):3324-3329.   

Bergenfelz C, Medrek C, Ekström E, Jirström K, Janols H, Wullt M, Bredberg A & 
Leandersson K (2012) Wnt5a induces a tolerogenic phenotype of macrophages 
in sepsis and breast cancer patients. The Journal of Immunology 188(11):5448-
5458.   

Berger H, Wodarz A & Borchers A (2017) PTK7 faces the Wnt in development and 
disease. Frontiers in Cell and Developmental Biology 5.   

Berkman N, John M, Roesems G, Jose PJ, Barnes PJ & Chung KF (1995) Inhibition of 
macrophage inflammatory protein-1 alpha expression by IL-10. Differential 
sensitivities in human blood monocytes and alveolar macrophages. The Journal 
of Immunology 155(9):4412-4418.   

Bernad A, Kopf M, Kulbacki R, Weich N, Koehler G & Gutierrez-Ramos JC (1994) 
Interleukin-6 is required in vivo for the regulation of stem cells and committed 
progenitors of the hematopoietic system. Immunity 1(9):725-731.   

Beuscher H, Rausch U & Röllinghoff M (1992) The role of interleukin 1 in infection and 
sepsis. Immunitat und Infektion 20(4):128-133.   

Bhatt PM & Malgor R (2014) Wnt5a: a player in the pathogenesis of atherosclerosis and 
other inflammatory disorders. Atherosclerosis 237(1):155-162.   

Bianco P (2011) Bone and the hematopoietic niche: a tale of two stem cells. Blood 
117(20):5281-5288.   

Biedermann T, Kneilling M, Mailhammer R, Maier K, Sander CA, Kollias G, Kunkel SL, 
Hültner L & Röcken M (2000) Mast cells control neutrophil recruitment during T 
cell–mediated delayed-type hypersensitivity reactions through tumor necrosis 
factor and macrophage inflammatory protein 2. Journal of Experimental Medicine 
192(10):1441-1452.   

Björkbacka H, Fitzgerald KA, Huet F, Li X, Gregory JA, Lee MA, Ordija CM, Dowley NE, 
Golenbock DT & Freeman MW (2004) The induction of macrophage gene 
expression by LPS predominantly utilizes Myd88-independent signaling 
cascades. Physiological Genomics 19(3):319-330.   

Blank U & Karlsson S (2015) TGF-β signaling in the control of hematopoietic stem cells. 
Blood 125(23):3542-3550.   

Blumenthal A, Ehlers S, Lauber J, Buer J, Lange C, Goldmann T, Heine H, Brandt E & 
Reiling N (2006) The Wingless homolog WNT5A and its receptor Frizzled-5 
regulate inflammatory responses of human mononuclear cells induced by 
microbial stimulation. Blood 108(3):965-973.   

Boettcher S, Gerosa RC, Radpour R, Bauer J, Ampenberger F, Heikenwalder M, Kopf M 
& Manz MG (2014) Endothelial cells translate pathogen signals into G-CSF–
driven emergency granulopoiesis. Blood 124(9):1393-1403.   



164 

 

Boettcher S & Manz MG (2016) Sensing and translation of pathogen signals into 
demand-adapted myelopoiesis. Current opinion in hematology 23(1):5-10.   

Boettcher S, Ziegler P, Schmid MA, Takizawa H, van Rooijen N, Kopf M, Heikenwalder 
M & Manz MG (2012) Cutting Edge: LPS-Induced Emergency Myelopoiesis 
Depends on TLR4-Expressing Nonhematopoietic Cells. The Journal of 
Immunology 188(12):5824-5828.   

Boisset J-C & Robin C (2012) On the origin of hematopoietic stem cells: progress and 
controversy. Stem cell research 8(1):1-13. 

Boles NC, Lin KK, Lukov GL, Bowman TV, Baldridge MT & Goodell MA (2011) CD48 on 
hematopoietic progenitors regulates stem cells and suppresses tumor formation. 
Blood 118(1):80-87.   

Boulais PE & Frenette PS (2015) Making sense of hematopoietic stem cell niches. Blood 
125(17):2621-2629.   

Bowie MB, Kent DG, Dykstra B, McKnight KD, McCaffrey L, Hoodless PA & Eaves CJ 
(2007) Identification of a new intrinsically timed developmental checkpoint that 
reprograms key hematopoietic stem cell properties. Proceedings of the National 
Academy of Sciences 104(14):5878-5882.   

Boyce BF & Xing L (2008) Functions of RANKL/RANK/OPG in bone modeling and 
remodeling. Archives of biochemistry and biophysics 473(2):139-146.   

Bradfute SB, Graubert TA & Goodell MA (2005) Roles of Sca-1 in hematopoietic 
stem/progenitor cell function. Experimental hematology 33(7):836-843.   

Bradley T & Metcalf D (1966) The growth of mouse bone marrow cells in vitro. 
Immunology and Cell Biology 44(3):287-300.   

Brembeck FH, Rosário M & Birchmeier W (2006) Balancing cell adhesion and Wnt 
signaling, the key role of β-catenin. Current opinion in genetics & development 
16(1):51-59.   

Broudy VC (1997) Stem cell factor and hematopoiesis. Blood 90(4):1345-1364.   
Broxmeyer H, Williams D, Lu L, Cooper S, Anderson S, Beyer G, Hoffman R & Rubin B 

(1986) The suppressive influences of human tumor necrosis factors on bone 
marrow hematopoietic progenitor cells from normal donors and patients with 
leukemia: synergism of tumor necrosis factor and interferon-gamma. The Journal 
of Immunology 136(12):4487-4495.   

Broxmeyer HE, Sherry B, Lu L, Cooper S, Oh K-O, Tekamp-Olson P, Kwon BS & 
Cerami A (1990) Enhancing and suppressing effects of recombinant murine 
macrophage inflammatory proteins on colony formation in vitro by bone marrow 
myeloid progenitor cells. Blood 76(6):1110-1116.   

Brueckmann M, Hoffmann U, Dvortsak E, Lang S, Kaden J, Borggrefe M & Haase K 
(2004) Drotrecogin alfa (activated) inhibits NF-kappa B activation and MIP-1-
alpha release from isolated mononuclear cells of patients with severe sepsis. 
Inflammation Research 53(10):528-533.   

Bruns I, Lucas D, Pinho S, Ahmed J, Lambert MP, Kunisaki Y, Scheiermann C, Schiff L, 
Poncz M & Bergman A (2014) Megakaryocytes regulate hematopoietic stem cell 
quiescence through CXCL4 secretion. Nature medicine 20(11):1315-1320.   

Bryder D, Ramsfjell V, Dybedal I, Theilgaard-Mönch K, Högerkorp C-M, Adolfsson J, 
Borge OJ & Jacobsen SEW (2001) Self-renewal of multipotent long-term 
repopulating hematopoietic stem cells is negatively regulated by Fas and tumor 
necrosis factor receptor activation. Journal of Experimental Medicine 194(7):941-
952.   

Buckley SM, Ulloa-Montoya F, Abts D, Oostendorp RA, Dzierzak E, Ekker SC & 
Verfaillie CM (2011) Maintenance of HSC by Wnt5a secreting AGM-derived 
stromal cell line. Exp Hematol 39(1):114-123 e111-115.   



165 

 

Buechler MB, Teal TH, Elkon KB & Hamerman JA (2013) Cutting edge: Type I IFN 
drives emergency myelopoiesis and peripheral myeloid expansion during chronic 
TLR7 signaling. J Immunol 190(3):886-891.   

Burberry A, Zeng MY, Ding L, Wicks I, Inohara N, Morrison SJ & Nunez G (2014) 
Infection mobilizes hematopoietic stem cells through cooperative NOD-like 
receptor and Toll-like receptor signaling. Cell Host Microbe 15(6):779-791.   

Busch K, Klapproth K, Barile M, Flossdorf M, Holland-Letz T, Schlenner SM, Reth M, 
Höfer T & Rodewald H-R (2015) Fundamental properties of unperturbed 
haematopoiesis from stem cells in vivo. Nature 518(7540):542-546.   

Cadigan KM & Nusse R (1997) Wnt signaling: a common theme in animal development. 
Genes & development 11(24):3286-3305.   

Calvi L, Adams G, Weibrecht K, Weber J, Olson D, Knight M, Martin R, Schipani E, 
Divieti P & Bringhurst F (2003) Osteoblastic cells regulate the haematopoietic 
stem cell niche. Nature 425(6960):841-846.   

Cantilena S, Pastorino F, Chayka O, Pezzolo A, Pistoia V, Ponzoni M & Sala A (2011) 
Frizzled receptor 6 marks rare, highly tumourigenic stem-like cells in mouse and 
human neuroblastomas. Oncotarget 2(12):976-983.   

Cao X, Wu X, Frassica D, Yu B, Pang L, Xian L, Wan M, Lei W, Armour M & Tryggestad 
E (2011) Irradiation induces bone injury by damaging bone marrow 
microenvironment for stem cells. Proceedings of the National Academy of 
Sciences 108(4):1609-1614.   

Carolina Florian M & Geiger H (2010) Concise review: polarity in stem cells, disease, 
and aging. Stem Cells 28(9):1623-1629.   

Cau J & Hall A (2005) Cdc42 controls the polarity of the actin and microtubule 
cytoskeletons through two distinct signal transduction pathways. Journal of cell 
science 118(12):2579-2587.   

Cervia JS, Rosen H & Murray HW (1993) Effector role of blood monocytes in 
experimental visceral leishmaniasis. Infect Immun 61(4):1330-1333.   

Chae WJ, Ehrlich AK, Chan PY, Teixeira AM, Henegariu O, Hao L, Shin JH, Park JH, 
Tang WH, Kim ST, Maher SE, Goldsmith-Pestana K, Shan P, Hwa J, Lee PJ, 
Krause DS, Rothlin CV, McMahon-Pratt D & Bothwell AL (2016) The Wnt 
Antagonist Dickkopf-1 Promotes Pathological Type 2 Cell-Mediated 
Inflammation. Immunity 44(2):246-258.   

Chakraborty A, Kurati SP, Mahata SK, Sundar S, Roy S & Sen M (2017) Wnt5a 
Signaling Promotes Host Defense against Leishmania donovani Infection. The 
Journal of Immunology 199(3):992-1002.   

Challen GA, Boles N, Lin KYK & Goodell MA (2009) Mouse hematopoietic stem cell 
identification and analysis. Cytometry Part A 75(1):14-24.   

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA & Goodell MA (2007) Aging 
hematopoietic stem cells decline in function and exhibit epigenetic dysregulation. 
PLoS biology 5(8):e201.   

Chandra H, Chandra S & Kaushik RM (2013) Visceral leishmaniasis with associated 
common, uncommon, and atypical morphological features on bone marrow 
aspirate cytology in nonendemic region. Journal of tropical medicine 2013.   

Chang H, Smallwood PM, Williams J & Nathans J (2016) The spatio-temporal domains 
of Frizzled6 action in planar polarity control of hair follicle orientation. 
Developmental biology 409(1):181-193.   

Chang J, Sonoyama W, Wang Z, Jin Q, Zhang C, Krebsbach PH, Giannobile W, Shi S & 
Wang C-Y (2007) Noncanonical Wnt-4 signaling enhances bone regeneration of 
mesenchymal stem cells in craniofacial defects through activation of p38 MAPK. 
Journal of Biological Chemistry 282(42):30938-30948.   



166 

 

Chen JY, Miyanishi M, Wang SK, Yamazaki S, Sinha R, Kao KS, Seita J, Sahoo D, 
Nakauchi H & Weissman IL (2016a) Hoxb5 marks long-term haematopoietic 
stem cells and reveals a homogenous perivascular niche. Nature 530(7589):223-
227.   

Chen K, Fu Q, Li D, Wu Y, Sun S & Zhang X (2016b) Wnt3a suppresses Pseudomonas 
aeruginosa‑ induced inflammation and promotes bacterial killing in macrophages. 
Molecular medicine reports 13(3):2439-2446.   

Cheng SC, Quintin J, Cramer RA, Shepardson KM, Saeed S, Kumar V, Giamarellos-
Bourboulis EJ, Martens JH, Rao NA, Aghajanirefah A, Manjeri GR, Li Y, Ifrim DC, 
Arts RJ, van der Veer BM, Deen PM, Logie C, O'Neill LA, Willems P, van de 
Veerdonk FL, van der Meer JW, Ng A, Joosten LA, Wijmenga C, Stunnenberg 
HG, Xavier RJ & Netea MG (2014) mTOR- and HIF-1alpha-mediated aerobic 
glycolysis as metabolic basis for trained immunity. Science 345(6204):1250684.   

Cheng T, Rodrigues N, Dombkowski D, Stier S & Scadden DT (2000a) Stem cell 
repopulation efficiency but not pool size is governed by p27kip1. Nature medicine 
6(11):1235.   

Cheng T, Rodrigues N, Shen H, Yang Y-g, Dombkowski D, Sykes M & Scadden DT 
(2000b) Hematopoietic stem cell quiescence maintained by p21cip1/waf1. 
Science 287(5459):1804-1808.   

Cheung TH & Rando TA (2013) Molecular regulation of stem cell quiescence. Nature 
reviews Molecular cell biology 14(6):329-340.   

Cho SW, Soki FN, Koh AJ, Eber MR, Entezami P, Park SI, van Rooijen N & McCauley 
LK (2014) Osteal macrophages support physiologic skeletal remodeling and 
anabolic actions of parathyroid hormone in bone. Proceedings of the National 
Academy of Sciences 111(4):1545-1550.   

Choi H-H, Kim K-K, Kim KD, Kim H-J, Jo E-K & Song C-H (2011) Effects of 
mycobacterial infection on proliferation of hematopoietic precursor cells. 
Microbes and infection 13(14):1252-1260.   

Chong SZ, Evrard M, Devi S, Chen J, Lim JY, See P, Zhang Y, Adrover JM, Lee B, Tan 
L, Li JL, Liong KH, Phua C, Balachander A, Boey A, Liebl D, Tan SM, Chan JK, 
Balabanian K, Harris JE, Bianchini M, Weber C, Duchene J, Lum J, Poidinger M, 
Chen Q, Renia L, Wang CI, Larbi A, Randolph GJ, Weninger W, Looney MR, 
Krummel MF, Biswas SK, Ginhoux F, Hidalgo A, Bachelerie F & Ng LG (2016) 
CXCR4 identifies transitional bone marrow premonocytes that replenish the 
mature monocyte pool for peripheral responses. J Exp Med 213(11):2293-2314.   

Chotinantakul K, Prasajak P & Leeanansaksiri W (2013) Wnt1 Accelerates an Ex Vivo 
Expansion of Human Cord Blood CD34. Stem cells international 2013.   

Chow A, Huggins M, Ahmed J, Hashimoto D, Lucas D, Kunisaki Y, Pinho S, Leboeuf M, 
Noizat C & Van Rooijen N (2013) CD169+ macrophages provide a niche 
promoting erythropoiesis under homeostasis and stress. Nature medicine 
19(4):429-436.   

Chow A, Lucas D, Hidalgo A, Méndez-Ferrer S, Hashimoto D, Scheiermann C, Battista 
M, Leboeuf M, Prophete C & van Rooijen N (2011) Bone marrow CD169+ 
macrophages promote the retention of hematopoietic stem and progenitor cells in 
the mesenchymal stem cell niche. Journal of Experimental Medicine:jem. 
20101688.   

Christensen JL, Wright DE, Wagers AJ & Weissman IL (2004) Circulation and 
chemotaxis of fetal hematopoietic stem cells. PLoS Biol 2(3):e75.   

Christman JW, Blackwell TR, Cowan HB, Shepard V & Rinaldo JE (1992) Endotoxin 
induces the expression of macrophage inflammatory protein 1a mRNA by rat 



167 

 

alveolar and bone marrow-derived macrophages. Am J Respir Cell Mol Biol 
7:455-461.   

Christman MA, Goetz DJ, Dickerson E, McCall KD, Lewis CJ, Benencia F, Silver MJ, 
Kohn LD & Malgor R (2008) Wnt5a is expressed in murine and human 
atherosclerotic lesions. American Journal of Physiology-Heart and Circulatory 
Physiology 294(6):H2864-H2870.   

Christopher MJ, Liu F, Hilton MJ, Long F & Link DC (2009) Suppression of CXCL12 
production by bone marrow osteoblasts is a common and critical pathway for 
cytokine-induced mobilization. Blood 114(7):1331-1339.   

Chung AW, Sieling PA, Schenk M, Teles RMB, Krutzik SR, Hsu DK, Liu F-T, Sarno EN, 
Rea TH, Stenger S, Modlin RL & Lee DJ (2013) Galectin-3 Regulates the Innate 
Immune Response of Human Monocytes. Journal of Infectious Diseases 
207(6):947-956.   

Cillari E, Dieli M, Maltese E, Milano S, Salerno A & Liew F (1989) Enhancement of 
macrophage IL-1 production by Leishmania major infection in vitro and its 
inhibition by IFN-gamma. The Journal of Immunology 143(6):2001-2005.   

Clapes T, Lefkopoulos S & Trompouki E (2016) Stress and Non-Stress Roles of 
inflammatory Signals during HSC emergence and Maintenance. Frontiers in 
Immunology 7.   

Clements WK, Kim AD, Ong KG, Moore JC, Lawson ND & Traver D (2011) A somitic 
Wnt16/Notch pathway specifies haematopoietic stem cells. Nature 
474(7350):220-224.   

Cobas M, Wilson A, Ernst B, Mancini SJ, MacDonald HR, Kemler R & Radtke F (2004) 
β-catenin is dispensable for hematopoiesis and lymphopoiesis. Journal of 
Experimental Medicine 199(2):221-229.   

Cohen J (2002) The immunopathogenesis of sepsis. Nature 420(6917):885.   
Colpitts SL, Stonier SW, Stoklasek TA, Root SH, Aguila HL, Schluns KS & Lefrançois L 

(2013) Transcriptional regulation of IL-15 expression during hematopoiesis. The 
Journal of Immunology 191(6):3017-3024.   

Comalada M, Xaus J, Valledor AF, López-López C, Pennington DJ & Celada A (2003) 
PKCϵ is involved in JNK activation that mediates LPS-induced TNF-α, which 
induces apoptosis in macrophages. American Journal of Physiology-Cell 
Physiology 285(5):C1235-C1245.   

Cong F, Schweizer L & Varmus H (2004) Wnt signals across the plasma membrane to 
activate the β-catenin pathway by forming oligomers containing its receptors, 
Frizzled and LRP. Development 131(20):5103-5115.   

Congdon KL, Voermans C, Ferguson EC, DiMascio LN, Uqoezwa M, Zhao C & Reya T 
(2008) Activation of Wnt signaling in hematopoietic regeneration. Stem cells 
26(5):1202-1210.   

Cook DN (1996) The role of MIP-1 alpha in inflammation and hematopoiesis. Journal of 
leukocyte biology 59(1):61-66.   

Cooper B (2011) The origins of bone marrow as the seedbed of our blood: from antiquity 
to the time of Osler. Baylor University Medical Center. Proceedings. Baylor 
University Medical Center, p 115. 

Copley MR, Babovic S, Benz C, Knapp DJ, Beer PA, Kent DG, Wohrer S, Treloar DQ, 
Day C & Rowe K (2013) The Lin28b–let-7–Hmga2 axis determines the higher 
self-renewal potential of fetal haematopoietic stem cells. Nature cell biology 
15(8):916-925.   

Corda G & Sala A (2017a) Non-canonical WNT/PCP signalling in cancer: Fzd6 takes 
centre stage. Oncogenesis 6(7).   



168 

 

Corda G, Sala G, Lattanzio R, Iezzi M, Sallese M, Fragassi G, Lamolinara A, Mirza H, 
Barcaroli D & Ermler S (2017b) Functional and prognostic significance of the 
genomic amplification of frizzled 6 (FZD6) in breast cancer. The Journal of 
pathology 241(3):350-361.   

