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Σὰ βγεῖς στὸν πηγαιμὸ γιὰ τὴν Ἰθάκη, 

νὰ εὔχεσαι νἆναι μακρὺς ὁ δρόμος, 

γεμάτος περιπέτειες, γεμάτος γνώσεις.   

… 

Η Ιθάκη σ’ έδωσε τ’ ωραίο ταξείδι. 

Χωρίς αυτήν δεν θάβγαινες στον δρόμο. 

Άλλα δεν έχει να σε δώσει πια. 

 

Κι αν πτωχική την βρεις, η Ιθάκη δεν σε γέλασε. 

Έτσι σοφός που έγινες, με τόση πείρα, 

ήδη θα το κατάλαβες η Ιθάκες τι σημαίνουν. 

 

Ἰθάκη Κ. Π. Καβάφης 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

As you set out for Ithaka 

hope the voyage is a long one, 

full of adventure, full of knowledge. 

… 

Ithaka gave you the marvellous journey. 

Without her you would not have set out. 

She has nothing left to give you now. 

  

And if you find her poor, Ithaka won’t have fooled you. 

Wise as you will have become, so full of experience, 

you will have understood by then what these Ithakas mean. 

 

Ithaka, K.P. Kavafis 
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Résumé en Français 

 

1. Introduction : 

La défense contre le non-soi est une fonction ancienne des organismes vivants et les voies 

moléculaires contrôlant le développement des cellules immunitaires ou l'hématopoïèse sont 

extrêmement conservées (Evans, Hartenstein, & Banerjee, 2003). Typiquement, les facteurs de 

transcription des familles GATA, Notch, et RUNX contrôlent l'hématopoïèse tout au long de 

l'évolution (Avet-Rochex et al., 2010). En outre, un certain nombre de voies immunitaires telles 

que la voie JAK/STAT et la signalisation TLR sont également conservées au cours de 

l'évolution (Liongue, O'Sullivan, Trengove, & Ward, 2012; Song, Jin, Qin, Chen, & Ma, 2012). 

Ainsi, l’analyse de la réponse immunitaire de la drosophile constitue un grand avantage pour 

étudier les voies qui sont des acteurs clés de l'inflammation.  

Le facteur de transcription Glide/Gcm est exprimé et requis dans la glie de la mouche ainsi que 

dans les hémocytes, les macrophages agissant à l'intérieur et à l'extérieur du système nerveux 

central (SNC), respectivement (Bernardoni, Vivancos, & Giangrande, 1997; Cattenoz & 

Giangrande, 2013, 2015; Jacques, Soustelle, Nagy, Diebold, & Giangrande, 2009). Notre 

laboratoire a caractérisé le rôle de Glide/Gcm dans les hémocytes, comme inhibiteur de la voie 

pro-inflammatoire JAK/STAT (Bazzi et al., 2018) et de la voie TOLL (en préparation). Le rôle 

et la conservation évolutive du gène gcm en font une cible intéressante pour analyser son rôle 

au cours de la neuroinflammation. Mon objectif est de transposer les résultats obtenus chez les 

mouches aux vertébrés. 

Deux gènes orthologues sont présents chez les mammifères jusqu'à l'homme, GCM1 et GCM2. 

Chez la souris, le knock out de mGcm1 ou mGcm2 est létal en raison de rôles cruciaux dans le 

placenta (mGcm1) et dans le développement des parathyroïdes (mGcm2), deux fonctions qui 

sont conservées dans les gènes GCM humains (Hashemolhosseini & Wegner, 2004). 
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Cependant, aucun rôle n'a été détecté dans le développement des cellules gliales et aucune 

étude n'a été réalisée dans le système immunitaire. Étant donné la forte conservation évolutive 

des voies immunitaires, j’ai émis l'hypothèse que les gènes Gcm pourraient avoir un rôle dans 

la modulation de la réponse immunitaire. Pour établir le profil d'expression de mGcm1 et 

mGcm2 dans les cellules immunitaires de la souris, nous avons d'abord analysé leurs niveaux 

de transcription par PCR quantitative dans les tissus adultes. La protéine mGcm2 est exprimée 

dans les trois principaux tissus hématopoïétiques : la moelle osseuse, la rate et le thymus. La 

protéine mGcm1 est exprimée à un niveau beaucoup plus faible. Des analyses par qRT-PCR 

sur des cellules triées ont révélé une large distribution d'expression de mGcm2 dans les cellules 

du système immunitaire, y compris les cellules microgliaes. 