Corrigan PM, Dobbin E, Freeburn RW & Wheadon H (2009) Patterns of Wnt/Fzd/LRP 
gene expression during embryonic hematopoiesis. Stem cells and development 
18(5):759-772.   

Coşkun S, Chao H, Vasavada H, Heydari K, Gonzales N, Zhou X, de Crombrugghe B & 
Hirschi KK (2014) Development of the fetal bone marrow niche and regulation of 
HSC quiescence and homing ability by emerging osteolineage cells. Cell reports 
9(2):581-590.   

Cotterell SE, Engwerda CR & Kaye PM (2000a) Enhanced hematopoietic activity 
accompanies parasite expansion in the spleen and bone marrow of mice infected 
with Leishmania donovani. Infection and immunity 68(4):1840-1848.   

Cotterell SE, Engwerda CR & Kaye PM (2000b) Leishmania donovani infection of bone 
marrow stromal macrophages selectively enhances myelopoiesis, by a 
mechanism involving GM-CSF and TNF-α. Blood 95(5):1642-1651.   

Couper KN, Blount DG & Riley EM (2008) IL-10: the master regulator of immunity to 
infection. The Journal of Immunology 180(9):5771-5777.   

Damjanov I (2013) Pathology for the health professions. Elsevier Health Sciences. 
Daugherty RL & Gottardi CJ (2007) Phospho-regulation of β-catenin adhesion and 

signaling functions. Physiology 22(5):303-309.   
Day RB, Bhattacharya D, Nagasawa T & Link DC (2015) Granulocyte colony-stimulating 

factor reprograms bone marrow stromal cells to actively suppress B 
lymphopoiesis in mice. Blood 125(20):3114-3117.   

Day RB & Link DC (2014) Megakaryocytes in the hematopoietic stem cell niche. Nature 
medicine 20(11):1233.   

de Bruijn MF, Speck NA, Peeters MC & Dzierzak E (2000) Definitive hematopoietic stem 
cells first develop within the major arterial regions of the mouse embryo. The 
EMBO journal 19(11):2465-2474.   

de Bruin AM, Demirel O, Hooibrink B, Brandts CH & Nolte MA (2013) Interferon-gamma 
impairs proliferation of hematopoietic stem cells in mice. Blood 121(18):3578-
3585.   

de Freitas EO, Leoratti FM, Freire-de-Lima CG, Morrot A & Feijo DF (2016) The 
Contribution of Immune Evasive Mechanisms to Parasite Persistence in Visceral 
Leishmaniasis. Front Immunol 7:153.   

De Lisio M & Parise G (2012) Characterization of the effects of exercise training on 
hematopoietic stem cell quantity and function. Journal of Applied Physiology 
113(10):1576-1584.   

de Waal Malefyt R, Abrams J, Bennett B, Figdor CG & De Vries JE (1991) Interleukin 10 
(IL-10) inhibits cytokine synthesis by human monocytes: an autoregulatory role of 
IL-10 produced by monocytes. Journal of Experimental Medicine 174(5):1209-
1220.   

Dejana E, Hirschi KK & Simons M (2017) The molecular basis of endothelial cell 
plasticity. Nature Communications 8:14361.   

Dejmek J, Safholm A, Kamp Nielsen C, Andersson T & Leandersson K (2006) Wnt-
5a/Ca2+-induced NFAT activity is counteracted by Wnt-5a/Yes-Cdc42-casein 
kinase 1alpha signaling in human mammary epithelial cells. Mol Cell Biol 
26(16):6024-6036.   

DeKoter RP & Singh H (2000) Regulation of B lymphocyte and macrophage 
development by graded expression of PU. 1. Science 288(5470):1439-1441.   



169 

 

Desponts C, Hazen AL, Paraiso KH & Kerr WG (2006) SHIP deficiency enhances HSC 
proliferation and survival but compromises homing and repopulation. Blood 
107(11):4338-4345.   

Devenport D & Fuchs E (2008) Planar polarization in embryonic epidermis orchestrates 
global asymmetric morphogenesis of hair follicles. Nat Cell Biol 10(11):1257-
1268.   

Devenport D, Oristian D, Heller E & Fuchs E (2011) Mitotic internalization of planar cell 
polarity proteins preserves tissue polarity. Nature cell biology 13(8):893-902.   

Dey R, Sarkar A, Majumder N, Bhattacharyya S, Roychoudhury K, Bhattacharyya S, 
Roy S & Majumdar S (2005) Regulation of impaired protein kinase C signaling by 
chemokines in murine macrophages during visceral leishmaniasis. Infection and 
immunity 73(12):8334-8344.   

Dijksterhuis J, Petersen J & Schulte G (2014) WNT/Frizzled signalling: receptor–ligand 
selectivity with focus on FZD‐G protein signalling and its physiological relevance: 
IUPHAR Review 3. British journal of pharmacology 171(5):1195-1209.   

DiPietro LA, Burdick M, Low QE, Kunkel SL & Strieter RM (1998) MIP-1alpha as a 
critical macrophage chemoattractant in murine wound repair. Journal of Clinical 
Investigation 101(8):1693.   

Dolznig H, Habermann B, Stangl K, Deiner EM, Moriggl R, Beug H & Müllner EW (2002) 
Apoptosis protection by the Epo target Bcl-X L allows factor-independent 
differentiation of primary erythroblasts. Current Biology 12(13):1076-1085.   

Domen J, Cheshier SH & Weissman IL (2000) The role of apoptosis in the regulation of 
hematopoietic stem cells. Journal of Experimental Medicine 191(2):253-264.   

Dominici M, Pritchard C, Garlits JE, Hofmann TJ, Persons DA & Horwitz EM (2004) 
Hematopoietic cells and osteoblasts are derived from a common marrow 
progenitor after bone marrow transplantation. Proceedings of the National 
Academy of Sciences of the United States of America 101(32):11761-11766.   

Dominici M, Rasini V, Bussolari R, Chen X, Hofmann TJ, Spano C, Bernabei D, 
Veronesi E, Bertoni F & Paolucci P (2009) Restoration and reversible expansion 
of the osteoblastic hematopoietic stem cell niche after marrow radioablation. 
Blood 114(11):2333-2343.   

Duchosal M & Trumpp A (2009) IFNalpha activates dormant haematopoietic stem cells 
in vivo. Nature 458(7240):904908.   

Dumble M, Moore L, Chambers SM, Geiger H, Van Zant G, Goodell MA & Donehower 
LA (2007) The impact of altered p53 dosage on hematopoietic stem cell 
dynamics during aging. Blood 109(4):1736-1742.   

Dunne JR, Dunkin BJ, Nelson S & White JC (1996) Effects of Granulocyte Colony 
Stimulating Factor in a Nonneutropenic Rodent Model ofEscherichia 
coliPeritonitis. Journal of Surgical Research 61(2):348-354.   

Dybedal I, Bryder D, Fossum A, Rusten LS & Jacobsen SEW (2001) Tumor necrosis 
factor (TNF)–mediated activation of the p55 TNF receptor negatively regulates 
maintenance of cycling reconstituting human hematopoietic stem cells. Blood 
98(6):1782-1791.   

Dykstra B, Kent D, Bowie M, McCaffrey L, Hamilton M, Lyons K, Lee S-J, Brinkman R & 
Eaves C (2007) Long-term propagation of distinct hematopoietic differentiation 
programs in vivo. Cell stem cell 1(2):218-229.   

Eash KJ, Greenbaum AM, Gopalan PK & Link DC (2010) CXCR2 and CXCR4 
antagonistically regulate neutrophil trafficking from murine bone marrow. The 
Journal of clinical investigation 120(7):2423-2431.   

Eaves CJ, Cashman JD, Wolpe SD & Eaves AC (1993) Unresponsiveness of primitive 
chronic myeloid leukemia cells to macrophage inflammatory protein 1 alpha, an 



170 

 

inhibitor of primitive normal hematopoietic cells. Proceedings of the National 
Academy of Sciences 90(24):12015-12019.   

Eisenmann DM (2005) Wnt signaling. WormBook 25(1):17.   
Eliasson P & Jönsson JI (2010) The hematopoietic stem cell niche: low in oxygen but a 

nice place to be. Journal of cellular physiology 222(1):17-22.   
Ema H, Morita Y & Suda T (2014) Heterogeneity and hierarchy of hematopoietic stem 

cells. Experimental hematology 42(2):74-82. e72.   
Ema H & Suda T (2012) Two anatomically distinct niches regulate stem cell activity. 

Blood 120(11):2174-2181.   
Esplin BL, Shimazu T, Welner RS, Garrett KP, Nie L, Zhang Q, Humphrey MB, Yang Q, 

Borghesi LA & Kincade PW (2011) Chronic exposure to a TLR ligand injures 
hematopoietic stem cells. The Journal of Immunology 186(9):5367-5375.   

Essers MA, Offner S, Blanco-Bose WE, Waibler Z, Kalinke U, Duchosal MA & Trumpp A 
(2009) IFN [alpha] activates dormant haematopoietic stem cells in vivo. Nature 
458(7240):904.   

Etheridge SL, Spencer GJ, Heath DJ & Genever PG (2004) Expression profiling and 
functional analysis of wnt signaling mechanisms in mesenchymal stem cells. 
Stem cells 22(5):849-860.   

Evans CA, Pierce A, Winter SA, Spooncer E, Heyworth CM & Whetton AD (1999) 
Activation of granulocyte-macrophage colony-stimulating factor and interleukin-3 
receptor subunits in a multipotential hematopoietic progenitor cell line leads to 
differential effects on development. Blood 94(5):1504-1514.   

Fahey Td, Tracey K, Tekamp-Olson P, Cousens L, Jones W, Shires G, Cerami A & 
Sherry B (1992) Macrophage inflammatory protein 1 modulates macrophage 
function. The Journal of Immunology 148(9):2764-2769.   

Fairbairn LJ, Cowling GJ, Reipert BM & Dexter TM (1993) Suppression of apoptosis 
allows differentiation and development of a multipotent hemopoietic cell line in 
the absence of added growth factors. Cell 74(5):823-832.   

Faleiro RJ, Kumar R, Hafner LM & Engwerda CR (2014) Immune regulation during 
chronic visceral leishmaniasis. PLoS neglected tropical diseases 8(7):e2914.   

Famili F, Naber B, Vloemans S, De Haas E, Tiemessen M & Staal F (2015) Discrete 
roles of canonical and non-canonical Wnt signaling in hematopoiesis and 
lymphopoiesis. Cell death & disease 6(11):e1981.   

Fantl V, Stamp G, Andrews A, Rosewell I & Dickson C (1995) Mice lacking cyclin D1 are 
small and show defects in eye and mammary gland development. Genes & 
development 9(19):2364-2372.   

Fibbe W & Willemze R (1991) The role of interleukin-1 in hematopoiesis. Acta 
haematologica 86(3):148-154.   

Fleming HE, Janzen V, Celso CL, Guo J, Leahy KM, Kronenberg HM & Scadden DT 
(2008) Wnt signaling in the niche enforces hematopoietic stem cell quiescence 
and is necessary to preserve self-renewal in vivo. Cell stem cell 2(3):274-283.   

Florian MC, Dörr K, Niebel A, Daria D, Schrezenmeier H, Rojewski M, Filippi M-D, 
Hasenberg A, Gunzer M & Scharffetter-Kochanek K (2012) Cdc42 activity 
regulates hematopoietic stem cell aging and rejuvenation. Cell stem cell 
10(5):520-530.   

Florian MC & Geiger H (2010) Concise review: polarity in stem cells, disease, and aging. 
Stem Cells 28(9):1623-1629.   

Florian MC, Nattamai KJ, Dörr K, Marka G, Überle B, Vas V, Eckl C, Andrä I, Schiemann 
M & Oostendorp RA (2013a) A canonical to non-canonical Wnt signalling switch 
in haematopoietic stem-cell ageing. Nature 503(7476):392-396.   



171 

 

Florian MC, Nattamai KJ, Dorr K, Marka G, Uberle B, Vas V, Eckl C, Andra I, Schiemann 
M, Oostendorp RA, Scharffetter-Kochanek K, Kestler HA, Zheng Y & Geiger H 
(2013) A canonical to non-canonical Wnt signalling switch in haematopoietic 
stem-cell ageing. Nature 503(7476):392-396.   

Fogg DK, Sibon C, Miled C, Jung S, Aucouturier P, Littman DR, Cumano A & 
Geissmann F (2006) A clonogenic bone marrow progenitor specific for 
macrophages and dendritic cells. Science 311(5757):83-87.   

Forsberg EC & Smith-Berdan S (2009) Parsing the niche code: the molecular 
mechanisms governing hematopoietic stem cell adhesion and differentiation.  
(Haematologica). 

Foudi A, Hochedlinger K, Van Buren D, Schindler JW, Jaenisch R, Carey V & Hock H 
(2009) Analysis of histone 2B-GFP retention reveals slowly cycling hematopoietic 
stem cells. Nature biotechnology 27(1):84-90. 

Friedenstein A (1989) Stromal-hematopoietic interrelationships: Maximov’s ideas and 
modern models. Modern Trends in Human Leukemia VIII,  Springer. p 159-167. 

Furusawa J-i, Mizoguchi I, Chiba Y, Hisada M, Kobayashi F, Yoshida H, Nakae S, 
Tsuchida A, Matsumoto T & Ema H (2016) Promotion of expansion and 
differentiation of hematopoietic stem cells by interleukin-27 into myeloid 
progenitors to control infection in emergency myelopoiesis. PLoS pathogens 
12(3):e1005507.   

Furze RC & Rankin SM (2008) Neutrophil mobilization and clearance in the bone 
marrow. Immunology 125(3):281-288.   

Gatica-Andrades M, Vagenas D, Kling J, Nguyen TT, Benham H, Thomas R, Körner H, 
Venkatesh B, Cohen J & Blumenthal A (2017) WNT ligands contribute to the 
immune response during septic shock and amplify endotoxemia-driven 
inflammation in mice. Blood Advances 1(16):1274-1286.   

Gattazzo F, Urciuolo A & Bonaldo P (2014) Extracellular matrix: a dynamic 
microenvironment for stem cell niche. Biochimica et Biophysica Acta (BBA)-
General Subjects 1840(8):2506-2519.   

Gattinoni L, Zhong XS, Palmer DC, Ji Y, Hinrichs CS, Yu Z, Wrzesinski C, Boni A, 
Cassard L, Garvin LM, Paulos CM, Muranski P & Restifo NP (2009) Wnt 
signaling arrests effector T cell differentiation and generates CD8+ memory stem 
cells. Nat Med 15(7):808-813.   

Gee K, Guzzo C, Mat C, Nor F, Ma W & Kumar A (2009) The IL-12 family of cytokines in 
infection, inflammation and autoimmune disorders. Inflammation & Allergy-Drug 
Targets (Formerly Current Drug Targets-Inflammation & Allergy) 8(1):40-52.   

Geiger H, De Haan G & Florian MC (2013) The ageing haematopoietic stem cell 
compartment. Nature Reviews Immunology 13(5):376-389.   

Gekas C & Graf T (2013) CD41 expression marks myeloid-biased adult hematopoietic 
stem cells and increases with age. Blood 121(22):4463-4472.   

Gekas C, Rhodes KE, Van Handel B, Chhabra A, Ueno M & Mikkola HK (2010) 
Hematopoietic stem cell development in the placenta. The International journal of 
developmental biology 54:1089.   

Ghosn EEB, Yamamoto R, Hamanaka S, Yang Y, Herzenberg LA, Nakauchi H & 
Herzenberg LA (2012) Distinct B-cell lineage commitment distinguishes adult 
bone marrow hematopoietic stem cells. Proceedings of the National Academy of 
Sciences 109(14):5394-5398.   

Gillies TE & Cabernard C (2011) Cell division orientation in animals. Current biology : 
CB 21(15):R599-609.   

Gilliland DG & Griffin JD (2002) The roles of FLT3 in hematopoiesis and leukemia. Blood 
100(5):1532-1542.   



172 

 

Ginhoux F, Lim S, Hoeffel G, Low D & Huber T (2013) Origin and differentiation of 
microglia. Frontiers in cellular neuroscience 7.   

Glennie ND, Yeramilli VA, Beiting DP, Volk SW, Weaver CT & Scott P (2015) Skin-
resident memory CD4+ T cells enhance protection against Leishmania major 
infection. J Exp Med 212(9):1405-1414.   

Godin I, Dieterlen-Lievre F & Cumano A (1995) Emergence of multipotent hemopoietic 
cells in the yolk sac and paraaortic splanchnopleura in mouse embryos, 
beginning at 8.5 days postcoitus. Proceedings of the National Academy of 
Sciences 92(3):773-777.   

Golan T, Yaniv A, Bafico A, Liu G & Gazit A (2004) The human Frizzled 6 (HFz6) acts as 
a negative regulator of the canonical Wnt. beta-catenin signaling cascade. The 
Journal of biological chemistry 279(15):14879-14888.   

González-Cabrero J, Wise CJ, Latchman Y, Freeman GJ, Sharpe AH & Reiser H (1999) 
CD48-deficient mice have a pronounced defect in CD4+ T cell activation. 
Proceedings of the National Academy of Sciences 96(3):1019-1023.   

Goodwin AM, Sullivan KM & D'Amore PA (2006) Cultured endothelial cells display 
endogenous activation of the canonical Wnt signaling pathway and express 
multiple ligands, receptors, and secreted modulators of Wnt signaling. 
Developmental dynamics 235(11):3110-3120.   

Goto H & Lindoso J (2004) Immunity and immunosuppression in experimental visceral 
leishmaniasis. Brazilian Journal of Medical and Biological Research 37(4):615-
623.   

Graba Y, Aragnol D, Rothbächer U & Pradel J (2013) Wnt/Wingless Signaling in 
Drosophila.   

Granick JL, Falahee PC, Dahmubed D, Borjesson DL, Miller LS & Simon SI (2013) 
Staphylococcus aureus recognition by hematopoietic stem and progenitor cells 
via TLR2/MyD88/PGE2 stimulates granulopoiesis in wounds. Blood 
122(10):1770-1778.   

Grassel S & Ahmed N (2007) Influence of cellular microenvironment and paracrine 
signals on chondrogenic differentiation. Front Biosci 12:4946-4956.   

Gray Ryan S, Roszko I & Solnica-Krezel L (2011) Planar Cell Polarity: Coordinating 
Morphogenetic Cell Behaviors with Embryonic Polarity. Dev Cell 21(1):120-133. 

Gregoli PA & Bondurant MC (1997) The roles of Bcl-X L and apopain in the control of 
erythropoiesis by erythropoietin. Blood 90(2):630-640.   

Griseri T, McKenzie BS, Schiering C & Powrie F (2012) Dysregulated hematopoietic 
stem and progenitor cell activity promotes interleukin-23-driven chronic intestinal 
inflammation. Immunity 37(6):1116-1129.   

Gu Y, Filippi MD, Cancelas JA, Siefring JE, Williams EP, Jasti AC, Harris CE, Lee AW, 
Prabhakar R, Atkinson SJ, Kwiatkowski DJ & Williams DA (2003) Hematopoietic 
cell regulation by Rac1 and Rac2 guanosine triphosphatases. Science 
302(5644):445-449.   

Gubb D & García-Bellido A (1982) A genetic analysis of the determination of cuticular 
polarity during development in Drosophila melanogaster. Development 68(1):37-
57.   

Guerrouahen BS, Al-Hijji I & Tabrizi AR (2011) Osteoblastic and vascular endothelial 
niches, their control on normal hematopoietic stem cells, and their consequences 
on the development of leukemia. Stem cells international 2011.   

Guo N, Hawkins C & Nathans J (2004) Frizzled6 controls hair patterning in mice. 
Proceedings of the National Academy of Sciences of the United States of 
America 101(25):9277-9281.   



173 

 

Ha J, Lee Y & Kim H-H (2011) CXCL2 mediates lipopolysaccharide-induced 
osteoclastogenesis in RANKL-primed precursors. Cytokine 55(1):48-55.   

Haas S, Hansson J, Klimmeck D, Loeffler D, Velten L, Uckelmann H, Wurzer S, 
Prendergast ÁM, Schnell A & Hexel K (2015a) Inflammation-induced emergency 
megakaryopoiesis driven by hematopoietic stem cell-like megakaryocyte 
progenitors. Cell stem cell 17(4):422-434.   

Haas S, Hansson J, Klimmeck D, Loeffler D, Velten L, Uckelmann H, Wurzer S, 
Prendergast AM, Schnell A, Hexel K, Santarella-Mellwig R, Blaszkiewicz S, Kuck 
A, Geiger H, Milsom MD, Steinmetz LM, Schroeder T, Trumpp A, Krijgsveld J & 
Essers MA (2015b) Inflammation-Induced Emergency Megakaryopoiesis Driven 
by Hematopoietic Stem Cell-like Megakaryocyte Progenitors. Cell Stem Cell 
17(4):422-434.   

Hadland BK, Huppert SS, Kanungo J, Xue Y, Jiang R, Gridley T, Conlon RA, Cheng AM, 
Kopan R & Longmore GD (2004) A requirement for Notch1 distinguishes 2 
phases of definitive hematopoiesis during development. Blood 104(10):3097-
3105.   

Hammami A, Charpentier T, Smans M & Stager S (2015) IRF-5-Mediated Inflammation 
Limits CD8+ T Cell Expansion by Inducing HIF-1alpha and Impairing Dendritic 
Cell Functions during Leishmania Infection. PLoS Pathog 11(6):e1004938.   

Hao S, Chen C & Cheng T (2016) Cell cycle regulation of hematopoietic stem or 
progenitor cells. International journal of hematology 103(5):487-497.   

Hardiman G, Albright S, Tsunoda J-i, McClanahan T & Lee F (1996) The mouse Wnt-
10B gene isolated from helper T cells is widely expressed and a possible 
oncogene in BR6 mouse mammary tumorigenesis. Gene 172(2):199-205.   

Heidt T, Sager HB, Courties G, Dutta P, Iwamoto Y, Zaltsman A, Von Zur Muhlen C, 
Bode C, Fricchione GL & Denninger J (2014) Chronic variable stress activates 
hematopoietic stem cells. Nature medicine 20(7):754-758.   

Heinonen K, Dube N, Bourdeau A, Lapp W & Tremblay M (2006) Protein tyrosine 
phosphatase 1B negatively regulates macrophage development through CSF-1 
signaling. Proceedings of the National Academy of Sciences of the United States 
of America 103(8):2776-2781.   

Heinonen KM, Vanegas JR, Brochu S, Shan J, Vainio SJ & Perreault C (2011a) Wnt4 
regulates thymic cellularity through the expansion of thymic epithelial cells and 
early thymic progenitors. Blood 118(19):5163-5173.   

Heinonen KM, Vanegas JR, Lew D, Krosl J & Perreault C (2011b) Wnt4 enhances 
murine hematopoietic progenitor cell expansion through a planar cell polarity-like 
pathway. PloS one 6(4):e19279.   

Hendrickx M & Leyns L (2008) Non‐conventional Frizzled ligands and Wnt receptors. 
Development, growth & differentiation 50(4):229-243.   

Heng TS & Painter MW (2008) The Immunological Genome Project: networks of gene 
expression in immune cells. Nat Immunol 9(10):1091-1094.   

Hettinger J, Richards DM, Hansson J, Barra MM, Joschko A-C, Krijgsveld J & Feuerer M 
(2013) Origin of monocytes and macrophages in a committed progenitor. Nature 
immunology 14(8):821-830.   

Hidalgo A (2008) Hematopoietic stem cell homing: The long, winding and adhesive road 
to the bone marow. Inmunología 27(1):22-35.   

Hsu Y-MS, Greenbaum A, Schuettpelz LG, Christopher M, Borgerding JN, Day RB, 
Nagasawa T & Link DC (2012) CXCL12 Production by Early Mesenchymal 
Progenitors Is Required for Hematopoietic Stem Cell Maintenance. Blood 
120(21):510-510.   

http://www.immgen.org/ (  

http://www.immgen.org/


174 

 

Huang H-C & Klein PS (2004) The Frizzled family: receptors for multiple signal 
transduction pathways. Genome biology 5(7):234.   

Huang H & Cantor AB (2009) Common features of megakaryocytes and hematopoietic 
stem cells: what's the connection? Journal of cellular biochemistry 107(5):857-
864.   

Ichikawa M, Asai T, Saito T, Yamamoto G, Seo S, Yamazaki I, Yamagata T, Mitani K, 
Chiba S & Hirai H (2004) AML-1 is required for megakaryocytic maturation and 
lymphocytic differentiation, but not for maintenance of hematopoietic stem cells in 
adult hematopoiesis. Nature medicine 10(3):299-304. 

Ikuta K & Weissman IL (1992) Evidence that hematopoietic stem cells express mouse c-
kit but do not depend on steel factor for their generation. Proceedings of the 
National Academy of Sciences 89(4):1502-1506.   

Irvine KM, Clouston AD, Gadd VL, Miller GC, Wong W-Y, Melino M, Maradana MR, 
MacDonald K, Lang RA & Sweet MJ (2015) Deletion of Wntless in myeloid cells 
exacerbates liver fibrosis and the ductular reaction in chronic liver injury. 
Fibrogenesis & tissue repair 8(1):19.   

Ishikawa T-o, Tamai Y, Zorn AM, Yoshida H, Seldin MF, Nishikawa S-i & Taketo MM 
(2001) Mouse Wnt receptor gene Fzd5 is essential for yolk sac and placental 
angiogenesis. Development 128(1):25-33.   

Ito CY, Li CY, Bernstein A, Dick JE & Stanford WL (2003) Hematopoietic stem cell and 
progenitor defects in Sca-1/Ly-6A–null mice. Blood 101(2):517-523.   

Jacobson L, Marks E, Robson M & Zirkle R (1949) The effect of spleen protection on 
mortality following X-irradiation.). 

Janeway CA, Travers P, Walport M & Shlomchik MJ (1997) Immunobiology: the immune 
system in health and disease. Current Biology Singapore,  

Jang J, Jung Y, Kim Y, Jho E-h & Yoon Y (2017) LPS-induced inflammatory response is 
suppressed by Wnt inhibitors, Dickkopf-1 and LGK974. Scientific Reports 7.   

Jang Y-Y & Sharkis SJ (2007) Fetal to adult stem cell transition: knocking Sox17 off. Cell 
130(3):403-404 

Janzen V, Fleming HE, Riedt T, Karlsson G, Riese MJ, Celso CL, Reynolds G, Milne 
CD, Paige CJ & Karlsson S (2008) Hematopoietic stem cell responsiveness to 
exogenous signals is limited by caspase-3. Cell stem cell 2(6):584-594.   

Jeannet G, Scheller M, Scarpellino L, Duboux S, Gardiol N, Back J, Kuttler F, Malanchi I, 
Birchmeier W & Leutz A (2008) Long-term, multilineage hematopoiesis occurs in 
the combined absence of β-catenin and γ-catenin. Blood 111(1):142-149.   

Johns J & Borjesson D (2012) Downregulation of CXCL12 signaling and altered 
hematopoietic stem and progenitor cell trafficking in a murine model of acute 
Anaplasma phagocytophilum infection. Innate immunity 18(3):418-428.   

Johnson ML & Rajamannan N (2006) Diseases of Wnt signaling. Reviews in Endocrine 
and Metabolic Disorders 7(1-2):41-49.   

Joshi T, Rodriguez S, Perovic V, Cockburn IA & Stager S (2009a) B7-H1 blockade 
increases survival of dysfunctional CD8(+) T cells and confers protection against 
Leishmania donovani infections. PLoS Pathog 5(5):e1000431.   

Joshi T, Rodriguez S, Perovic V, Cockburn IA & Stäger S (2009b) B7-H1 blockade 
increases survival of dysfunctional CD8+ T cells and confers protection against 
Leishmania donovani infections. PLoS pathogens 5(5):e1000431.   

Jung Y, Wang J, Song J, Shiozawa Y, Wang J, Havens A, Wang Z, Sun Y-X, Emerson 
SG & Krebsbach PH (2007) Annexin II expressed by osteoblasts and endothelial 
cells regulates stem cell adhesion, homing, and engraftment following 
transplantation. Blood 110(1):82-90.   



175 

 

Jung YS, Lee HY, Kim SD, Park JS, Kim JK, Suh P-G & Bae Y-S (2013) Wnt5a 
stimulates chemotactic migration and chemokine production in human 
neutrophils. Experimental & molecular medicine 45(6):e27.   

Juntilla MM, Patil VD, Calamito M, Joshi RP, Birnbaum MJ & Koretzky GA (2010) AKT1 
and AKT2 maintain hematopoietic stem cell function by regulating reactive 
oxygen species. Blood 115(20):4030-4038. 

Kandalla PK, Sarrazin S, Molawi K, Berruyer C, Redelberger D, Favel A, Bordi C, de 
Bentzmann S & Sieweke MH (2016) M-CSF improves protection against 
bacterial and fungal infections after hematopoietic stem/progenitor cell 
transplantation. Journal of Experimental Medicine:jem. 20151975.   

Katayama Y, Battista M, Kao W-M, Hidalgo A, Peired AJ, Thomas SA & Frenette PS 
(2006) Signals from the sympathetic nervous system regulate hematopoietic 
stem cell egress from bone marrow. Cell 124(2):407-421.   

Kawai T & Akira S (2010) The role of pattern-recognition receptors in innate immunity: 
update on Toll-like receptors. Nature immunology 11(5):373-384.   

Kawai T & Akira S (2011) Toll-like receptors and their crosstalk with other innate 
receptors in infection and immunity. Immunity 34(5):637-650.   

Kaye P & Scott P (2011) Leishmaniasis: complexity at the host-pathogen interface. Nat 
Rev Microbiol 9(8):604-615.   

Kennedy M, D'Souza SL, Lynch-Kattman M, Schwantz S & Keller G (2007) Development 
of the hemangioblast defines the onset of hematopoiesis in human ES cell 
differentiation cultures. Blood 109(7):2679-2687.   

Khaldoyanidi S, Denzel A & Zoller M (1996) Requirement for CD44 in proliferation and 
homing of hematopoietic precursor cells. J Leukoc Biol 60(5):579-592.   

Khoshdel A, Alborzi A, Rosouli M, Taheri E, Kiany S & Javadian M (2009) Increased 
levels of IL-10, IL-12, and IFN-in patients with visceral leishmaniasis. Brazilian 
Journal of Infectious Diseases 13(1):44-46.   

Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C & Morrison SJ (2005) SLAM family receptors 
distinguish hematopoietic stem and progenitor cells and reveal endothelial niches 
for stem cells. Cell 121(7):1109-1121.   

Kikuchi A, Yamamoto H & Kishida S (2007) Multiplicity of the interactions of Wnt proteins 
and their receptors. Cellular signalling 19(4):659-671.   

Kim AD, Stachura DL & Traver D (2014) Cell signaling pathways involved in 
hematopoietic stem cell specification. Experimental cell research 329(2):227-233.   

Kim I, Saunders TL & Morrison SJ (2007) Sox17 dependence distinguishes the 
transcriptional regulation of fetal from adult hematopoietic stem cells. Cell 
130(3):470-483.   

King KY & Goodell MA (2011) Inflammatory modulation of HSCs: viewing the HSC as a 
foundation for the immune response. Nature Reviews Immunology 11(10):685-
692.   

Kirstetter P, Anderson K, Porse BT, Jacobsen SEW & Nerlov C (2006) Activation of the 
canonical Wnt pathway leads to loss of hematopoietic stem cell repopulation and 
multilineage differentiation block. Nature immunology 7(10):1048-1056.   

Klein G (1995) The extracellular matrix of the hematopoietic microenvironment. 
Experientia 51(9-10):914-926.   

Kobayashi H, Kobayashi CI, Nakamura-Ishizu A, Karigane D, Haeno H, Yamamoto KN, 
Sato T, Ohteki T, Hayakawa Y & Barber GN (2015) Bacterial c-di-GMP affects 
hematopoietic stem/progenitors and their niches through STING. Cell reports 
11(1):71-84.   



176 

 

Koch U, Wilson A, Cobas M, Kemler R, MacDonald HR & Radtke F (2008) Simultaneous 
loss of β-and γ-catenin does not perturb hematopoiesis or lymphopoiesis. Blood 
111(1):160-164.   

Kolb-Mäurer A, Wilhelm M, Weissinger F, Bröcker E-B & Goebel W (2002) Interaction of 
human hematopoietic stem cells with bacterial pathogens. Blood 100(10):3703-
3709.   

Kollet O, Dar A, Shivtiel S, Kalinkovich A, Lapid K, Sztainberg Y, Tesio M, Samstein RM, 
Goichberg P & Spiegel A (2006) Osteoclasts degrade endosteal components and 
promote mobilization of hematopoietic progenitor cells. Nature medicine 
12(6):657-664.   

Komiya Y & Habas R (2008) Wnt signal transduction pathways. Organogenesis 4(2):68-
75.   

Kondo M, Weissman IL & Akashi K (1997) Identification of clonogenic common lymphoid 
progenitors in mouse bone marrow. Cell 91(5):661-672.   

Koni PA, Joshi SK, Temann U-A, Olson D, Burkly L & Flavell RA (2001) Conditional 
vascular cell adhesion molecule 1 deletion in mice impaired lymphocyte 
migration to bone marrow. The Journal of experimental medicine 193(6):741-754.  

Kopp H-G, Avecilla ST, Hooper AT & Rafii S (2005) The bone marrow vascular niche: 
home of HSC differentiation and mobilization. Physiology 20(5):349-356.   

Kosan C & Godmann M (2015) Genetic and epigenetic mechanisms that maintain 
hematopoietic stem cell function. Stem cells international 2016.   

Koury MJ & Bondurant MC (1990) Erythropoietin retards DNA breakdown and prevents 
programmed death in erythroid progenitor cells. Science 248(4953):378-382.   

Kozar K, Ciemerych MA, Rebel VI, Shigematsu H, Zagozdzon A, Sicinska E, Geng Y, 
Yu Q, Bhattacharya S & Bronson RT (2004) Mouse development and cell 
proliferation in the absence of D-cyclins. Cell 118(4):477-491.   

Krause DS (2002) Regulation of hematopoietic stem cell fate. Oncogene 21(21):3262.   
Krause DS, Fackler MJ, Civin CI & May WS (1996) CD34: structure, biology, and clinical 

utility [see comments]. Blood 87(1):1-13.   
Kroepfl JM, Pekovits K, Stelzer I, Fuchs R, Zelzer S, Hofmann P, Sedlmayr P, Dohr G, 

Wallner-Liebmann S & Domej W (2012) Exercise increases the frequency of 
circulating hematopoietic progenitor cells, but reduces hematopoietic colony-
forming capacity. Stem cells and development 21(16):2915-2925.   

Kulkarni N, Halladay D, Miles R, Gilbert L, Frolik C, Galvin R, Martin T, Gillespie M & 
Onyia J (2005) Effects of parathyroid hormone on Wnt signaling pathway in 
bone. Journal of cellular biochemistry 95(6):1178-1190. 

Kullberg BJ, Netea MG, Curfs JH, Keuter M, Meis JF & van der Meer JW (1998) 
Recombinant murine granulocyte colony-stimulating factor protects against acute 
disseminated Candida albicans infection in nonneutropenic mice. Journal of 
Infectious Diseases 177(1):175-181.   

Kumano K, Chiba S, Kunisato A, Sata M, Saito T, Nakagami-Yamaguchi E, Yamaguchi 
T, Masuda S, Shimizu K & Takahashi T (2003) Notch1 but not Notch2 is 
essential for generating hematopoietic stem cells from endothelial cells. Immunity 
18(5):699-711.   

Kunisaki Y, Bruns I, Scheiermann C, Ahmed J, Pinho S, Zhang D, Mizoguchi T, Wei Q, 
Lucas D & Ito K (2013) Arteriolar niches maintain haematopoietic stem cell 
quiescence. Nature 502(7473):637-643.   

Kwak H-J, Liu P, Bajrami B, Xu Y, Park S-Y, Nombela-Arrieta C, Mondal S, Sun Y, Zhu 
H & Chai L (2015) Myeloid cell-derived reactive oxygen species externally 
regulate the proliferation of myeloid progenitors in emergency granulopoiesis. 
Immunity 42(1):159-171.   



177 

 

Lacy P (2015) Secretion of Cytokines and Chemokines by Innate Immune Cells. 
Frontiers in immunology 6.   

Lai AY & Kondo M (2006) Asymmetrical lymphoid and myeloid lineage commitment in 
multipotent hematopoietic progenitors. Journal of Experimental Medicine 
203(8):1867-1873.   

Lai AY, Lin SM & Kondo M (2005) Heterogeneity of Flt3-expressing multipotent 
progenitors in mouse bone marrow. The Journal of Immunology 175(8):5016-
5023.   

Laine CM, Joeng KS, Campeau PM, Kiviranta R, Tarkkonen K, Grover M, Lu JT, 
Pekkinen M, Wessman M & Heino TJ (2013) WNT1 mutations in early-onset 
osteoporosis and osteogenesis imperfecta. New England Journal of Medicine 
368(19):1809-1816.   

Lane SW, Wang YJ, Lo Celso C, Ragu C, Bullinger L, Sykes SM, Ferraro F, Shterental 
S, Lin CP, Gilliland DG, Scadden DT, Armstrong SA & Williams DA (2011) 
Differential niche and Wnt requirements during acute myeloid leukemia 
progression. Blood 118(10):2849-2856.   

Lapebie P, Borchiellini C & Houliston E (2011) Dissecting the PCP pathway: One or 
more pathways?: Does a separate Wnt-Fz-Rho pathway drive morphogenesis? 
BioEssays : news and reviews in molecular, cellular and developmental biology 
33(10):759-768.   

Lapidot T, Dar A & Kollet O (2005) How do stem cells find their way home? Blood 
106(6):1901-1910.   

Le Page C, Genin P, Baines M & Hiscott J (1999) Interferon activation and innate 
immunity. Reviews in immunogenetics 2(3):374-386.   

Learoyd P (2006) A short history of blood transfusion. National Blood Services, STT 42.   
Lehmann J, Enssle K-H, Lehmann I, Emmendorfer A & Lohmann-Matthes M-L (2000) 

The capacity to produce IFN-gamma rather than the presence of interleukin-4 
determines the resistance and the degree of susceptibility to Leishmania 
donovani infection in mice. Journal of Interferon & Cytokine Research 20(1):63-
77.   

Lento W, Congdon K, Voermans C, Kritzik M & Reya T (2013) Wnt signaling in normal 
and malignant hematopoiesis. Cold Spring Harbor perspectives in biology 
5(2):a008011.   

Lento W, Ito T, Zhao C, Harris JR, Huang W, Jiang C, Owzar K, Piryani S, Racioppi L, 
Chao N & Reya T (2014) Loss of beta-catenin triggers oxidative stress and 
impairs hematopoietic regeneration. Genes Dev 28(9):995-1004.   

Lessard J & Sauvageau G (2003) Bmi-1 determines the proliferative capacity of normal 
and leukaemic stem cells. nature 423(6937):255-260.   

Lewandowski D, Barroca V, Ducongé F, Bayer J, Van Nhieu JT, Pestourie C, Fouchet P, 
Tavitian B & Roméo P-H (2010) In vivo cellular imaging pinpoints the role of 
reactive oxygen species in the early steps of adult hematopoietic reconstitution. 
Blood 115(3):443-452.   

Li WM, Huang WQ, Huang YH & Wang QR (2000) Positive and negative haematopoietic 
cytokines produced by bone marrow endothelial cells. Cytokine 12(7):1017-1023.   

Li Y, Zheng Y, Li T, Wang Q, Qian J, Lu Y, Zhang M, Bi E, Yang M, Reu F, Yi Q & Cai Z 
(2015) Chemokines CCL2, 3, 14 stimulate macrophage bone marrow homing, 
proliferation, and polarization in multiple myeloma. Oncotarget 6(27):24218-
24229.   