Les cellules microgliaes sont les cellules immunitaires innées du SNC. Ces cellules sont issues 

de la vague hématopoïétique primitive qui a lieu dans le sac vitellin au début de 

l'embryogenèse. Les progéniteurs de la microglie migrent ensuite dans le SNC en 

développement et finissent par se différencier. Contrairement à tous les autres macrophages 

spécifiques des tissus, la microglie est la seule population de macrophages résidents qui ne sera 

pas remplacée par d'autres macrophages issus de la vague hématopoïétique définitive. Cela fait 

de la microglie une population idéale pour étudier l'effet de la mGcm2 car chez la drosophile 

l’orthologue est spécifiquement exprimée dans la vague hématopoïétique primitive. 
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2. Objectifs : 

• Caractériser le profil d'expression de mGcm2 (Immunomarquage anti-mGcm2 sur des 

embryons entiers et des sections de tissus adultes). 

• Analyser le rôle de la mGcm2 dans la cellule microgliae en phénotypant une lignée 

knock-out conditionnel (cko) (prolifération de la microglie, morphologie, expression 

de marqueurs inflammatoires et analyse phénotypique).  

• Caractériser le rôle de la mGcm2 dans la cellule microgliae in vitro en utilisant des 

culture primaires de souris néonatales cko (tests de phagocytose et de migration). 

• Caractériser l'expression de Gcm chez la drosophile dans des conditions 

neuroinflammatoires. 

• Caractériser l'expression de short stop (shot) dans les hémocytes de Drosophila 

melanogaster pendant l'homéostasie et lors d'une infestation par des guêpes. 
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3. Résultats : 

mGcm2 est exprimée tôt au cours du développement dans le sac vitellin et dans les cellules 

de la cellule microgliae du SNC des animaux âgés. 

J'ai caractérisé le profil d'expression de la mGcm2 au cours du développement (de E7.5 à 

E16.5). Des cellules positives pour mGcm2 ont été observées dans le sac vitellin des embryons 

de E7.5 avec des marqueurs spécifiques des macrophages. Ce marquage est absent à d'autres 

stades développementaux. Ces résultats suggèrent que mGcm2 est exprimé de manière précoce 

et transitoire dans le système hématopoïétique, de manière similaire à ce qui a été décrit pour 

l'orthologue de la mouche. 

Ensuite, j'ai caractérisé le profil d'expression de la mGcm2 dans différents tissus (cerveau, rate, 

tissu adipeux pulmonaire etc.) et groupes d'âge (postnatal 0 P0, P14, et 2,12 et 24 mois). Les 

résultats ont montré une expression dans les cerveaux de 12 et 24 mois mais pas chez les 

animaux de 2 mois. De plus, le double marquage de mGcm2 et CD45 (un marqueur courant de 

macrophages) n'a montré aucune expression dans les autres macrophages résidant dans les 

tissus. Ainsi, mGcm2 est exprimé uniquement dans le SNC des animaux âgés. 

 

Les souris cko mGcm2 présentent une augmentation de poids 

J'ai caractérisé la lignée cko mGcm2 in vivo. Pour cela, j'ai créé une cohorte initiale pour étudier 

la durée de vie des animaux cko. Tous les animaux ont été gardés à l'Institut Clinique de la 

Souris (ICS) sous un régime alimentaire normal. Afin de créer la lignée cko mGcm2 de cellules 

microgliaes, j’ai utilisé la lignée CX3CR1-Cre. En tant que témoin, j’ai utilisé CX3CR1-

Cre/+;mGcm2flox/+. De plus, tous les animaux ont été pesés une fois par semaine. Il n'y a pas de 

différence dans la durée de vie mais, de façon frappante, les animaux cko montrent une 

augmentation de poids par rapport aux témoins.  
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Pour confirmer ce phénotype, j'ai créé une deuxième cohorte. Ces souris ont été pesées une fois 

par semaine et ont subi des tests métaboliques. Plus précisément, j'ai effectué un test de 

composition corporelle et des cages métaboliques pendant 24h. Le premier test donne des 

informations sur le tissu maigre, la teneur en graisse et les fluides corporels libres. Ces tests 

n'ont révélé aucune différence entre les deux génotypes, même si le groupe cko avait un poids 

significativement plus élevé que le groupe témoin. Les cages métaboliques permettent de 

mesurer simultanément la dépense énergétique, l'activité ambulatoire ainsi que la 

consommation de nourriture et d'eau. Les résultats ont révélé une tendance à une plus grande 

consommation de nourriture et à moins de mouvements chez les souris cko, bien que les 

résultats ne soient pas statistiquement significatifs. Pour cette raison, il serait intéressant 

d'induire l'obésité chez les animaux cko et de voir si dans ces conditions les paramètres seront 

statistiquement significatifs. Même si le rôle de la microglie a été lié à l'hyperphagie et à 

l'obésité, mes données suggèrent pour la première fois que l'expression de mGcm2 dans la 

cellule microgliae est impliquée dans l'homéostasie métabolique. 