Lichtman MA, Beutler E, Kipps TJ, Seligsohn U, Kaushansky K & Prchal JT (2006) 
Williams hematology. McGraw-Hill New York, 



178 

 

Liu F, Wu HY, Wesselschmidt R, Kornaga T & Link DC (1996) Impaired production and 
increased apoptosis of neutrophils in granulocyte colony-stimulating factor 
receptor–deficient mice. Immunity 5(5):491-501.   

Liu Y, Elf SE, Miyata Y, Sashida G, Liu Y, Huang G, Di Giandomenico S, Lee JM, 
Deblasio A & Menendez S (2009) p53 regulates hematopoietic stem cell 
quiescence. Cell stem cell 4(1):37-48.   

Lorenz E, Congdon C & Uphoff D (1952) Modification of acute irradiation injury in mice 
and Guinea-Pigs by bone marrow injections 1. Radiology 58(6):863-877.   

Louis I, Heinonen KM, Chagraoui J, Vainio S, Sauvageau G & Perreault C (2008) The 
signaling protein Wnt4 enhances thymopoiesis and expands multipotent 
hematopoietic progenitors through beta-catenin-independent signaling. Immunity 
29(1):57-67.   

Lu H, Zhu S, Qian L, Xiang D, Zhang W, Nie A, Gao J, Wu M, Gao J & Lu B (2012) 
Activated expression of the chemokine Mig after chemotherapy contributes to 
chemotherapy-induced bone marrow suppression and lethal toxicity. Blood 
119(21):4868-4877.   

Luis TC, Naber BA, Fibbe WE, van Dongen JJ & Staal FJ (2010) Wnt3a nonredundantly 
controls hematopoietic stem cell function and its deficiency results in complete 
absence of canonical Wnt signaling. Blood 116(3):496-497.   

Luis TC, Naber BA, Roozen PP, Brugman MH, de Haas EF, Ghazvini M, Fibbe WE, van 
Dongen JJ, Fodde R & Staal FJ (2011) Canonical wnt signaling regulates 
hematopoiesis in a dosage-dependent fashion. Cell stem cell 9(4):345-356.   

Luis TC & Staal FJ (2009) WNT proteins: environmental factors regulating HSC fate in 
the niche. Annals of the New York Academy of Sciences 1176(1):70-76.   

Lv S, Han M, Yi R, Kwon S, Dai C & Wang R (2014) Anti‐TNF‐α therapy for patients with 
sepsis: a systematic meta‐analysis. International journal of clinical practice 
68(4):520-528.   

MacKinnon AC, Farnworth SL, Hodkinson PS, Henderson NC, Atkinson KM, Leffler H, 
Nilsson UJ, Haslett C, Forbes SJ & Sethi T (2008) Regulation of Alternative 
Macrophage Activation by Galectin-3. The Journal of Immunology 180(4):2650-
2658.   

MacNamara KC, Jones M, Martin O & Winslow GM (2011a) Transient activation of 
hematopoietic stem and progenitor cells by IFNγ during acute bacterial infection. 
PLoS One 6(12):e28669.   

MacNamara KC, Oduro K, Martin O, Jones DD, McLaughlin M, Choi K, Borjesson DL & 
Winslow GM (2011b) Infection-induced myelopoiesis during intracellular bacterial 
infection is critically dependent upon IFN-γ signaling. The Journal of Immunology 
186(2):1032-1043.   

Magee JA, Ikenoue T, Nakada D, Lee JY, Guan K-L & Morrison SJ (2012) Temporal 
changes in PTEN and mTORC2 regulation of hematopoietic stem cell self-
renewal and leukemia suppression. Cell stem cell 11(3):415-428.   

Mahla RS, Reddy CM, Prasad D & Kumar H (2013) Sweeten PAMPs: role of sugar 
complexed PAMPs in innate immunity and vaccine biology. Frontiers in 
immunology 4:248.   

Maiti G, Naskar D & Sen M (2012) The Wingless homolog Wnt5a stimulates 
phagocytosis but not bacterial killing. Proceedings of the National Academy of 
Sciences 109(41):16600-16605.   

Maître J-L & Heisenberg C-P (2013) Three functions of cadherins in cell adhesion. 
Current Biology 23(14):R626-R633. 

Malhotra S & Kincade PW (2009) Wnt-related molecules and signaling pathway 
equilibrium in hematopoiesis. Cell stem cell 4(1):27-36.   



179 

 

Mallaney C, Kothari A, Martens A & Challen GA (2014) Clonal-level responses of 
functionally distinct hematopoietic stem cells to trophic factors. Experimental 
hematology 42(4):317-327. e312.   

Malumbres M, Sotillo Ro, Santamarı́a D, Galán J, Cerezo A, Ortega S, Dubus P & 
Barbacid M (2004) Mammalian cells cycle without the D-type cyclin-dependent 
kinases Cdk4 and Cdk6. Cell 118(4):493-504.   

Mancini SJ, Mantei N, Dumortier A, Suter U, MacDonald HR & Radtke F (2005) 
Jagged1-dependent Notch signaling is dispensable for hematopoietic stem cell 
self-renewal and differentiation. Blood 105(6):2340-2342.   

Mansour A, Abou-Ezzi G, Sitnicka E, Jacobsen SEW, Wakkach A & Blin-Wakkach C 
(2012) Osteoclasts promote the formation of hematopoietic stem cell niches in 
the bone marrow. Journal of Experimental Medicine 209(3):537-549.   

Manz MG & Boettcher S (2014) Emergency granulopoiesis. Nat Rev Immunol 14(5):302-
314.   

Marino R, Otsuru S, Hofmann TJ, Olson TS, Rasini V, Veronesi E, Boyd K, Gaber MW, 
Martinez C & Paolucci P (2013) Delayed marrow infusion in mice enhances 
hematopoietic and osteopoietic engraftment by facilitating transient expansion of 
the osteoblastic niche. Biology of Blood and Marrow Transplantation 
19(11):1566-1573.   

Martin M, Rehani K, Jope RS & Michalek SM (2005) Toll-like receptor-mediated cytokine 
production is differentially regulated by glycogen synthase kinase 3. Nat Immunol 
6(8):777-784.   

Martinez-Agosto JA, Mikkola HK, Hartenstein V & Banerjee U (2007) The hematopoietic 
stem cell and its niche: a comparative view. Genes Dev 21(23):3044-3060.   

Masckauchán TNH, Agalliu D, Vorontchikhina M, Ahn A, Parmalee NL, Li C-M, Khoo A, 
Tycko B, Brown AM & Kitajewski J (2006) Wnt5a signaling induces proliferation 
and survival of endothelial cells in vitro and expression of MMP-1 and Tie-2. 
Molecular biology of the cell 17(12):5163-5172.   

Matatall KA, Jeong M, Chen S, Sun D, Chen F, Mo Q, Kimmel M & King KY (2016) 
Chronic Infection Depletes Hematopoietic Stem Cells through Stress-Induced 
Terminal Differentiation. Cell reports 17(10):2584-2595.   

Matatall KA, Shen CC, Challen GA & King KY (2014) Type II interferon promotes 
differentiation of myeloid-biased hematopoietic stem cells. Stem Cells 
32(11):3023-3030.   

Matnani R & Ganapathi KA (2016) Hemophagocytic lymphohistiocytosis associated with 
visceral leishmaniasis. Blood 127(4):513-513.   

Mazo IB, Massberg S & von Andrian UH (2011) Hematopoietic stem and progenitor cell 
trafficking. Trends in immunology 32(10):493-503.   

McDonough R (1986) The Argument of the Tractatus: Its Relevance to Contemporary 
Theories of Logic, Language, Mind, and Philosophical Truth. SUNY Press,  

McMahon KA, Hiew SY-L, Hadjur S, Veiga-Fernandes H, Menzel U, Price AJ, Kioussis 
D, Williams O & Brady HJ (2007) Mll has a critical role in fetal and adult 
hematopoietic stem cell self-renewal. Cell stem cell 1(3):338-345.   

Medvinsky A, Rybtsov S & Taoudi S (2011) Embryonic origin of the adult hematopoietic 
system: advances and questions. Development 138(6):1017-1031.   

Medzhitov R & Janeway CA (1997) Innate immunity: impact on the adaptive immune 
response. Current opinion in immunology 9(1):4-9.   

Melchers F (2015) Checkpoints that control B cell development. The Journal of clinical 
investigation 125(6):2203-2210.   

Meletis J & Konstantopoulos K (2010) The beliefs, myths, and reality surrounding the 
word hema (blood) from Homer to the present. Anemia 2010.   



180 

 

Melvan JN, Siggins RW, Bagby GJ, Stanford WL, Welsh D, Nelson S & Zhang P (2011) 
Suppression of the stem cell antigen-1 response and granulocyte lineage 
expansion by alcohol during septicemia. Critical care medicine 39(9):2121.   

Mendelson A & Frenette PS (2014) Hematopoietic stem cell niche maintenance during 
homeostasis and regeneration. Nature medicine 20(8):833-846.   

Méndez-Ferrer S & Frenette PS (2009) Gα s Uncouples Hematopoietic Stem Cell 
Homing and Mobilization. Cell Stem Cell 4(5):379-380.   

Méndez-Ferrer S, Lucas D, Battista M & Frenette PS (2008) Haematopoietic stem cell 
release is regulated by circadian oscillations. Nature 452(7186):442-447.   

Mendez-Ferrer S, Michurina TV, Ferraro F, Mazloom AR, Macarthur BD, Lira SA, 
Scadden DT, Ma'ayan A, Enikolopov GN & Frenette PS (2010) Mesenchymal 
and haematopoietic stem cells form a unique bone marrow niche. Nature 
466(7308):829-834.   

Merzaban JS, Burdick MM, Gadhoum SZ, Dagia NM, Chu JT, Fuhlbrigge RC & 
Sackstein R (2011) Analysis of glycoprotein E-selectin ligands on human and 
mouse marrow cells enriched for hematopoietic stem/progenitor cells. Blood 
118(7):1774-1783.   

Metcalf D (1980) Clonal analysis of proliferation and differentiation of paired daughter 
cells: action of granulocyte-macrophage colony-stimulating factor on granulocyte-
macrophage precursors. Proceedings of the National Academy of Sciences 
77(9):5327-5330.   

Meyer O (2009) Interferons and autoimmune disorders. Joint Bone Spine 76(5):464-473.   
Mikels A & Nusse R (2006) Wnts as ligands: processing, secretion and reception. 

Oncogene 25(57):7461-7468.   
Milne CD & Paige CJ (2006) IL-7: a key regulator of B lymphopoiesis. Seminars in 

immunology. Elsevier, p 20-30. 
Ming M, Wang S, Wu W, Senyuk V, Le Beau MM, Nucifora G & Qian Z (2012) Activation 

of Wnt/beta-catenin protein signaling induces mitochondria-mediated apoptosis 
in hematopoietic progenitor cells. The Journal of biological chemistry 
287(27):22683-22690.   

Mirkovic I, Gault WJ, Rahnama M, Jenny A, Gaengel K, Bessette D, Gottardi CJ, 
Verheyen EM & Mlodzik M (2011) Nemo kinase phosphorylates beta-catenin to 
promote ommatidial rotation and connects core PCP factors to E-cadherin-beta-
catenin. Nature structural & molecular biology 18(6):665-672.   

Mirkovich AM, Galelli A, Allison AC & Modabber FZ (1986) Increased myelopoiesis 
during Leishmania major infection in mice: generation of 'safe targets', a possible 
way to evade the effector immune mechanism. Clin Exp Immunol 64(1):1-7.   

Mojsilović S, Jauković A, Santibañez JF & Bugarski D (2015) Interleukin-17 and its 
implication in the regulation of differentiation and function of hematopoietic and 
mesenchymal stem cells. Mediators of inflammation 2015.   

Mold JE, Venkatasubrahmanyam S, Burt TD, Michaëlsson J, Rivera JM, Galkina SA, 
Weinberg K, Stoddart CA & McCune JM (2010) Fetal and adult hematopoietic 
stem cells give rise to distinct T cell lineages in humans. Science 
330(6011):1695-1699.   

Moore RN, Steeg PS, Männel DN & Mergenhagen SE (1980) Role of lipopolysaccharide 
in regulating colony-stimulating factor-dependent macrophage proliferation in 
vitro. Infection and immunity 30(3):797-804.   

Morgan R, El-Kadi A-M & Theokli C (2004) Flamingo, a cadherin-type receptor involved 
in the Drosophila planar polarity pathway, can block signaling via the canonical 
wnt pathway in Xenopus laevis. International journal of developmental biology 
47(4):245-252.   



181 

 

Morias Y, Abels C, Laoui D, Van Overmeire E, Guilliams M, Schouppe E, Tacke F, 
deVries CJ, De Baetselier P & Beschin A (2015) Ly6C- Monocytes Regulate 
Parasite-Induced Liver Inflammation by Inducing the Differentiation of Pathogenic 
Ly6C+ Monocytes into Macrophages. PLoS Pathog 11(5):e1004873.   

Morita Y, Ema H & Nakauchi H (2010) Heterogeneity and hierarchy within the most 
primitive hematopoietic stem cell compartment. Journal of Experimental Medicine 
207(6):1173-1182.   

Morrison SJ (2002) The Purification of Mouse Hematopoietic Stem Cells at Sequential 
Stages of Maturation. Hematopoietic Stem Cell Protocols:15-28.   

Morrison SJ, Hemmati HD, Wandycz AM & Weissman IL (1995) The purification and 
characterization of fetal liver hematopoietic stem cells. Proceedings of the 
National Academy of Sciences 92(22):10302-10306. 

Morrison SJ, Wandycz AM, Hemmati HD, Wright DE & Weissman IL (1997) Identification 
of a lineage of multipotent hematopoietic progenitors. Development 
124(10):1929-1939.   

Mossadegh-Keller N, Sarrazin S, Kandalla PK, Espinosa L, Stanley ER, Nutt SL, Moore 
J & Sieweke MH (2013) M-CSF instructs myeloid lineage fate in single 
haematopoietic stem cells. Nature 497(7448):239-243.   

Motoyama N, Wang F, Roth KA & Sawa H (1995) Massive cell death of immature 
hematopoietic cells and neurons in Bcl-x-deficient mice. Science 
267(5203):1506.   

Muller-Sieburg CE, Sieburg HB, Bernitz JM & Cattarossi G (2012) Stem cell 
heterogeneity: implications for aging and regenerative medicine. Blood 
119(17):3900-3907.   

Murdoch B, Chadwick K, Martin M, Shojaei F, Shah KV, Gallacher L, Moon RT & Bhatia 
M (2003) Wnt-5A augments repopulating capacity and primitive hematopoietic 
development of human blood stem cells in vivo. Proceedings of the National 
Academy of Sciences 100(6):3422-3427.   

Murray HW, Cervia JS, Hariprashad J, Taylor AP, Stoeckle MY & Hockman H (1995) 
Effect of granulocyte-macrophage colony-stimulating factor in experimental 
visceral leishmaniasis. J Clin Invest 95(3):1183-1192.   

Nagai Y, Garrett KP, Ohta S, Bahrun U, Kouro T, Akira S, Takatsu K & Kincade PW 
(2006) Toll-like receptors on hematopoietic progenitor cells stimulate innate 
immune system replenishment. Immunity 24(6):801-812.   

Nakamura-Ishizu A, Takizawa H & Suda T (2014) The analysis, roles and regulation of 
quiescence in hematopoietic stem cells. Development 141(24):4656-4666.   

Nemeth MJ, Topol L, Anderson SM, Yang Y & Bodine DM (2007) Wnt5a inhibits 
canonical Wnt signaling in hematopoietic stem cells and enhances repopulation. 
Proceedings of the National Academy of Sciences of the United States of 
America 104(39):15436-15441.     

Netea MG, Quintin J & van der Meer JW (2011) Trained immunity: a memory for innate 
host defense. Cell Host Microbe 9(5):355-361.   

Neumann J, Schaale K, Farhat K, Endermann T, Ulmer AJ, Ehlers S & Reiling N (2010) 
Frizzled1 is a marker of inflammatory macrophages, and its ligand Wnt3a is 
involved in reprogramming Mycobacterium tuberculosis-infected macrophages. 
The FASEB Journal 24(11):4599-4612.   

Nicolay NH, Perez RL, Saffrich R & Huber PE (2015) Radio-resistant mesenchymal 
stem cells: mechanisms of resistance and potential implications for the clinic. 
Oncotarget 6(23):19366.   



182 

 

Nilsson SK, Dooner MS, Tiarks CY, Weier H-U & Quesenberry PJ (1997) Potential and 
distribution of transplanted hematopoietic stem cells in a nonablated mouse 
model. Blood 89(11):4013-4020.   

Nimmo RA, May GE & Enver T (2015) Primed and ready: understanding lineage 
commitment through single cell analysis. Trends in cell biology 25(8):459-467.   

Nishizawa M & Nagata S (1990) Regulatory elements responsible for inducible 
expression of the granulocyte colony-stimulating factor gene in macrophages. 
Molecular and cellular biology 10(5):2002-2011.   

Nusse R (2013) The WNT homepage. URL: http://www. stanford. edu/∼ 
rnusse/wntwindow. html.   

Nusse R, Fuerer C, Ching W, Harnish K, Logan C, Zeng A, Ten Berge D & Kalani Y 
(2008) Wnt signaling and stem cell control. Cold Spring Harbor symposia on 
quantitative biology. Cold Spring Harbor Laboratory Press, p 59-66. 

Nutt SL, Metcalf D, D'Amico A, Polli M & Wu L (2005) Dynamic regulation of PU. 1 
expression in multipotent hematopoietic progenitors. Journal of Experimental 
Medicine 201(2):221-231.   

Nygren JM, Bryder D & Jacobsen SE (2006) Prolonged cell cycle transit is a defining 
and developmentally conserved hemopoietic stem cell property. J Immunol 
177(1):201-208.   

O'Mahony DS, Pham U, Iyer R, Hawn TR & Liles WC (2008) Differential constitutive and 
cytokine-modulated expression of human Toll-like receptors in primary 
neutrophils, monocytes, and macrophages. International journal of medical 
sciences 5(1):1.   

O'Neill LA & Bowie AG (2007) The family of five: TIR-domain-containing adaptors in Toll-
like receptor signalling. Nature Reviews Immunology 7(5):353-364.   

Oderup C, LaJevic M & Butcher EC (2013) Canonical and noncanonical Wnt proteins 
program dendritic cell responses for tolerance. J Immunol 190(12):6126-6134.   

Ogawa M (1993) Differentiation and proliferation of hematopoietic stem cells. Blood 
81(11):2844-2853.   

Oguro H, Ding L & Morrison SJ (2013) SLAM family markers resolve functionally distinct 
subpopulations of hematopoietic stem cells and multipotent progenitors. Cell 
stem cell 13(1):102-116.   

Okuda T, Van Deursen J, Hiebert SW, Grosveld G & Downing JR (1996) AML1, the 
target of multiple chromosomal translocations in human leukemia, is essential for 
normal fetal liver hematopoiesis. Cell 84(2):321-330.   

Olson TS, Caselli A, Otsuru S, Hofmann T & Horwitz EM (2010) Novel Role for Host-
Derived Megakaryocytes In Facilitating Stem Cell Engraftment through 
Enhancement of Osteoblastic Niche Restoration Following Radioablation.  (Am 
Soc Hematology). 

Olson TS, Caselli A, Otsuru S, Hofmann TJ, Williams R, Paolucci P, Dominici M & 
Horwitz EM (2013) Megakaryocytes promote murine osteoblastic HSC niche 
expansion and stem cell engraftment after radioablative conditioning. Blood 
121(26):5238-5249.   

Onai N, Obata-Onai A, Schmid MA, Ohteki T, Jarrossay D & Manz MG (2007) 
Identification of clonogenic common Flt3+ M-CSFR+ plasmacytoid and 
conventional dendritic cell progenitors in mouse bone marrow. Nature 
immunology 8(11):1207-1216.   