 

La perte de mGcm2 conduit à un état pro-inflammatoire de la microglie 

J'ai caractérisé la population de la microglie in vivo. Tout d'abord, j'ai compté la population de 

cellules microgliaes dans différentes régions et à différents stades (souris âgées de P0, P14, 4 

et 24 mois), en collaboration avec le Dr Katrin Kierdorf de l'Université de Freiburg. Les cellules 

ont été marquées avec le marqueur spécifique de la microglie, Iba-1, et des comptages 

cellulaires ont été effectués dans différentes régions du cerveau. Les cerveaux cko présentent 

un nombre plus élevé de microglie à P14 et 4 mois par rapport aux témoins, ce qui pourrait 

indiquer un environnement pro-inflammatoire.  
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Mon objectif suivant était de voir si la cellule microgliae des souris mutantes mGcm2 présente 

également des caractéristiques inflammatoires. Les microglies de surveillance ont une 

morphologie ramifiée avec des processus longs et fins. Au cours d'une inflammation ou du 

vieillissement, la microglie montre des signes d'une morphologie activée, moins ramifiée. Le 

marquage avec le marqueur spécifique de la microglie Iba-1 a montré que les animaux cko âgés 

de 2 et 12 mois n'ont pas une morphologie différente de celle des témoins. En revanche, les 

animaux cko âgés de 24 mois présentent moins de ramifications et une moindre zone de 

couverture. Dans l'ensemble, ces données suggèrent que l'absence de mGcm2 a un impact 

significatif sur la morphologie et l'état de la microglie. 

 

La perte de mGcm2 dans la microglie entraîne une augmentation du nombre de cellules 

pro-inflammatoires positives. 

Pour renforcer les données morphologiques, j'ai marqué le SNC de 2, 12 et 24 mois avec des 

marqueurs indicatifs d’un état inflammatoire. Les états d'activation des 

microglies/macrophages sont classés comme pro-inflammatoires (ou M1) ou anti-

inflammatoires (ou M2). J'ai choisi induced Nitrogen Oxygen Species (iNOS) pour l'état M1 

et Arginase-1 (Arg-1) pour l'état M2, deux marqueurs qui ont déjà été utilisés pour caractériser 

l'état de la microglie in vivo (Lisi et al., 2017 ; Cherry et al., 2017). J'ai évalué l'expression de 

ces deux marqueurs dans les microglies co-marquées avec Iba-1. Les animaux cko âgés de 24 

mois ont significativement plus de microglies positives à iNOS par rapport aux témoins du 

même âge. De plus, les animaux cko âgés de 24 mois présentent une diminution significative 

des microglies positives à l'Arg-1 par rapport aux animaux cko âgés de 12 mois, alors que les 

animaux témoins d'âge comparable ne présentent pas de différence significative dans le 

marquage de l'Arg-1. Ces données suggèrent que les animaux cko ont plus de microglies 
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polarisées vers le phénotype M1 que les animaux témoins. Ceci valide mon hypothèse selon 

laquelle mGcm2 a un rôle anti-inflammatoire conservé au cours de l'évolution dans les cellules 

immunitaires de la vague hématopoïétique primitive.  

Gcm est exprimé dans les hémocytes de Drosophila melanogaster dans des conditions 

neuroinflammatoires. 

L'étape suivante consistait à examiner si le rôle de Gcm spécifiquement pendant la neuro-

inflammation était conservé au cours de l'évolution. Chez les adultes de Drosophila 

melanogaster, Gcm est exprimé uniquement dans un sous-ensemble de neurones, mais il n'est 

pas exprimé dans la glie ni dans les hémocytes. J'ai d'abord suivi l'expression de Gcm au cours 

du vieillissement en utilisant une lignée transgénique qui retrace la lignée de toutes les cellules 

qui, à un moment donné de la vie adulte, expriment Gcm. En dehors du sous-ensemble de 

neurones déjà caractérisé, Gcm n'est pas exprimé dans le SNC des mouches âgées. Cependant, 

comme la durée de vie des mouches est beaucoup plus courte que celle des mammifères, j'ai 

émis l'hypothèse que le vieillissement pourrait ne pas être suffisant pour induire une expression 

de novo de Gcm dans un cerveau par ailleurs normal.  