Oozeer F, Yates LL, Dean C & Formstone CJ (2017) A role for core planar polarity 
proteins in cell contact-mediated orientation of planar cell division across the 
mammalian embryonic skin. Scientific Reports 7.   

http://www/


183 

 

Osawa M, Hanada K-i, Hamada H & Nakauchi H (1996) Long-term lymphohematopoietic 
reconstitution by a single CD34-low/negative hematopoietic stem cell. Science 
273(5272):242.   

Pacifici R (2013) Role of T cells in the modulation of PTH action: physiological and 
clinical significance. Endocrine 44(3):576-582.   

Panaroni C & Wu JY (2013) Interactions between B lymphocytes and the osteoblast 
lineage in bone marrow. Calcified tissue international 93(3):261-268.   

Papayannopoulou T, Craddock C, Nakamoto B, Priestley GV & Wolf NS (1995) The 
VLA4/VCAM-1 adhesion pathway defines contrasting mechanisms of lodgement 
of transplanted murine hemopoietic progenitors between bone marrow and 
spleen. Proceedings of the National Academy of Sciences 92(21):9647-9651.   

Papayannopoulou T, Priestley GV & Nakamoto B (1998) Anti–VLA4/VCAM-1—Induced 
Mobilization Requires Cooperative Signaling Through the kit/mkit Ligand 
Pathway. Blood 91(7):2231-2239.   

Park I-k, Qian D, Kiel M, Becker MW, Pihalja M, Weissman IL, Morrison SJ & Clarke MF 
(2003) Bmi-1 is required for maintenance of adult self-renewing haematopoietic 
stem cells. Nature 423(6937):302-305.   

Parmar K, Mauch P, Vergilio J-A, Sackstein R & Down JD (2007) Distribution of 
hematopoietic stem cells in the bone marrow according to regional hypoxia. 
Proceedings of the National Academy of Sciences 104(13):5431-5436.   

Passegué E, Jamieson CH, Ailles LE & Weissman IL (2003) Normal and leukemic 
hematopoiesis: are leukemias a stem cell disorder or a reacquisition of stem cell 
characteristics? Proceedings of the National Academy of Sciences 100(suppl 
1):11842-11849. 

Passegué E, Wagers AJ, Giuriato S, Anderson WC & Weissman IL (2005) Global 
analysis of proliferation and cell cycle gene expression in the regulation of 
hematopoietic stem and progenitor cell fates. Journal of Experimental Medicine 
202(11):1599-1611.   

Passos S, Carvalho LP, Costa RS, Campos TM, Novais FO, Magalhaes A, Machado 
PR, Beiting D, Mosser D, Carvalho EM & Scott P (2015) Intermediate monocytes 
contribute to pathologic immune response in Leishmania braziliensis infections. 
The Journal of infectious diseases 211(2):274-282.   

Paun A, Bankoti R, Joshi T, Pitha PM & Stäger S (2011) Critical role of IRF-5 in the 
development of T helper 1 responses to Leishmania donovani infection. PLoS 
pathogens 7(1):e1001246.   

Pereira C, Clarke E & Damen J (2007) Hematopoietic colony-forming cell assays. Stem 
Cell Assays:177-208.   

Pereira C, Schaer DJ, Bachli EB, Kurrer MO & Schoedon G (2008) Wnt5A/CaMKII 
signaling contributes to the inflammatory response of macrophages and is a 
target for the antiinflammatory action of activated protein C and interleukin-10. 
Arteriosclerosis, thrombosis, and vascular biology 28(3):504-510.   

Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, Ponomaryov T, 
Taichman RS, Arenzana-Seisdedos F & Fujii N (2002) G-CSF induces stem cell 
mobilization by decreasing bone marrow SDF-1 and up-regulating CXCR4. 
Nature immunology 3(7):687.   

Pfeffer K (2003) Biological functions of tumor necrosis factor cytokines and their 
receptors. Cytokine & growth factor reviews 14(3):185-191.   

Pham K, Sacirbegovic F & Russell SM (2014) Polarized cells, polarized views: 
asymmetric cell division in hematopoietic cells. Frontiers in immunology 5.   



184 

 

Phillips RJ, Lutz M & Premack B (2005) Differential signaling mechanisms regulate 
expression of CC chemokine receptor-2 during monocyte maturation. J Inflamm 
(Lond) 2:14.   

Pietras EM, Fong S, Löffler D, Lakshminarasimhan R, Techner J-M, Schroeder T & 
Passegué E (2013) 198: Interleukin-1 drives hematopoietic stem cell 
differentiation and myelopoiesis via a Pu. 1-dependent molecular program. 
Cytokine 63(3):290.   

Pietras EM, Lakshminarasimhan R, Techner J-M, Fong S, Flach J, Binnewies M & 
Passegué E (2014) Re-entry into quiescence protects hematopoietic stem cells 
from the killing effect of chronic exposure to type I interferons. Journal of 
Experimental Medicine 211(2):245-262.   

Pietras EM, Mirantes-Barbeito C, Fong S, Loeffler D, Kovtonyuk LV, Zhang S, 
Lakshminarasimhan R, Chin CP, Techner J-M & Will B (2016) Chronic 
interleukin-1 exposure drives haematopoietic stem cells towards precocious 
myeloid differentiation at the expense of self-renewal. Nature cell biology 
18(6):607-618.   

Pietras EM, Reynaud D, Kang Y-A, Carlin D, Calero-Nieto FJ, Leavitt AD, Stuart JM, 
Göttgens B & Passegué E (2015) Functionally distinct subsets of lineage-biased 
multipotent progenitors control blood production in normal and regenerative 
conditions. Cell Stem Cell 17(1):35-46.   

Pietras EM, Warr MR & Passegué E (2011) Cell cycle regulation in hematopoietic stem 
cells. J Cell Biol 195(5):709-720.   

Planutiene M, Planutis K & Holcombe RF (2011) Lymphoid enhancer-binding factor 1, a 
representative of vertebrate-specific Lef1/Tcf1 sub-family, is a Wnt-beta-catenin 
pathway target gene in human endothelial cells which regulates matrix 
metalloproteinase-2 expression and promotes endothelial cell invasion. Vascular 
cell 3(1):28.   

Pluznik DH & Sachs L (1965) The cloning of normal “mast” cells in tissue culture. 
Journal of Cellular and Comparative Physiology 66(3):319-324.   

Povinelli BJ & Nemeth MJ (2014) Wnt5a regulates hematopoietic stem cell proliferation 
and repopulation through the Ryk receptor. Stem cells 32(1):105-115.   

Pronk CJ, Veiby OP, Bryder D & Jacobsen SEW (2011) Tumor necrosis factor restricts 
hematopoietic stem cell activity in mice: involvement of two distinct receptors. 
Journal of Experimental Medicine 208(8):1563-1570.   

Qiang YW, Chen Y, Brown N, Hu B, Epstein J, Barlogie B & Shaughnessy Jr JD (2010) 
Characterization of Wnt/β‐catenin signalling in osteoclasts in multiple myeloma. 
British journal of haematology 148(5):726-738.   

Quesenberry PJ, Goldberg L, Aliotta J & Dooner M (2014) Marrow hematopoietic stem 
cells revisited: they exist in a continuum and are not defined by standard 
purification approaches; then there are the microvesicles. Frontiers in oncology 
4.   

Raaijmakers MH (2010) Regulating traffic in the hematopoietic stem cell niche.  
(Haematologica). 

Ranheim EA, Kwan HC, Reya T, Wang Y-K, Weissman IL & Francke U (2005) Frizzled 9 
knock-out mice have abnormal B-cell development. Blood 105(6):2487-2494.   

Reagan MR & Rosen CJ (2015) Navigating the bone marrow niche: translational insights 
and cancer-driven dysfunction. Nature Reviews Rheumatology 12(3):nrrheum. 
2015.2160.   

Rebel VI, Hartnett S, Hill GR, Lazo-Kallanian SB, Ferrara JL & Sieff CA (1999) Essential 
role for the p55 tumor necrosis factor receptor in regulating hematopoiesis at a 
stem cell level. Journal of Experimental Medicine 190(10):1493-1504.   



185 

 

Reiner NE, Ng W, Wilson C, McMaster W & Burchett S (1990) Modulation of in vitro 
monocyte cytokine responses to Leishmania donovani. Interferon-gamma 
prevents parasite-induced inhibition of interleukin 1 production and primes 
monocytes to respond to Leishmania by producing both tumor necrosis factor-
alpha and interleukin 1. Journal of Clinical Investigation 85(6):1914.   

Reitsma MJ, Lee BR & Uchida N (2002) Method for purification of human hematopoietic 
stem cells by flow cytometry. Hematopoietic Stem Cell Protocols:59-77.   

Reya T, Duncan AW, Ailles L, Domen J, Scherer DC, Willert K, Hintz L, Nusse R & 
Weissman IL (2003) A role for Wnt signalling in self-renewal of haematopoietic 
stem cells. Nature 423(6938):409-414.   

Reya T, O'Riordan M, Okamura R, Devaney E, Willert K, Nusse R & Grosschedl R 
(2000) Wnt signaling regulates B lymphocyte proliferation through a LEF-1 
dependent mechanism. Immunity 13(1):15-24.   

Rezzoug F, Huang Y, Tanner MK, Wysoczynski M, Schanie CL, Chilton PM, Ratajczak 
MZ, Fugier-Vivier IJ & Ildstad ST (2008) TNF-α is critical to facilitate hemopoietic 
stem cell engraftment and function. The Journal of Immunology 180(1):49-57.   

Rizo A, Vellenga E, de Haan G & Schuringa JJ (2006) Signaling pathways in self-
renewing hematopoietic and leukemic stem cells: do all stem cells need a niche? 
Human molecular genetics 15(suppl_2):R210-R219. 

Robert‐Moreno À, Guiu J, Ruiz‐Herguido C, López ME, Inglés‐Esteve J, Riera L, Tipping 
A, Enver T, Dzierzak E & Gridley T (2008) Impaired embryonic haematopoiesis 
yet normal arterial development in the absence of the Notch ligand Jagged1. The 
EMBO journal 27(13):1886-1895 

Rodriguez S, Chora A, Goumnerov B, Mumaw C, Goebel WS, Fernandez L, Baydoun H, 
HogenEsch H, Dombkowski DM & Karlewicz CA (2009) Dysfunctional expansion 
of hematopoietic stem cells and block of myeloid differentiation in lethal sepsis. 
Blood 114(19):4064-4076.   

Rodrigues NP, Janzen V, Forkert R, Dombkowski DM, Boyd AS, Orkin SH, Enver T, 
Vyas P & Scadden DT (2005) Haploinsufficiency of GATA-2 perturbs adult 
hematopoietic stem-cell homeostasis. Blood 106(2):477-484.   

Rofani C, Luchetti L, Testa G, Lasorella R, Isacchi G, Bottazzo GF & Berardi AC (2009) 
IL-16 can synergize with early acting cytokines to expand ex vivo CD34+ isolated 
from cord blood. Stem cells and development 18(4):671-682.   

Romano A, Carneiro MB, Doria NA, Roma EH, Ribeiro-Gomes FL, Inbar E, Lee SH, 
Mendez J, Paun A & Sacks DL (2017) Divergent roles for Ly6C+ CCR2+ 
CX3CR1+ inflammatory monocytes during primary or secondary infection of the 
skin with the intra-phagosomal pathogen Leishmania major. PLoS Pathogens 
13(6):e1006479.   

Romano A, Doria NA, Mendez J, Sacks DL & Peters NC (2015) Cutaneous Infection 
with Leishmania major Mediates Heterologous Protection against Visceral 
Infection with Leishmania infantum. J Immunol 195(8):3816-3827.   

Romero G, von Zastrow M & Friedman PA (2011) Role of PDZ proteins in regulating 
trafficking, signaling, and function of GPCRs: means, motif, and opportunity. 
Advances in pharmacology (San Diego, Calif.) 62:279.   

Rossi DJ, Bryder D & Weissman IL (2007) Hematopoietic stem cell aging: mechanism 
and consequence. Experimental gerontology 42(5):385-390.   

Rossi L, Lin Kuanyin K, Boles Nathan C, Yang L, King Katherine Y, Jeong M, Mayle A & 
Goodell Margaret A (2012) Less Is More: Unveiling the Functional Core of 
Hematopoietic Stem Cells through Knockout Mice. Cell Stem Cell 11(3):302-317.   

Roussel MF (1999) The INK4 family of cell cycle inhibitors in cancer. Oncogene 
18(38):5311-5317.   



186 

 

Ruiz-Herguido C, Guiu J, D'Altri T, Inglés-Esteve J, Dzierzak E, Espinosa L & Bigas A 
(2012) Hematopoietic stem cell development requires transient Wnt/β-catenin 
activity. Journal of Experimental Medicine 209(8):1457-1468.   

Rulifson EJ, Wu C-H & Nusse R (2000) Pathway specificity by the bifunctional receptor 
frizzled is determined by affinity for wingless. Molecular cell 6(1):117-126.   

Sabin FR, Doan C & Forkner C (1932) The production of osteogenic sarcomata and the 
effects on lymph nodes and bone marrow of intravenous injections of radium 
chloride and mesothorium in rabbits. Journal of Experimental Medicine 
56(2):267-289.   

Sabroe I, Dower SK & Whyte MK (2005) The role of Toll-like receptors in the regulation 
of neutrophil migration, activation, and apoptosis. Clinical infectious diseases 
41(Supplement 7):S421-S426.   

Saeed S, Quintin J, Kerstens HH, Rao NA, Aghajanirefah A, Matarese F, Cheng SC, 
Ratter J, Berentsen K, van der Ent MA, Sharifi N, Janssen-Megens EM, Ter 
Huurne M, Mandoli A, van Schaik T, Ng A, Burden F, Downes K, Frontini M, 
Kumar V, Giamarellos-Bourboulis EJ, Ouwehand WH, van der Meer JW, Joosten 
LA, Wijmenga C, Martens JH, Xavier RJ, Logie C, Netea MG & Stunnenberg HG 
(2014) Epigenetic programming of monocyte-to-macrophage differentiation and 
trained innate immunity. Science 345(6204):1251086.   

Saenz SA, Siracusa MC, Perrigoue JG, Spencer SP, Urban Jr JF, Tocker JE, Budelsky 
AL, Kleinschek MA, Kastelein RA & Kambayashi T (2010) IL25 elicits a 
multipotent progenitor cell population that promotes TH2 cytokine responses. 
Nature 464(7293):1362-1366.   

Sahin AO & Buitenhuis M (2012) Molecular mechanisms underlying adhesion and 
migration of hematopoietic stem cells. Cell adhesion & migration 6(1):39-48.   

Sasine JP, Yeo KT & Chute JP (2016) Concise Review: Paracrine Functions of Vascular 
Niche Cells in Regulating Hematopoietic Stem Cell Fate. Stem Cells 
Translational Medicine:sctm. 2016-0254.   

Sato N, Kuziel WA, Melby PC, Reddick RL, Kostecki V, Zhao W, Maeda N, Ahuja SK & 
Ahuja SS (1999) Defects in the generation of IFN-γ are overcome to control 
infection with Leishmania donovani in CC chemokine receptor (CCR) 5-, 
macrophage inflammatory protein-1α-, or CCR2-deficient mice. The Journal of 
Immunology 163(10):5519-5525.   

Sato T, Onai N, Yoshihara H, Arai F, Suda T & Ohteki T (2009) Interferon regulatory 
factor-2 protects quiescent hematopoietic stem cells from type I interferon–
dependent exhaustion. Nature medicine 15(6):696-700.   

Scadden DT (2014) Nice neighborhood: emerging concepts of the stem cell niche. Cell 
157(1):41-50.   

Schaniel C, Sirabella D, Qiu J, Niu X, Lemischka IR & Moore KA (2011) Wnt-inhibitory 
factor 1 dysregulation of the bone marrow niche exhausts hematopoietic stem 
cells. Blood 118(9):2420-2429.   

Scheller M, Huelsken J, Rosenbauer F, Taketo MM, Birchmeier W, Tenen DG & Leutz A 
(2006a) Hematopoietic stem cell and multilineage defects generated by 
constitutive [beta]-catenin activation. Nature immunology 7(10):1037.   

Scheller M, Huelsken J, Rosenbauer F, Taketo MM, Birchmeier W, Tenen DG & Leutz A 
(2006b) Hematopoietic stem cell and multilineage defects generated by 
constitutive β-catenin activation. Nature immunology 7(10):1037-1047.   

Schepers K, Pietras EM, Reynaud D, Flach J, Binnewies M, Garg T, Wagers AJ, Hsiao 
EC & Passegue E (2013) Myeloproliferative neoplasia remodels the endosteal 
bone marrow niche into a self-reinforcing leukemic niche. Cell Stem Cell 
13(3):285-299.   



187 

 

Schroeder T (2007a) Asymmetric cell division in normal and malignant hematopoietic 
precursor cells. Cell stem cell 1(5):479-481.   

Schoedel KB, Morcos MN, Zerjatke T, Roeder I, Grinenko T, Voehringer D, Göthert JR, 
Waskow C, Roers A & Gerbaulet A (2016) The bulk of the hematopoietic stem 
cell population is dispensable for murine steady-state and stress hematopoiesis. 
Blood 128(19):2285-2296.   

Schubert M & Holland LZ (2013) The Wnt Gene Family and the Evolutionary 
Conservation of Wnt Expression.   

Schulte D, Kragelund D, Müller N, Hagen I, Elke G, Titz A, Schädler D, Schumacher J, 

Weiler N & Bewig B (2015) The wingless‐related integration site‐5a/secreted 
frizzled‐related protein‐5 system is dysregulated in human sepsis. Clinical & 
Experimental Immunology 180(1):90-97.   

Schürch CM, Riether C & Ochsenbein AF (2014) Cytotoxic CD8+ T cells stimulate 
hematopoietic progenitors by promoting cytokine release from bone marrow 
mesenchymal stromal cells. Cell stem cell 14(4):460-472.   

Schweitzer KM, Dräger A, Van der Valk P, Thijsen S, Zevenbergen A, Theijsmeijer AP, 
Van der Schoot C & Langenhuijsen M (1996) Constitutive expression of E-
selectin and vascular cell adhesion molecule-1 on endothelial cells of 
hematopoietic tissues. The American journal of pathology 148(1):165.   

Scumpia PO, Kelly-Scumpia KM, Delano MJ, Weinstein JS, Cuenca AG, Al-Quran S, 
Bovio I, Akira S, Kumagai Y & Moldawer LL (2010) Cutting edge: bacterial 
infection induces hematopoietic stem and progenitor cell expansion in the 
absence of TLR signaling. The Journal of Immunology 184(5):2247-2251.   

Seita J & Weissman IL (2010) Hematopoietic stem cell: self‐renewal versus 
differentiation. Wiley Interdisciplinary Reviews: Systems Biology and Medicine 
2(6):640-653.   

Semerad CL, Christopher MJ, Liu F, Short B, Simmons PJ, Winkler I, Levesque J-P, 
Chappel J, Ross FP & Link DC (2005) G-CSF potently inhibits osteoblast activity 
and CXCL12 mRNA expression in the bone marrow. Blood 106(9):3020-3027.   

Sen M, Lauterbach K, El-Gabalawy H, Firestein GS, Corr M & Carson DA (2000) 
Expression and function of wingless and frizzled homologs in rheumatoid 
arthritis. Proceedings of the National Academy of Sciences 97(6):2791-2796.   

Sharma R & Chopra V (1976) Effect of the Wingless (wg1) mutation on wing and haltere 
development in Drosophila melanogaster. Developmental biology 48(2):461-465.   

Shi C, Jia T, Mendez-Ferrer S, Hohl TM, Serbina NV, Lipuma L, Leiner I, Li MO, 
Frenette PS & Pamer EG (2011a) Bone marrow mesenchymal stem and 
progenitor cells induce monocyte emigration in response to circulating toll-like 
receptor ligands. Immunity 34(4):590-601.   

Shi C & Pamer EG (2011b) Monocyte recruitment during infection and inflammation. 
Nature reviews. Immunology 11(11):762.   

Shi S & Gronthos S (2003) Perivascular niche of postnatal mesenchymal stem cells in 
human bone marrow and dental pulp. Journal of bone and mineral research 
18(4):696-704.   

Shi X, Siggins RW, Stanford WL, Melvan JN, Basson MD & Zhang P (2013) Toll-like 
receptor 4/stem cell antigen 1 signaling promotes hematopoietic precursor cell 
commitment to granulocyte development during the granulopoietic response to 
Escherichia coli bacteremia. Infection and immunity 81(6):2197-2205.   

Shi X, Zhang P, Sempowski GD & Shellito JE (2011c) Thymopoietic and bone marrow 
response to murine Pneumocystis pneumonia. Infection and immunity 
79(5):2031-2042.   



188 

 

Sieburg HB, Cho RH, Dykstra B, Uchida N, Eaves CJ & Muller-Sieburg CE (2006) The 
hematopoietic stem compartment consists of a limited number of discrete stem 
cell subsets. Blood 107(6):2311-2316.   

Silberstein LE & Lin CP (2013) A new image of the hematopoietic stem cell vascular 
niche. Cell stem cell 13(5):514-516.   

Silva M, Grillot D, Benito A, Richard C, Nunez G & Fernandez-Luna JL (1996) 
Erythropoietin can promote erythroid progenitor survival by repressing apoptosis 
through Bcl-XL and Bcl-2. Blood 88(5):1576-1582.   

Siminovitch L, J. E. Till, and E. A. McCulloch (1964) Decline in colony‐forming ability of 
marrow cells subjected to serial transplantation into irradiated mice. Journal of 
Cellular and Comparative Physiology 64(1):23-31.   

Singh P, Hu P, Hoggatt J, Moh A & Pelus LM (2012) Expansion of bone marrow 
neutrophils following G-CSF administration in mice results in osteolineage cell 
apoptosis and mobilization of hematopoietic stem and progenitor cells. Leukemia 
26(11):2375-2383.   

Singh P, Yao Y, Weliver A, Broxmeyer HE, Hong SC & Chang CH (2008) Vaccinia virus 
infection modulates the hematopoietic cell compartments in the bone marrow. 
Stem cells 26(4):1009-1016.   

Sintes J, Romero X, Marin P, Terhorst C & Engel P (2008) Differential expression of 
CD150 (SLAM) family receptors by human hematopoietic stem and progenitor 
cells. Experimental hematology 36(9):1199-1204.   

Sitnicka E, Bryder D, Theilgaard-Monch K, Buza-Vidas N, Adolfsson J & Jacobsen SE 
(2002) Key role of flt3 ligand in regulation of the common lymphoid progenitor but 
not in maintenance of the hematopoietic stem cell pool. Immunity 17(4):463-472.   

Spangrude G (1991) The pre-spleen colony-forming unit assay: measurement of spleen 
colony-forming unit regeneration. Current topics in microbiology and immunology 
177:31-39.   

Spangrude GJ, Heimfeld S & Weissman IL (1988) Purification and characterization of 
mouse hematopoietic stem cells. Science 241(4861):58.   

Spencer GJ, Utting JC, Etheridge SL, Arnett TR & Genever PG (2006) Wnt signalling in 
osteoblasts regulates expression of the receptor activator of NFκB ligand and 
inhibits osteoclastogenesis in vitro. J Cell Sci 119(7):1283-1296.   

Srour E, Jetmore A, Wolber F, Plett P, Abonour R, Yoder M & Orschell-Traycoff C 
(2001) Homing, cell cycle kinetics and fate of transplanted hematopoietic stem 
cells. Leukemia 15(11):1681.   

Staal FJ & Clevers HC (2005) WNT signalling and haematopoiesis: a WNT–WNT 
situation. Nature Reviews Immunology 5(1):21-30.   

Staal FJ, Famili F, Garcia Perez L & Pike-Overzet K (2016a) Aberrant Wnt Signaling in 
Leukemia. Cancers 8(9):78.   

Staal FJ, Luis TC & Tiemessen MM (2008a) WNT signalling in the immune system: 
WNT is spreading its wings. Nature reviews. Immunology 8(8):581.   

Staal FJ & M Sen J (2008b) The canonical Wnt signaling pathway plays an important 
role in lymphopoiesis and hematopoiesis. European journal of immunology 
38(7):1788-1794.   

Staal FJ, Weerkamp F, Baert MR, van den Burg CM, van Noort M, de Haas EF & van 
Dongen JJ (2004) Wnt target genes identified by DNA microarrays in immature 
CD34+ thymocytes regulate proliferation and cell adhesion. J Immunol 
172(2):1099-1108.   

Staal FJT, Chhatta A & Mikkers H (2016b) Caught in a Wnt storm: Complexities of Wnt 
signaling in hematopoiesis. Experimental Hematology 44(6):451-457.   



189 

 

Stanley AC & Engwerda CR (2007) Balancing immunity and pathology in visceral 
leishmaniasis. Immunology and cell biology 85(2):138.   

Steinman RA (2002) Cell cycle regulators and hematopoiesis. Oncogene 21(21):3403.   
Stone KD, Prussin C & Metcalfe DD (2010) IgE, mast cells, basophils, and eosinophils. 

Journal of Allergy and Clinical Immunology 125(2):S73-S80.   
Suda T, Takubo K & Semenza GL (2011) Metabolic regulation of hematopoietic stem 

cells in the hypoxic niche. Cell stem cell 9(4):298-310.   
Sugimura R, He XC, Venkatraman A, Arai F, Box A, Semerad C, Haug JS, Peng L, 

Zhong X-b & Suda T (2012) Noncanonical Wnt signaling maintains hematopoietic 
stem cells in the niche. Cell 150(2):351-365.   

Sugiyama T, Kohara H, Noda M & Nagasawa T (2006) Maintenance of the 
hematopoietic stem cell pool by CXCL12-CXCR4 chemokine signaling in bone 
marrow stromal cell niches. Immunity 25(6):977-988.   

Sun J, Ramos A, Chapman B, Johnnidis JB, Le L, Ho Y-J, Klein A, Hofmann O & 
Camargo FD (2014) Clonal dynamics of native haematopoiesis. Nature 
514(7522):322-327.   

Sun Y, Shao L, Bai H, Wang ZZ & Wu W-S (2010) Slug deficiency enhances self-
renewal of hematopoietic stem cells during hematopoietic regeneration. Blood 
115(9):1709-1717.   

Suratt BT, Young SK, Lieber J, Nick JA, Henson PM & Worthen GS (2001) Neutrophil 
maturation and activation determine anatomic site of clearance from circulation. 
American Journal of Physiology-Lung Cellular and Molecular Physiology 
281(4):L913-L921.   

Suryawanshi A, Tadagavadi RK, Swafford D & Manicassamy S (2016) Modulation of 
Inflammatory Responses by Wnt/β-Catenin Signaling in Dendritic Cells: A Novel 
Immunotherapy Target for Autoimmunity and Cancer. Frontiers in immunology 7.   

Swarup S & Verheyen EM (2012) Wnt/wingless signaling in Drosophila. Cold Spring 
Harbor perspectives in biology 4(6):a007930.   

Swiers G, De Bruijn M & Speck NA (2010) Hematopoietic stem cell emergence in the 
conceptus and the role of Runx1. The International journal of developmental 
biology 54:1151.   

Taichman RS & Emerson SG (1998) The role of osteoblasts in the hematopoietic 
microenvironment. Stem Cells 16(1):7-15.   

Takada R, Satomi Y, Kurata T, Ueno N, Norioka S, Kondoh H, Takao T & Takada S 
(2006) Monounsaturated fatty acid modification of Wnt protein: its role in Wnt 
secretion. Developmental cell 11(6):791-801.   

Takizawa H, Boettcher S & Manz MG (2012) Demand-adapted regulation of early 
hematopoiesis in infection and inflammation. Blood 119(13):2991-3002.   

Takizawa H, Regoes RR, Boddupalli CS, Bonhoeffer S & Manz MG (2011) Dynamic 
variation in cycling of hematopoietic stem cells in steady state and inflammation. 
The Journal of experimental medicine 208(2):273-284.   

Tang L, Bergevoet SM, Gilissen C, de Witte T, Jansen JH, van der Reijden BA & 
Raymakers RA (2010) Hematopoietic stem cells exhibit a specific ABC 
transporter gene expression profile clearly distinct from other stem cells. BMC 
pharmacology 10(1):12.   

Terauchi M, Li J-Y, Bedi B, Baek K-H, Tawfeek H, Galley S, Gilbert L, Nanes MS, 
Zayzafoon M & Guldberg R (2009) T lymphocytes amplify the anabolic activity of 
parathyroid hormone through Wnt10b signaling. Cell metabolism 10(3):229-240. 

Terskikh AV, Miyamoto T, Chang C, Diatchenko L & Weissman IL (2003) Gene 
expression analysis of purified hematopoietic stem cells and committed 
progenitors. Blood 102(1):94-101.   



190 

 

Thompson BJ, Jankovic V, Gao J, Buonamici S, Vest A, Lee JM, Zavadil J, Nimer SD & 
Aifantis I (2008) Control of hematopoietic stem cell quiescence by the E3 
ubiquitin ligase Fbw7. Journal of Experimental Medicine 205(6):1395-1408.   

Tian E, Zhan F, Walker R, Rasmussen E, Ma Y, Barlogie B & Shaughnessy Jr JD (2003) 
The role of the Wnt-signaling antagonist DKK1 in the development of osteolytic 
lesions in multiple myeloma. New England Journal of Medicine 349(26):2483-
2494.   

Till JE & McCulloch EA (1961) A direct measurement of the radiation sensitivity of 
normal mouse bone marrow cells. Radiation research 14(2):213-222.   

Tobimatsu T, Kaji H, Sowa H, Naito J, Canaff L, Hendy GN, Sugimoto T & Chihara K 
(2006) Parathyroid hormone increases β-catenin levels through Smad3 in mouse 
osteoblastic cells. Endocrinology 147(5):2583-2590.   

Trompouki E, Bowman TV, Lawton LN, Fan ZP, Wu D-C, DiBiase A, Martin CS, Cech 
JN, Sessa AK & Leblanc JL (2011) Lineage regulators direct BMP and Wnt 
pathways to cell-specific programs during differentiation and regeneration. Cell 
147(3):577-589.   

Trowbridge JJ, Guezguez B, Moon RT & Bhatia M (2010) Wnt3a Activates Dormant c‐
Kit− Bone Marrow‐Derived Cells with Short‐Term Multilineage Hematopoietic 
Reconstitution Capacity. Stem Cells 28(8):1379-1389.   

Tsai F-Y, Keller G, Kuo FC, Weiss M, Chen J, Rosenblatt M, Alt FW & Orkin SH (1994) 
An early haematopoietic defect in mice lacking the transcription factor GATA-2. 
Nature 371(6494):221.   

Tumpey TM, Fenton R, Molesworth-Kenyon S, Oakes JE & Lausch RN (2002) Role for 
macrophage inflammatory protein 2 (MIP-2), MIP-1α, and interleukin-1α in the 
delayed-type hypersensitivity response to viral antigen. Journal of virology 
76(16):8050-8057.   

Turner MD, Nedjai B, Hurst T & Pennington DJ (2014) Cytokines and chemokines: at the 
crossroads of cell signalling and inflammatory disease. Biochimica et Biophysica 
Acta (BBA)-Molecular Cell Research 1843(11):2563-2582.   

Ueda Y, Kondo M & Kelsoe G (2005) Inflammation and the reciprocal production of 
granulocytes and lymphocytes in bone marrow. The Journal of experimental 
medicine 201(11):1771-1780.   

Ueno M, Itoh M, Sugihara K, Asano M & Takakura N (2009) Both alleles of PSF1 are 
required for maintenance of pool size of immature hematopoietic cells and acute 
bone marrow regeneration. Blood 113(3):555-562. 

Umbhauer M, Djiane A, Goisset C, Penzo‐Méndez A, Riou JF, Boucaut JC & Shi DL 

(2000) The C‐terminal cytoplasmic Lys‐Thr‐X‐X‐X‐Trp motif in frizzled receptors 
mediates Wnt/β‐catenin signalling. The EMBO journal 19(18):4944-4954.   

Van Den Berg DJ, Sharma AK, Bruno E & Hoffman R (1998) Role of members of the 
Wnt gene family in human hematopoiesis. Blood 92(9):3189-3202.   

Van der Poll T & Van Deventer S (1999) Interleukin-6 in bacterial infection and sepsis: 
innocent bystander or essential mediator? Yearbook of Intensive Care and 
Emergency Medicine 1999,  Springer. p 43-53. 

van Lieshout MH, Blok DC, Wieland CW, de Vos AF, van't Veer C & van der Poll T 
(2012) Differential roles of MyD88 and TRIF in hematopoietic and resident cells 
during murine gram-negative pneumonia. The Journal of infectious diseases 
206(9):1415-1423.   

van Loosdregt J, Fleskens V, Tiemessen MM, Mokry M, van Boxtel R, Meerding J, Pals 
CE, Kurek D, Baert MR & Delemarre EM (2013) Canonical Wnt signaling 
negatively modulates regulatory T cell function. Immunity 39(2):298-310.   



191 

 

Varma N & Naseem S (2010) Hematologic changes in visceral leishmaniasis/kala azar. 
Indian Journal of Hematology and Blood Transfusion 26(3):78-82.   

Vellenga E, Rambaldi A, Ernst TJ, Ostapovicz D & Griffin JD (1988) Independent 
regulation of M-CSF and G-CSF gene expression in human monocytes. Blood 
71(6):1529-1532.   

Venezia TA, Merchant AA, Ramos CA, Whitehouse NL, Young AS, Shaw CA & Goodell 
MA (2004) Molecular signatures of proliferation and quiescence in hematopoietic 
stem cells. PLoS biology 2(10):e301.   

Vermeulen M, Le Pesteur F, Gagnerault M-C, Mary J-Y, Sainteny F & Lepault F (1998) 
Role of adhesion molecules in the homing and mobilization of murine 
hematopoietic stem and progenitor cells. Blood 92(3):894-900.   

Vijayaragavan K, Szabo E, Bossé M, Ramos-Mejia V, Moon RT & Bhatia M (2009) 
Noncanonical Wnt signaling orchestrates early developmental events toward 
hematopoietic cell fate from human embryonic stem cells. Cell stem cell 
4(3):248-262.   

Vinson CR & Adler PN (1987) Directional non-cell autonomy and the transmission of 
polarity information by the frizzled gene of Drosophila.   

Vinson CR, Conover S & Adler PN (1989) A Drosophila tissue polarity locus encodes a 
protein containing seven potential transmembrane domains.   

Wagner W, Ansorge A, Wirkner U, Eckstein V, Schwager C, Blake J, Miesala K, Selig J, 
Saffrich R & Ansorge W (2004) Molecular evidence for stem cell function of the 
slow-dividing fraction among human hematopoietic progenitor cells by genome-
wide analysis. Blood 104(3):675-686.   

Walley KR, Lukacs NW, Standiford TJ, Strieter RM & Kunkel SL (1997) Elevated levels 
of macrophage inflammatory protein 2 in severe murine peritonitis increase 
neutrophil recruitment and mortality. Infection and immunity 65(9):3847-3851.   

Wang H, Gilner JB, Bautch VL, Wang D-Z, Wainwright BJ, Kirby SL & Patterson C 
(2007) Wnt2 coordinates the commitment of mesoderm to hematopoietic, 
endothelial, and cardiac lineages in embryoid bodies. Journal of Biological 
Chemistry 282(1):782-791.   

Wang Y, Guo N & Nathans J (2006) The role of Frizzled3 and Frizzled6 in neural tube 
closure and in the planar polarity of inner-ear sensory hair cells. Journal of 
Neuroscience 26(8):2147-2156.   

Wang Y, Huso D, Cahill H, Ryugo D & Nathans J (2001) Progressive Cerebellar, 
Auditory, and Esophageal Dysfunction Caused by Targeted Disruption of 
thefrizzled-4 Gene. Journal of Neuroscience 21(13):4761-4771.   

Weissman IL, Anderson DJ & Gage F (2001) Stem and progenitor cells: origins, 
phenotypes, lineage commitments, and transdifferentiations. Annual review of 
cell and developmental biology 17(1):387-403.   

Willert K, Brown JD, Danenberg E, Duncan AW, Weissman IL, Reya T, Yates JR & 
Nusse R (2003) Wnt proteins are lipid-modified and can act as stem cell growth 
factors. Nature 423(6938):448-452.   

Wilson A, Laurenti E, Oser G, van der Wath RC, Blanco-Bose W, Jaworski M, Offner S, 
Dunant CF, Eshkind L & Bockamp E (2008) Hematopoietic stem cells reversibly 
switch from dormancy to self-renewal during homeostasis and repair. Cell 
135(6):1118-1129.   

Wilson A, Murphy MJ, Oskarsson T, Kaloulis K, Bettess MD, Oser GM, Pasche AC, 
Knabenhans C, Macdonald HR & Trumpp A (2004) c-Myc controls the balance 
between hematopoietic stem cell self-renewal and differentiation. Genes Dev 
18(22):2747-2763.   



192 

 

Wilson A & Trumpp A (2006) Bone-marrow haematopoietic-stem-cell niches. Nature 
Reviews Immunology 6(2):93-106.   

Winkler IG, Barbier V, Nowlan B, Jacobsen RN, Forristal CE, Patton JT, Magnani JL & 
Lévesque J-P (2012) Vascular niche E-selectin regulates hematopoietic stem cell 
dormancy, self renewal and chemoresistance. Nature medicine 18(11):1651-
1657.   

Wintrobe MM & Greer JP (2009) Wintrobe's clinical hematology. Lippincott Williams & 
Wilkins,  

Wolpe SD, Sherry B, Juers D, Davatelis G, Yurt RW & Cerami A (1989) Identification 
and characterization of macrophage inflammatory protein 2. Proceedings of the 
National Academy of Sciences 86(2):612-616.   

Woolthuis CM & Park CY (2016) Hematopoietic stem/progenitor cell commitment to the 
megakaryocyte lineage. Blood 127(10):1242-1248.   

Wright DE, Bowman EP, Wagers AJ, Butcher EC & Weissman IL (2002) Hematopoietic 
stem cells are uniquely selective in their migratory response to chemokines. The 
Journal of experimental medicine 195(9):1145-1154.   

Wu C-h & Nusse R (2002) Ligand receptor interactions in the Wnt signaling pathway 
inDrosophila. Journal of Biological Chemistry 277(44):41762-41769.   

Wu M, Kwon HY, Rattis F, Blum J, Zhao C, Ashkenazi R, Jackson TL, Gaiano N, Oliver 
T & Reya T (2007) Imaging hematopoietic precursor division in real time. Cell 
Stem Cell 1(5):541-554.   

Wu QL, Zierold C & Ranheim EA (2009) Dysregulation of Frizzled 6 is a critical 
component of B-cell leukemogenesis in a mouse model of chronic lymphocytic 
leukemia. Blood 113(13):3031-3039.   

Wu X, Tu X, Joeng KS, Hilton MJ, Williams DA & Long F (2008) Rac1 activation controls 
nuclear localization of beta-catenin during canonical Wnt signaling. Cell 
133(2):340-353.   

Wurster AL, Rodgers VL, White MF, Rothstein TL & Grusby MJ (2002) Interleukin-4-
mediated protection of primary B cells from apoptosis through Stat6-dependent 
up-regulation of Bcl-xL. Journal of Biological Chemistry 277(30):27169-27175.   

Xaus J, Comalada M, Valledor AF, Lloberas J, López-Soriano F, Argilés JM, Bogdan C 
& Celada A (2000) LPS induces apoptosis in macrophages mostly through the 
autocrine production of TNF-α. Blood 95(12):3823-3831.   

Yamaguchi TP (2001) Heads or tails: Wnts and anterior–posterior patterning. Current 
Biology 11(17):R713-R724.   