Pour cette raison, j'ai induit une réponse inflammatoire dans le SNC de mouches adultes en 

utilisant une lignée qui surexprime l’ a-Synucléine dans tous les neurones en utilisant le 

système Lex A. La Synucléine-a est une protéine neuronale qui régule le trafic des vésicules 

synaptiques et la libération ultérieure de neurotransmetteurs. L'agrégation de cette protéine est 

liée à plusieurs maladies neurodégénératives telles que la maladie de Parkinson. La 

surexpression de la Synucléine-a a révélé l'existence de cellules positives à Gcm dans le SNC. 

Les cellules n'expriment ni marqueurs neuronaux ni marqueurs gliales, mais elles expriment 

des marqueurs hémocytaires. L'ensemble de ces données suggère que, lors d'une réponse neuro-

inflammatoire, les hémocytes adultes expriment Gcm et pénètrent la barrière hémato-
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encéphalique (BHE). L'invasion des hémocytes a également été confirmée par test paraquat 

(PQ). D'autres expériences devraient viser à confirmer si ces hémocytes ré-expriment 

également Gcm. Ainsi, Gcm s'avère être un nouveau facteur de la réponse immunitaire innée 

dans le SNC. 

Caractérisation de la microglie mGcm2 cko in vitro 

Mon objectif final était de relier l'expression de mGcm2 à une fonction du système immunitaire 

inné. La microglie, comme la plupart des cellules de l'immunité innée, a deux fonctions 

majeures : la phagocytose et la migration sur le site de l'inflammation. Au cours de mon 

doctorat, j'ai caractérisé l'expression de mGcm2 pendant la phagocytose ainsi que pendant la 

migration dans des cultures primaires de SNC et j'ai utilisé des animaux cko pour découvrir 

tout changement phénotypique.  

J'ai d'abord évalué l'expression de mGcm2 dans les conditions basales des cultures et j'ai révélé 

sa présence spécifique dans un sous-ensemble de microglies de forme ronde (30% du nombre 

total de cellules rondes). Lors de la stimulation avec des billes de latex, les microglies 

phagocytent les billes à la fin de l'essai (t=120 min.). Le marquage des cultures de microglie 

stimulées montre une diminution significative des niveaux de la protéine mGcm2 tôt après la 

stimulation (t=20 min.), qui revient aux niveaux basaux (t=0 min.) après 120 min. Ceci m'incite 

à proposer que le processus de phagocytose affecte l'expression de mGcm2.  

Afin d'évaluer si les niveaux de mGcm2 ont un impact sur la phagocytose, j'ai effectué le même 

test sur des cultures primaires de microglie mGcm2 cko. Pour effectuer une analyse 

quantitative, j'ai mesuré l'intensité de la fluorescence dans les cellules, qui reflète l'activité 

phagocytaire. Je n'ai trouvé aucune différence dans la capacité phagocytaire des microglies 

entre les animaux expérimentaux et les animaux témoins. Ce résultat me permet de proposer 

que mGcm2 ne contrôle pas la phagocytose des billes de latex.  
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En outre, lors d'une activation due à une blessure ou à des agents pathogènes, la microglie 

migre rapidement vers la zone enflammée et phagocyte les débris cellulaires ou les neurones 

endommagés. Pour mieux évaluer les rôles possibles de mGcm2 dans la microglie, j'ai supposé 

qu'il pouvait avoir un impact sur la migration et j'ai donc réalisé un test de migration par rayage 

en utilisant les mêmes cultures primaires de cellules microgliaes que ci-dessus. La migration 

dans la cicatrice ouverte a été documentée par des microphotographies à différents moments 

après le grattage. Les résultats n'ont pas montré d'expression de mGcm2 dans les cellules de la 

microglie migrant vers la cicatrice. En outre, les cultures ont été évaluées pour leur capacité à 

fermer la plaie et pour savoir si l'absence de mGcm2 a un impact sur le processus de guérison. 

Je n'ai trouvé aucune différence entre les cellules cko et les cellules témoins, ce qui indique que 

mGcm2 n'affecte pas la migration de la microglie in vitro. 