Yamamoto R, Morita Y, Ooehara J, Hamanaka S, Onodera M, Rudolph KL, Ema H & 
Nakauchi H (2013) Clonal analysis unveils self-renewing lineage-restricted 
progenitors generated directly from hematopoietic stem cells. Cell 154(5):1112-
1126.   

Yáñez A, Goodridge HS, Gozalbo D & Gil ML (2013) TLRs control hematopoiesis during 
infection. European journal of immunology 43(10):2526-2533.   

Yáñez A, Megías J, O'Connor J-E, Gozalbo D & Gil ML (2011) Candida albicans induces 
selective development of macrophages and monocyte derived dendritic cells by a 
TLR2 dependent signalling. PLoS One 6(9):e24761.   

Yáñez A, Murciano C, O'Connor J-E, Gozalbo D & Gil ML (2009) Candida albicans 
triggers proliferation and differentiation of hematopoietic stem and progenitor 
cells by a MyD88-dependent signaling. Microbes and infection 11(4):531-535.   

Yang L, Wang L, Geiger H, Cancelas JA, Mo J & Zheng Y (2007) Rho GTPase Cdc42 
coordinates hematopoietic stem cell quiescence and niche interaction in the bone 
marrow. Proc Natl Acad Sci U S A 104(12):5091-5096.   



193 

 

Yavropoulou MP & Yovos JG (2007) The role of the Wnt signaling pathway in osteoblast 
commitment and differentiation. HORMONES-ATHENS- 6(4):279.   

Ye M, Zhang H, Amabile G, Yang H, Staber PB, Zhang P, Levantini E, Alberich-Jordà M, 
Zhang J & Kawasaki A (2013) C/EBPa controls acquisition and maintenance of 
adult haematopoietic stem cell quiescence. Nature cell biology 15(4):385-394.   

Yokota T, Oritani K, Garrett KP, Kouro T, Nishida M, Takahashi I, Ichii M, Matsumura I, 
Kincade PW & Kanakura Y (2007) SFRP1 Is Estrogen Inducible in Bone Marrow 
Stromal Cells and Suppresses the Earliest Events in Lymphopoiesis. Blood 
110(11):611-611.   

Yokota T, Oritani K, Garrett KP, Kouro T, Nishida M, Takahashi I, Ichii M, Satoh Y, 
Kincade PW & Kanakura Y (2008) Soluble frizzled-related protein 1 is estrogen 
inducible in bone marrow stromal cells and suppresses the earliest events in 
lymphopoiesis. J Immunol 181(9):6061-6072.   

Yokota T, Vestweber D, Oritani K, Butz S, Ewers S & Kanakura Y (2012) Markers for 
hematopoietic stem cells: histories and recent achievements. INTECH Open 
Access Publisher,  

Yoshihara H, Arai F, Hosokawa K, Hagiwara T, Takubo K, Nakamura Y, Gomei Y, 
Iwasaki H, Matsuoka S & Miyamoto K (2007) Thrombopoietin/MPL signaling 
regulates hematopoietic stem cell quiescence and interaction with the 
osteoblastic niche. Cell stem cell 1(6):685-697.   

Yu B, Chang J, Liu Y, Li J, Kevork K, Al-Hezaimi K, Graves DT, Park N-H & Wang C-Y 
(2014) Non-canonical Wnt4 prevents skeletal aging and inflammation by 
inhibiting NF-κB. Nature medicine 20(9):1009.   

Yu H, Yuan Y, Shen H & Cheng T (2006) Hematopoietic stem cell exhaustion impacted 
by p18INK4C and p21Cip1/Waf1 in opposite manners. Blood 107(3):1200-1206.   

Yu M & Cantor AB (2012) Megakaryopoiesis and thrombopoiesis: an update on 
cytokines and lineage surface markers. Platelets and Megakaryocytes: Volume 
3, Additional Protocols and Perspectives:291-303.   

Zaretsky AG, Engiles JB & Hunter CA (2014) Infection-induced changes in 
hematopoiesis. The Journal of Immunology 192(1):27-33.   

Zhan Y, Lieschke GJ, Grail D, Dunn AR & Cheers C (1998) Essential Roles for 
Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) and G-CSF in 
the Sustained Hematopoietic Response ofListeria monocytogenes–Infected 
Mice. Blood 91(3):863-869.   

Zhang H, Rodriguez S, Wang L, Wang S, Serezani H, Kapur R, Cardoso AA & Carlesso 
N (2016) Sepsis Induces Hematopoietic Stem Cell Exhaustion and 
Myelosuppression through Distinct Contributions of TRIF and MYD88. Stem Cell 
Reports 6(6):940-956.   

Zhang P, Nelson S, Bagby GJ, Siggins R, Shellito JE & Welsh DA (2008) The Lineage− 

c‐Kit+ Sca‐1+ Cell Response to Escherichia coli Bacteremia in Balb/c Mice. Stem 
cells 26(7):1778-1786.   

Zhao C, Blum J, Chen A, Kwon HY, Jung SH, Cook JM, Lagoo A & Reya T (2007) Loss 
of β-catenin impairs the renewal of normal and CML stem cells in vivo. Cancer 
cell 12(6):528-541.   

Zhao JL, Ma C, O’Connell RM, Mehta A, DiLoreto R, Heath JR & Baltimore D (2014a) 
Conversion of danger signals into cytokine signals by hematopoietic stem and 
progenitor cells for regulation of stress-induced hematopoiesis. Cell stem cell 
14(4):445-459.   

Zhao M, Perry JM, Marshall H, Venkatraman A, Qian P, He XC, Ahamed J & Li L 
(2014b) Megakaryocytes maintain homeostatic quiescence and promote post-



194 

 

injury regeneration of hematopoietic stem cells. Nature medicine 20(11):1321-
1326.   

Zhao X, Ren G, Liang L, Ai PZ, Zheng B, Tischfield JA, Shi Y & Shao C (2010) Brief 
Report: Interferon‐γ Induces Expansion of Lin− Sca‐1+ C‐Kit+ Cells. Stem Cells 
28(1):122-126.   

Zhou X, Ramachandran S, Mann M & Popkin DL (2012) Role of lymphocytic 
choriomeningitis virus (LCMV) in understanding viral immunology: past, present 
and future. Viruses 4(11):2650-2669.   

Zhou X, Yu S, Zhao DM, Harty JT, Badovinac VP & Xue HH (2010) Differentiation and 
persistence of memory CD8(+) T cells depend on T cell factor 1. Immunity 
33(2):229-240.   

Zhou Y, Yang Y, Warr G & Bravo R (1999) LPS down-regulates the expression of 
chemokine receptor CCR2 in mice and abolishes macrophage infiltration in acute 
inflammation. J Leukoc Biol 65(2):265-269.   

Zimmerman ZF, Moon RT & Chien AJ (2012) Targeting Wnt pathways in disease. Cold 
Spring Harbor perspectives in biology 4(11):a008086.   

 

 
 

 

 

 

 

 

 

 

 

 

 

 



195 

 

 

 

 

 

 

 

 

ANNEX-I  

The role of Fzd6 in endotoxin-Induced inflammation 
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Hematopoietic Frizzled-6 signaling regulates myeloid 

differentiation through modulating immune response during 

endotoxin-induced inflammation 

 

1. SUMMARY 

The ability of hematopoietic stem/progenitor cells (HSPCs) to respond to 

infections by expanding the numbers of myeloid cells plays a crucial role in host 

defense. Excessive immune response during bacterial sepsis results in severe depletion 

of HSPCs and myelosuppression, which can eventually lead to death. 

Lipopolysaccharide (LPS) or endotoxin from gram-positive bacteria accounts for almost 

60% of sepsis cases, but the molecular mechanism of modulating inappropriate immune 

response during LPS-induced inflammation remains incompletely understood. Elevated 

levels of Wnt ligands have been implicated in both patients with septic shock and 

experimental models of LPS-induced endotoxemia. Here we show that non-canonical 

Wnt/Fzd6 signaling regulates emergency myelopoiesis and the establishment of 

balanced immune responses during endotoxin-induced inflammation. Our findings 

demonstrate that Fzd6 signaling fine tune the activation and effector function of antigen 

presenting cells, thereby protecting the hematopoietic system from hyper-activation 

during pathogen-induced inflammation. 

 

Keywords: hematopoietic stem cells, LPS, inflammation, Wnt signaling, emergency 

myelopoiesis 

 

Key Points 

 Fzd6 deficient mice are more susceptible to endotoxin shock  

 Increased production of pro-inflammatory factors by Fzd6-/- hematopoietic cells 

impairs the expansion and myeloid differentiation of HSPCs in response to LPS 
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2. GRAPHICAL SUMMARY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. INTRODUCTION 

 

Inflammatory response of the immune system is a multistep process, which 

involves the recognition of pathogens by myeloid effector cells via chemokine receptors 

and PRRs on their surface, the recruitment of these cells to the infection sites and the 

clearance of pathogenic agents (Lacy et al., 2015). Due to their short life span, myeloid 

cells have to be continuously supplied during infections by the expansion of myeloid 

progenitors in the bone marrow (BM). (Furze et al., 2008, Suratt et al., 2001). This 

demand-driven hematopoietic state is a component of “emergency myelopoiesis”, which 
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is characterized by rapid generation and mobilization myeloid effector from the BM 

leading to inflammatory leukocytosis (Takizawa et al., 2012). The fine balance between 

inflammatory and anti-inflammatory immune responses plays a crucial role in controlling 

infections while preventing excessive damage to host tissues. Dysregulation of pro-

inflammatory responses and myelosuppression are the major cause death from bacterial 

sepsis (Cohen, 2002). Endotoxins, or termed bacterial lipopolysaccharide (LPS), is 

recognized as the most potent mediator of sustained inflammation and increased hyper-

responsiveness in the pathogenesis of sepsis and septic shock (Cohen, 2002). LPS has 

been previously shown to induce hematopoietic stem/progenitor cell (HSPC) depletion 

and reduce myeloid cell generation in the BM (Zhang et al., 2016), but molecular 

mechanisms underlying LPS-induced HSC exhaustion and myelosuppression are 

incompletely understood. 

Elements of Wnt/Frizzled signaling pathways, which are known to play a crucial 

role in hematopoiesis (Lento et al., 2013), have recently been identified as the 

modulators of the inflammatory immune response. Accumulating evidence indicates that 

Wnt/Frizzled (Fzd) signaling not only modulates to the pro- and anti-inflammatory 

immune responses (Blumenthal et al., 2006, Christman et al., 2008, Sen et al., 2000), 

but also contributes to the tissue injury/regeneration (Irvine et al., 2015, Tian et al., 2003) 

in bacterial infections and chronic inflammatory disorders. Elevated and reduced levels 

of different Wnt ligands have also been reported in the blood of patients with septic 

shock (Gatica-Andrades et al., 2017, Pereira et al., 2008, Schulte et al., 2015) and 

experimental mouse models during endotoxin-induced inflammation (Gatica-Andrades et 

al., 2017). The activation of canonical Wnt/β-catenin signaling in response to LPS has 

been shown to enhance the production of pro-inflammatory cytokines, which promotes 

severe systemic immune response (Gatica-Andrades et al., 2017). Hence, the 

suppression of canonical Wnt/ signaling dampens in vitro (Jang et al., 2017) and in-vivo 

(Gatica-Andrades et al., 2017) pro-inflammatory cytokine production in response to LPS. 

Likewise, the blocking of β-catenin-independent Wnt ligand, Wnt5a results in the 

suppression of in vitro LPS-induced inflammatory response (Jang et al., 2017). However, 

the role of Wnt signaling in the activation and myeloid output of HSCs in response to 

endotoxin-induced inflammation has not been studied. We recently reported a crucial 

role for Wnt/Frizzled-6(Fzd6) signaling in the expansion mouse BM HSCs under 

replicative transplantation stress and in response to sub-lethal LPS challenge (Abidin et 
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al., 2015). In this study, we examined the role of Fzd6 in the activation and myeloid 

lineage fate determination of HSCs in response sub-lethal and lethal LPS administration. 

Our results show that non-canonical Wnt/Fzd6 signaling is cell-autonomously required 

for the expansion and enhanced myeloid output of HSPCs during LPS-induced 

emergency myelopoiesis. Here, we also provide evidence that Wnt/Fzd6 signaling fine 

tune the activation of pro-inflammatory responses and protect the hematopoietic system 

from hyper-activation in response to endotoxin. Our findings suggest that Fzd6 signaling 

may be a promising therapeutic target for the treatment of sepsis and other inflammatory 

disorders.   

 

4. RESULTS AND DISCUSSION 

 

4.1. Fzd6 deficiency impairs the cytokine response of myeloid progenitors 

 

Myeloid commitment and differentiation of HSPCs are a multistep process. Under 

steady-state conditions, myeloid subsets of immune cells are produced by committed 

progenitors, which include common myeloid progenitors (CMPs) and 

granulocyte/macrophage progenitors (GMPs). GMPs give rise to unipotent precursor 

cells that generate terminally differentiated granulocytes and monocytes/macrophages 

(Adolfsson et al., 2001, Morrison, 2002, Muller-Sieburg et al., 2012). We have previously 

shown that Fzd6 deficiency does not affect the frequency and the numbers of myelo-

erythroid progenitors, which include common myeloid progenitors (CMP), 

granulocyte/macrophage progenitors (GMP) and megakaryocyte/erythrocyte progenitors 

(MkP, Pre-CFU-E and CFU-E) in the BM (Figure S5-publication no2). Here we assessed 

in vitro colony forming activity of Fzd6-/- BM on semi-solid medium supplemented with 

GM-CSF and IL-3, which promote myeloid differentiation of multipotent, bipotent and 

unipotent progenitor cells. The BM cells derived from Fzd6-/- mice showed a substantial 

decrease in the granulocyte-macrophage colony formation in response to GM-CSF or IL-

3 (Figure A1). The percentage of GR1hi myeloid cells emerging from the BM myeloid 

progenitors in the presence of GM-CSF or IL-3 was also decreased in the absence of 

Fzd6. These results suggest an intrinsic role for Fzd6 in differentiation of from bi-potent 

GMP progenitors to unipotent CFU-G and CFU-M precursor cells. 
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Figure A1. Fzd6 is required for the growth and differentiation of myeloid progenitor cells  

Freshly isolated BM cells at a density of 10
4
 cells are seeded on semi-solid methylcellulose medium 

(Methocult GF M3231) supplemented with either 10 ng/ml GM-CSF or IL-3. The cultures were incubated 
at 37°C in 5% CO2 for 7–10 days and hematopoietic colonies (CFU-C, colony forming units) were 
counted under an inverted microscope. Harvested colony forming cells were further stained with 
antibodies against CD11b, CD11c and GR1 and analysed by flow-cytometry. A) The numbers of 
granulocyte-monocyte colonies generated by Fzd6

-/-
 (KO) and Fzd6

+/+
 (WT) BM cells in response to GM-

CSF and IL-3. (B) Flow cytometry analysis of cells recovered from CFU assays. Numbers shown in 
different quadrants indicate the mean percentage in CD11b

+
 cells. All histograms represent pooled data 

from at least three independent experiments for a total of at least five mice per group. **P<0.01.  

 

4.2. Fzd6 regulates LPS-induced expansion and differentiation of hematopoietic 

stem/progenitor cells  

Because demand-adapted myeloid cell production is the hallmark of host 

defense (Boettcher et al., 2016, Takizawa et al., 2012), we examined the role of Fzd6 in 

emergency myelopoiesis by using a LPS-induced systemic inflammation model. Our 

previous work showed that Fzd6-/- mice fail to achieve the expected expansion of HSPCs 

in response sub-lethal LPS-induced inflammation (Abidin et al., 2015), but the underlying 

mechanisms remain unclear. In this study, we challenged Fzd6-/- and Fzd6+/+ mice with 

two sub-lethal doses of LPS by two days intervals and analyzed the hematopoietic 

compartment during 72 hours LPS challenge (Figure A2a). Similar to our previous 

findings, Fzd6+/+ mice responded to LPS with a significant increase in the frequency and 

absolute number of BM Lin−Sca-1+c-Kit+ (LSK) subset. Although Fzd6-/- mice behaved in 

a manner similar to Fzd6+/+ mice at 24h and 48h following the first LPS injection, Fzd6-/- 
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BM presented with fewer numbers of LSK cells at 24h following the second dose of LPS 

(Figure A2b). The LSK subset contains distinct cell HSPC populations, which can be 

further divided into long-term HSCs (LT-HSC; CD41-CD48-CD150+), short-term HSCs 

(ST-HSCs; CD41-CD48+CD150+) and myeloid-biased multi-potent progenitor cells 

(MPP2; CD41-CD48+CD150-) as previously described (Wilson et al., 2008). Previous 

studies have shown that emergency hematopoiesis induced by LPS awakens the 

dormant LT-HSCs and promotes their entry into the cell cycle (Boettcher et al., 2012, 

Scumpia et al., 2010). In agreement with these studies, Fzd6-/- and Fzd6+/+ mice 

responded to LPS with a significant increase in the numbers of LT-HSCs, following the 

first dose of LPS (Figure A2c and d). Notably, a parallel expansion was also seen in both 

frequency and absolute numbers of ST-HSC and MPP2 cell subsets when compared to 

PBS injected mice. Moreover, more than half of those LT-HSCs were found in G1 or S-

G2-M phases of the cell cycle at 24h following first LPS challenge (Figure A2e). These 

results suggest that even a low dose of LPS is sufficient to activate and promote the 

expansion and differentiation of LT-HSCs. Although, we observed a gradual increase in 

the numbers of Fzd6+/+ LT-HSCs and MPP2s over the course of 72h LPS challenge, 

Fzd6−/− mice exhibited no such expansion of LT-HSCs or MPP2s. This could be 

explained by either lack of self-renewal or an ineffective response to LPS. Because 

detection of LPS component by TLR4 on HSPCs is a crucial step in the initiation of 

immune response (Rodriguez et al., 2009, Takizawa et al., 2012), we analyzed TLR4 

expression on HSCs and GMPs from LPS-injected mice following the second LPS 

challenge (Figure 3a). TLR4 expression levels on LPS-treated Fzd6-/- and Fzd6+/+ 

HSPCs appeared to be similar in our assay. In agreement with previous studies 

(Burberry et al., 2014, Esplin et al., 2011), LPS treatment induced the accumulation of 

HSCs in the spleen, which serves as an extramedullary site (Figure 3b), In contrast to 

BM,  LSKs and CD150+ HSCs in the Fzd6-/- spleen were present at numbers comparable 

to Fzd6+/+ mice following the second LPS injection. Of note, we did not also any 

difference in the apoptotic rate of Fzd6-/- and Fzd6+/+ HSPCs in response to LPS (data 

not shown). These results suggest that lower numbers of HSCs in the Fzd6-/-BM at 72h 

post-injection cannot be explained simply by impaired recognition of LPS component, 

increased apoptosis and/or extramedullary accumulation. 
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Figure A2. Fzd6 deficiency impairs LPS-induced HSC expansion  

A) To evaluate HSPC expansion LPS-induced inflammation, Fzd6
-/-

(KO) and Fzd6
+/+

 (WT) mice were given 
two i.p. injections of g-irradiated LPS (E. coli) at a dose of 1 mg/kg body weight with 48h interval. Their 
BM was harvested for flow cytometry and functional analysis every 24 h during 72h LPS challenge. (B) 
Representative flow cytometry data and gating strategy of LPS-treated BM HSPCs of Fzd6

-/-
 and Fzd6

+/+
 

mice at various time points. BM cells were first gated on Lin- (B220
-
CD3e

-
CD11b

-
GR1

-
Ter119

-
) and 

identified according to Sca1 and cKit (CD117) expression. Megakaryocyte progenitors (MkP) were 
identified as CD41

+
CD150

+
 within Lin

-
cKit

hi
Sca1

+
 (LSK) population. Hematopoietic stem cells (HSCs) were 
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gated positive for CD150 (SLAM) and negative for CD16/32 and CD41 within LSKs. Graphs show absolute 
numbers of LSKs, HSC-like MkPs and CD150

+
 HSC-like cells in BM. (C) CD48

-
CD150

+
 LT-HSCs,  

CD48
+
CD150

+
 ST-HSCs and CD48

+
CD150

-
 myeloid bias multipotent progenitor (MPP2) subsets were 

analysed within CD41
-
LSK population. Histograms show the contribution of CD48

- 
and CD48

+
 subsets in 

total CD150
+ 

HSCs. (D) Absolute numbers of different HSPCs progenitors at various time points. (E) E) Ki-
67/Hoechst co-staining was used to distinguish the G0, G1, and S/G2/M cell cycle phases of CD48

- 

CD150
+
 LT-HSCs. *P<0.05; **P<0.01; ***P<0.001. 

 

 

 

Figure A3. Impaired expansion of Fzd6
-/-

 HSCs in the bone marrow is not due to impaired Toll-like 

receptor-4 (TLR4) expression or increased accumulation in the spleen.  

(A) Bacterial lipopolysaccharide (LPS) is recognized by TLR4 on hematopoietic stem cells (HSCs) and 
granulocyte-monocyte progenitors (GMPs). Graphs show TLR4 expression levels of Fzd6

+/+
 (WT) and 

Fzd6
-/-

 (KO) CD150
+
 HSCs and Lin

-
c-Kit

+
CD16/32

+
CD41

-
CD150

-
 granulocyte-monocyte progenitors (GMPs) 

analysed by flow-cytometry. (B) Representative flow cytometry data and gating strategy of LSK and HSC 
subsets in the spleen of Fzd6 WT and KO mice at 24h following the second LPS injection. Graphs 
represent percentage and absolute numbers of LSK and CD150

+
 HSCs in the spleen.  
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4.3. Fzd6 regulates expansion and differentiation of myeloid progenitor 

cells in response to LPS 

Under steady-state conditions, HSCs give a balanced lymphoid-myeloid lineage 

output, while HSC differentiation shifts towards emergency myelopoiesis during 

infection, leading to increased myeloid cell expansion (Ueda et al., 2005, Zhang et al., 

2016a). Although myeloid progenitor does not express stem cell antigen-1 (Sca-1) 

during homeostasis, upregulation of stem cell antigen-1 (Sca-1) expression have been 

reported in response to IFN type I exposure (Buechler et al., 2013). In our study, 

systemic LPS administration resulted in total depletion of classical Sca1- myeloid 

progenitors (Figure A4a-c), which includes CMPs and GMPs (Figure A4d) but 

dramatically increased the numbers of Sca1+ emergency GMPs (eGMPs) (Figure A4d). 

We next analyzed different myeloid cells including granulocytes, Ly6Chi immature and 

Ly6Clo/- mature monocytes in the bone marrow, spleen and injection site, peritoneal 

cavity. Even though BM granulocytes were dramatically declined in WT BM at 24h post-

infection (Figure A5a), this was probably due to their recruitment to spleen (Figure A5b) 

and peritoneal cavity (Figure A6a and b). In the following days, however, we observed 

significant increase granulocytes at 48h post-infection. Similar increase was observed in 

Ly6Chi inflammatory monocytes following second dose of LPS (Figure A5a). Increased 

numbers of myeloid cells well correlated with the appearance of eGMPs as their 

numbers reached to a plateau at 48h post-injection, suggesting the generation of new 

myeloid cells from these progenitors. Conversely, Fzd6-/- HSPCs generated significantly 

fewer numbers of eGMPs compared to those in Fzd6+/+ BM in response to LPS (Figure 

A4d).  Although no differences were observed in the numbers of granulocytes in Fzd6-/- 

BM compared to Fzd6+/+, Fzd6-/- peritoneal cavity and spleen presented with significantly 

fewer numbers of granulocytes following the second LPS injection. Moreover, the 

numbers of Ly6Chi inflammatory monocytes remained unchanged in Fzd6-/- BM over the 

course treatment. No difference was detected in the frequency of myeloid cells in Fzd6-/- 

and Fzd6+/+ blood after the second LPS administration (Figure A6c), indicating that the 

observed reduction in these cells was not due to their accumulation in the circulation.  

Thus, our results suggest that Fzd6 deficiency results in impaired expansion and 

differentiation of myeloid progenitor cells in response LPS that is reflected by an overall 

reduced accumulation of terminally differentiated granulocytes and monocytes. 

 



205 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A4. Fzd6 deficiency reduce the generation of emergency granulocyte-monocyte progenitors 
(eGMPs) in response to LPS  

(A-B) Representative flow cytometry data and gating strategy of myeloid progenitors in the BM. Steady 
state BM myeloid progenitor (MP) cells were gated on Lin

-
Sca1

-
c-kit

hi
 and then subdivided according to 

the expression of CD41, CD150 and CD16/32. GMPs were identified positive for CD16/32 and negative 
for CD41 and CD150. Due to the inflammation induced shift in Sca-1 expression on HSPCs, GMPs were 
analyzed within Lin

-
ckit

hi
 HSPC population during LPS-induced inflammation. (C) Graphs show absolute 

numbers of Sca-1
-
 myeloid progenitors (MP) and Sca-1

+
 hematopoietic stem/progenitor cells in Fzd6 WT 

and KO BM at different time points. (D) Graphs show absolute numbers of Lin
-
Sca1

-
c-Kit

+
CD16/32

-

CD105
-
CD150

-
 pre-GMPs (CMP), and Sca1

-
 homeostatic GMPs and Sca1

+
 eGMPs in Fzd6 WT and KO 

mice. 
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Figure A5. LPS-treated Fzd6
-/- 

mice are present with decreased myeloid output  

Representative flow cytometry data to demonstrate gating strategy for myeloid cell subsets in BM (A) 
and spleen (B) at 24h following the second dose of LPS injection. Graphs shows percentage and 
numbers of granulocytes (Ly6G

+
SSC

hi
) and mature monocytes (Ly6C

hi
CD11b

+
) and remaining 

immature/resident myelo-monocytes (Ly6C
lo/-

 CD11b
+
) gated on not granulocytes at various time points 

of 72 h LPS challenge.  
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Figure A6. Fzd6 deficiency reduce the accumulation of granulocytes in the infection site (peritoneal 
cavity) but not in the blood 

(A) Representative flow cytometry data for myeloid cell subsets in the peritoneal cavity of WT and Fzd6 
KO mice at different time points following LPS injections. (B) Graphs shows percentage of granulocytes 
(GR1

hi
 SSC

hi
) and macrophages (Ly6C

-
CD11b

+
F4-80

+
) gated on not granulocytes. (C) The frequency of 

granulocytes, mature and immature monocytes in the blood at 24h following the second LPS injection.  
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4.4. Fzd6 modulates hyper-immune response during endotoxin-induced 

inflammation 

In addition to cell-intrinsic mechanisms in HSCs, the hematopoietic 

microenvironment regulates inflammation-induced expansion and lineage specification 

of HSCs through the secretion of inflammatory cytokines (Boettcher et al., 2014, van 

Lieshout et al., 2012). Therefore, now the question that remains to be answered is does 

Fzd6 regulate emergency myelopoiesis in a HSC cell-autonomous fashion or by an 

indirect mechanism of action through the alterations of the BM microenvironment? 

G-CSF is known to influence HSC activation and immune response during 

endotoxin-induced inflammation (Bendall et al., 2014). Indeed, LPS treatment induced 

an increase in BM stromal G-CSF expression, which was at higher levels in Fzd6-/- when 

compared to Fzd6+/+ BM (Figure A7). Thus, in Fzd6-/- mice LPS-induced LSK expansion 

was abrogated despite high levels of G-CSF. Elevated G-CSF levels were shown to alter 

BM microenvironment by suppressing CXCL12 production in stromal cells (Day et al., 

2015, Eash et al., 2010, Semerad et al., 2005). Down-regulation of CXCL12 allows 

HSPC mobilization from the BM into the circulation (Johns et al., 2012). Consistent with 

these findings, there was a decrease in BM production of CXCL12 but no differences 

were observed between Fzd6-/- and Fzd6+/+ mice. Although we cannot exclude the 

possible effect of other cytokines such as GM-CSF, M-CSF, IL-3 and IL-6, which are 

known with their positive impact on HSC expansion and myeloid differentiation, we did 

not detect any increase in their BM expression levels in response to LPS. Indeed, it is 

well established that LPS can stimulate myelopoiesis without stimulating the production 

of hematopoietic growth factors but rather acting on responsive myeloid progenitors 

(Moore et al., 1980).  However, the expression levels of the monocyte chemoattractant 

protein-1 (MCP-1/CCL2) were increased in LPS-treated Fzd6-/- and Fzd6+/+ BM 

microenvironment. This increase was more pronounced in Fzd6-/- BM. MCP-1 and its 

ligand CCR2 regulates monocyte recruitment and trafficking during inflammation and 

infection (Shi et al., 2011a). Nevertheless, there was no decrease in CCR2 expression of 

Fzd6-/- Ly6Chi inflammatory monocytes (Figure AS1), suggesting that inadequate 

accumulation of Ly6Chi monocytes in Fzd6-/- BM and spleen was rather a consequence 

of defective differentiation. Unexpectedly, the levels of MIP-1α/Ccl3, macrophage 

Inflammatory Protein-2 (MIP-2) and TNF-α were only increased in Fzd6-/- BM (Figure 

A9). The chemokines MIP-1α and MIP-2 are critical chemoattractants, which contribute 

to monocyte/neutrophil recruitment to the inflammation site and the clearance of 
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pathogens during infection (Fahey et al., 1992, Tumpey et al., 2002, Walley et al., 1997). 

However, supressing effects of these two chemokines on HSPC proliferation and 

myelopoiesis have been reported (Broxmeyer et al., 1990, Cook, 1996, Eaves et al., 

1993).  Likewise, excessive production of TNF-α not only restricts HSPC expansion 

(Pronk et al., 2011) but also leads to a block in myeloid differentiation (Sade-Feldman et 

al., 2013) during inflammation. Since Increased levels of MIP-1 α, MIP-2 and TNF- α, are 

often observed during severe sepsis in patients and experimental models (Brueckmann 

et al., 2004, Lv et al., 2014, Walley et al., 1997), we evaluated the endotoxemia 

response of Fzd6-/- and Fzd6+/+ with a lethal dose of LPS. In agreement with 

hypersensitive immune response in Fzd6-/- mice, significantly higher amount of body 

weight loss (≥ 20%) were observed 24h post-injection, indicating the severity of sepsis in 

these mice (not shown). These results suggest that Fzd6 acts as a suppressor to 

modulate pro-inflammatory immune response during endotoxin-induced inflammation 

and plays a critical role in the susceptibility to endotoxins.  

 

4.5. Fzd6 act as a cell-intrinsic factor in the regulation of generation and 

activity of myeloid effector cells 

Although there is evidence that MIP-1α, MIP-2 and TNF-α, are predominantly 

expressed by monocyte/macrophage lineage cells in response to LPS (Björkbacka et al., 

2004, Ha et al., 2011, Xaus et al., 2000), their source in Fzd6-/- BM has yet to be 

identified. To exclude the possibility that non-hematopoietic cells also contribute to the 

LPS-induced hypersensitivity in Fzd6-/- mice, we performed reciprocal transplantation 

assays (Figure A7a). Comparable reconstitution levels were achieved in Fzd6-/- and 

Fzd6+/+ mice at 12 weeks post-transplant (Figure A7b). When we further challenged 

these mice with two sub-lethal doses of LPS as previously described, the numbers of 

HSPC subsets and myeloid cells in BM and spleen were also comparable in Fzd6-/- and 

Fzd6+/+ recipient mice (Figure A10b). In agreement with these findings, the changes in 

pro-inflammatory cytokines/chemokines in Fzd6-/- recipient  BM appear to be similar to 

those seen in LPS-treated Fzd6+/+ mice with the exception of G-CSF. Since the main 

source of G-CSF production is known to be endothelial cells in BM microenvironment 

during emergency myelopoiesis (Boettcher et al., 2014). This could be explained by 

damaging effect of irradiation on this cell type (Lee, 2012). 
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Figure A7. Fzd6 act as a cell-intrinsic factor in the regulation of HSC response and cytokine production 

during LPS-induced inflammation 

 (A) For reciprocal transplantation experiments, 5x10
6
 WT bone marrow cells (CD45.1+ or 

CD45.1+/CD45.2+) injected into the lateral tail vein of lethally irradiated Fzd6
-/-

 or Fzd6
+/+

 recipient mice 
(CD45.2+). For LPS-induced inflammation, recipient mice were further challenged with two i.p. 
injections of LPS at 48h interval at 8-12 wk post-transplant. Mice were sacrificed 24 h following the 
second injection and BM and spleens were harvested for flow-cytometry analysis. Representative flow 
cytometry data from the BM 12 wk after transplant (B) and following LPS challenge (C). Numbers shown 
in different quadrants indicate the mean percentage of LSKs and HSCs from four Fzd6

-/-
 or Fzd6

+/+
 

recipient mice. Absolute numbers of bone marrow HSPC subsets (D) and myeloid cells (E) are shown in 
the graphs. (F) Fold change in cytokine/chemokine levels in Fzd6

-/-
 and Fzd6

+/+
 bone marrow 

extracellular milieu at 24 h following the second LPS injection compared to PBS injected mice. Each 
histogram represents data coming from a pooled sample of 4-6 mice per group. 
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Figure AS1. Decreased expansion of Ly6Chi monocytes in Fzd6
-/- 

bone marrow in response to LPS is not 

due to altered CCL2/CCR2 signaling or the accumulation of these cells in the spleen 

(A) Fold change in the numbers of myeloid cell subsets in the bone marrow and spleens of Fzd6
-/-

 and 

Fzd6
+/+

 mice at 24 h following the second LPS injection compared to uninjected control mice. (B) Pro-

inflammatory cytokine the monocyte chemoattractant protein-1 (MCP-1/CCL2) its ligand CCR2 on Ly6C
hi

 

monocytes regulates monocyte recruitment and trafficking during inflammation and infection. Graphs 

show the stromal MCP-1/CCL2 expression at steady-state and LPS-challenged bone marrow from Fzd6 

WT and KO mice (C) and CCR2 expression on Ly6C
hi

 monocytes from LPS-injected mice.  

 

 

Our results suggest that the observed reduction in the myeloid differentiation and 

increased immune response in Fzd6-/- is cell-autonomous. Considering 

monocyte/macrophages are generated from donor HSPCs following transplantation and 

initial response of Fzd6-/- HSPCs to LPS appear to be similar to Fzd6+/+ mice, it is likely 

that increased production of hematopoietic suppressive factors such as MIP-1α, MIP-2 

and TNF-α from Fzd6-/- macrophages had a secondary role in the decreased expansion 

and myeloid differentiation of HSPCs in our model. The inhibitory role of non-canonical 

Wnt signaling LPS stimulated macrophages and in patients with sepsis caused by LPS-

containing, gram-negative bacteria were previously reported (Bergenfelz et al., 2012). 

Fzd6 also appear to inhibit JNK activation, which is reported to mediate LPS-induced 

TNF-α (Comalada et al., 2003) and MIP-2 (Ha et al., 2011) production and induce 
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apoptosis in monocyte/macrophages. Thus, it can be suggested that Fzd6 might be 

involved in a feedback inhibition in our model, resulting in the decreased myeloid cell 

accumulation. Although in vivo functional relevance of Fzd6-/- monocyte/macrophages is 

yet be elucidated, our results demonstrate that Fzd6 is a potential modulator of 

inflammatory response and susceptibility to endotoxins.  We anticipate that Wnt/Fzd6 

signaling may be one of the promising therapeutic targets in the management of 

endotoxemia-induced inflammation and sepsis.  

 

5. EXPERIMENTAL PROCEDURES 

 

Experimental Animals 

Fzd6+/- mice were backcrossed to C57Bl/6 for 10 generations to minimize genetic 

variability and then maintained as Fzd6+/- to Fzd6+/- intercrosses. Fzd6-/- mice were 

compared to sex-matched Fzd6+/+ littermates unless otherwise noted. All mice were bred 

and housed under specific pathogen-free conditions in sterile ventilated racks at the 

animal facility of INRS-Institute Armand Frappier (CNBE). All procedures were in 

accordance with the Canadian Council on Animal Care guidelines.  

 

Flow-cytometry Analysis and Cell-Sorting 

Bone marrow (BM) was harvested by flushing tibias and femurs from the hind limbs 

in phosphate-buffered saline (PBS). The cells were passed through 25-gauge needles to 

obtain single cell suspensions. Single cell suspensions were prepared in PBS containing 

0.1% bovine serum albumin (BSA) and 0.5mM ethylene-diamine-tetra-acetic acid 

(EDTA). Flow cytometry analyses were performed as previously described in Chapter 2 

and Chapter 3. 

 

Colony Assays  

Single bone marrow suspensions were prepared in IMDM containing 10% very low 

endotoxin FBS (Wisent). Bone marrow cells were seeded into 35mm non-adherent petri 

dishes at a density of 104 cells/dish in methylcellulose medium containing stem cell 

factor, IL-3, IL-6, and Erythropoietin (Methocult GF M3434, Stem Cell Technologies, 
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Vancouver, BC, Canada). For single cytokine experiments, 10 ng/ml GM-CSF and or IL-

3 (Peprotech) were added in methylcellulose medium (Methocult GF M3231). The 

cultures were incubated at 37°C in 5% CO2 for 7–10 days and hematopoietic colonies 

(CFU-C, colony forming units in culture) were counted and identified based on 

morphology under an inverted microscope. The average of duplicate cultures was 

calculated. Harvested colony forming cells were further stained with antibodies against 

CD11b, CD11c, CD117/c-Kit and GR1. Stained cells were analyzed as described in 

Chapter 3. 

 

LPS-induced inflammation 

To evaluate LPS-induced HSPC expansion and emergency myelopoiesis, Fzd6-/- 

and Fzd6+/+ mice were given two i.p. injections of PBS or g-irradiated LPS (E. coli 

0111:B4; Sigma-Aldrich) at a dose of 1 mg/kg body weight, 48 h apart. Their BM and 

spleen was harvested every 24 h during the course of 72 h LPS challenge. For 

endotoxemia experiments, Fzd6-/- and Fzd6+/+ mice were injected with a lethal dose of 

LPS (3mg/kg) and were sacrificed at 24 h following the injection. 

 

Reciprocal Transplantation Assays 

For reciprocal transplantation experiments, 5x106 WT bone marrow cells (CD45.1+ 

or CD45.1+/CD45.2+) injected into the lateral tail vein of lethally irradiated (9 Gy as a split 

dose of two times 4.5 Gy, 16 hr apart) Fzd6-/- or Fzd6+/+ recipient mice (CD45.2+).  

Sixteen weeks after transplantation, mice were euthanized and analyzed for 

reconstitution in BM and spleen. For LPS-induced inflammation, recipient mice were 

further challenged with two i.p. injections of g-irradiated LPS as described above at 8-12 

wk post-transplant. Mice were sacrificed 24 h following the second injection and BM and 

spleens were harvested for flow-cytometry analysis.  

 

Bone marrow cytokine/chemokine analysis 

Bone marrow cell supernatants were collected from PBS or LPS injected mice at 

24 h after the second LPS injection by harvesting cells from both hind legs into 2 ml 

PBS, followed by centrifugation. Supernatants were pooled from at least four mice per 

sample, and analyzed using a membrane-based Proteome profiler mouse 
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cytokine/chemokine array kit (R&D Systems). Array images were further analyzed using 

the NIH ImageJ image analysis software. Samples were normalized by subtracting pixel 

intensities from negative controls, and the fold changes for injected mice were 

determined as a ratio over PBS injected mice of the same genotype. Levels of mIFN-α 

were determined by using mouse IFN-alpha Platinum ELISA (eBioscience). 

Statistical analysis 

Each value represents at least three independent experiments. Two-tailed student's 

t test was used to determine statistical significance. P < 0.05 was considered significant. 
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