 

Caractérisation de l'expression de short stop (shot) dans les hémocytes de Drosophila 

melanogaster pendant l'homéostasie et lors d'une infestation par des guêpes parasitoïdes 

En parallèle, j'ai travaillé dans l'effort d'équipe pour caractériser la population d'hémocytes de 

Drosophila melanogaster avec le séquençage de cellules uniques. Ma principale contribution 

au projet a été de relier les deux populations distinctes d'hémocytes, résidente et circulante, et 

de caractériser l'expression des marqueurs hémocytaires lors d'un défi immunitaire avec une 

infestation par des guêpes parasitoïdes. Les résultats de ce dernier ont révélé un nouveau 

marqueur pour les hémocytes et leur forme activée, les lamellocytes, short stop (shot). Ce gène 

code pour un membre de la famille des spectraplakines, de grandes molécules de liaison du 

cytosquelette. Shot se lie à l'actine et aux microtubules, ainsi qu'aux protéines d'échafaudage, 

à certains facteurs de signalisation et au calcium. En outre, cette protéine joue un rôle dans le 
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développement et le maintien de plusieurs tissus du système nerveux, de l'épiderme, aux 

attaches musculaires, intestin antérieur, aile, trachées et ovocytes. 

Mon projet a tenté de disséquer le rôle de Shot dans les hémocytes dans des conditions 

homéostatiques ainsi que lors d'un challenge immunitaire (infestation par des guêpes 

parasitoïdes). Les résultats montrent que Shot participe à l'adhésion des hémocytes in vitro et 

dans des conditions homéostatiques. Plus précisément, l'extinction de Shot en utilisant ARNi 

nuit à l'adhésion des hémocytes, tandis que sa surexpression entraîne une augmentation de 

l'adhésion par rapport aux témoins in vitro. L'extinction de Shot entraîne également une 

réduction de l'expression de la protéine N-Cadherin. Enfin, j'ai démontré que Shot joue un rôle 

central dans la réponse de la mouche à l'infestation par les guêpes, car les animaux 

n’exprimante pas Shot montrent une encapsulation réduite de l'œuf de guêpe 24 heures après 

l'infestation. Tous ces résultats suggèrent que Shot est un nouvel acteur dans l'adhésion entre 

les hémocytes et dans la formation de jonctions entre les cellules. 
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4. Conclusions 

Mon travail met en évidence mGcm2 comme un nouveau facteur de transcription fonctionnant 

dans les cellules immunitaires présentes dans le SNC des mammifères. J'ai découvert que ce 

facteur de transcription est exprimé dans le sac vitellin de la souris, ce qui est similaire à 

l'expression précoce de Gcm pendant l'hématopoïèse embryonnaire chez Drosophila 

melanogaster. Les macrophages des mammifères de la vague hématopoïétique précoce migrent 

vers différents organes et donnent naissance aux macrophages résidents des tissus. 

Contrairement à toutes les autres populations résidentes des tissus, la cellule microgliae est le 

seul type de cellule qui n'est pas remplacé par les nouvelles populations de macrophages de la 

vague hématopoïétique définitive. De plus, la cellule microgliae est le seul type de cellule qui 

exprime mGcm2 au cours du vieillissement, un processus qui ressemble beaucoup à une 

réponse immunitaire. Enfin, j'ai montré que l'absence de mGcm2 conduit in vivo à un état pro-

inflammatoire des cellules de la microglie. Ces données suggèrent un rôle important de mGcm2 

dans le contexte de la neuro-inflammation et une conservation de sa fonction au cours de 

l'évolution. Je pense que mes travaux permettront de mieux comprendre la réponse immunitaire 

innée du SNC. A long terme, cela pourrait aider à comprendre les mécanismes physio-

pathologiques qui sous-tendent les maladies humaines telles que les maladies auto-immunes 

ou neurodégénératives, qui représentent un lourd fardeau pour nos sociétés.    
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Summary in English 

 

1. Introduction: 

 The defence against non-self is an ancient function of living organisms and the molecular 

pathways controlling the development of immune cells or hematopoiesis are extremely 

conserved (Evans, Hartenstein, & Banerjee, 2003). Typically, the transcription factors of the 

GATA, Notch, and RUNX families control hematopoiesis throughout evolution (Avet-Rochex 

et al., 2010). In addition, a number of immune pathways such as the JAK / STAT pathway and 

TLR signalling are also conserved during evolution (Liongue, O'Sullivan, Trengove, & Ward, 

2012; Song, Jin, Qin, Chen , & Ma, 2012). Thus, the analysis of the Drosophila immune 

response constitutes a great advantage for studying the pathways which are key players in 

inflammation. 

The Glide/Gcm transcription factor is expressed and required in fly glia as well as in the 

hemocytes, the macrophages acting inside and outside the central nervous system (CNS), 

respectively (Bernardoni, Vivancos, & Giangrande, 1997; Cattenoz & Giangrande, 2013, 2015; 

Jacques, Soustelle, Nagy, Diebold, & Giangrande, 2009). Our laboratory has characterised the 

role of Glide/Gcm in hemocytes, as an inhibitor of the pro-inflammatory   JAK / STAT pathway 

(Bazzi et al., 2018) and of the TOLL pathway (in preparation). The role and the evolutionary 

conservation of the gcm gene makes it an interesting target to analyse its role during 

neuroinflammation. My goal is to transpose the results obtained in flies to vertebrates. 

Two orthologous genes are present in mammals up to humans, GCM1 and GCM2. In mice, the 

knockout of mGcm1 or mGcm2 is lethal due to crucial roles in the placenta (mGcm1) and in 

parathyroid development (mGcm2), two functions that are conserved in human GCM genes 

(Hashemothosseini & Wegner, 2004). However, no role has been detected in the development 

of glial cells and no studies have been performed in the immune system. Given the strong 
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evolutionary conservation of the immune pathways, I hypothesized that the Gcm genes could 

have a role in the modulation of the immune response. To establish the expression profile of 

mGcm1 and mGcm2 in mouse immune cells, our lab first analysed their transcription levels by 

quantitative PCR in adult tissues. The mGcm2 is expressed in the three main hematopoietic 

tissues: bone marrow, spleen and thymus. The mGcm1 is expressed at a much lower level. 

Analysis by qPCR on sorted cells revealed a wide distribution of expression of mGcm2 

including microglia cells. 

Microglia cells are the innate immune cells of the CNS. These cells originate from the primitive 

hematopoietic wave that takes place in the yolk sac at the start of embryogenesis. The microglia 

progenitors then migrate into the developing CNS and eventually differentiate. Unlike all other 

tissue-specific macrophages, microglia are the only resident macrophage population that is not 

replaced by other macrophages from the definitive hematopoietic wave. This makes the 

microglia an ideal population to study the effect of mGcm2 because as in Drosophila the 

ortholog is specifically expressed in the primitive hematopoietic wave. 
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2. Objectives: 

• Characterise the expression profile of mGcm2 (anti-mGcm2 immunostaining on whole 

embryos and sections of adult tissues). 

• Analyse the role of mGcm2 in the microglia cell by phenotyping a conditional knock-out 

(cko) line (microglia proliferation, morphology, expression of inflammatory markers and 

phenotypic analysis). 

• Characterise the role of mGcm2 in the microglia cell in vitro using primary cultures of 

neonatal cko mice (phagocytosis and migration assays). 

• Characterise the expression of Gcm in Drosophila under neuroinflammatory conditions. 

• Characterise the expression of short stop (shot) in Drosophila melanogaster hemocytes 

during homeostasis and during wasp infestation. 
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3. Results: 

mGcm2 is expressed early in the yolk sac and in microglia cells of the CNS of aged 

animals. 

I characterised the expression profile of mGcm2 during development (from E7.5 to E16.5). 

Cells positive for mGcm2 were observed in the yolk sac of E7.5 embryos with macrophage-

specific markers. This marking was absent at other developmental stages. These results suggest 

that mGcm2 is expressed early and transiently in the hematopoietic system, similar to what has 

been described for the fly orthologue. 

Next, I characterised the expression profile of mGcm2 in different tissues (brain, spleen, white 

adipose tissue) and age groups (postnatal 0 P0, P14, and 2.12 and 24 months). Results showed 

expression in 12- and 24-month-old brains but not in 2-month-old animals. In addition, double 

labelling of mGcm2 and CD45 (a common marker of macrophages) showed no expression in 

other tissue resident macrophages. Thus, mGcm2 is expressed only in the CNS of aged animals. 

 

Cko mGcm2 mice show increased weight 

I then characterised the cko mGcm2 line in vivo. For this, I created a first cohort to study the 

lifespan of cko animals. All animals were kept at the Institut Clinique de la Souris (ICS) under 

a normal chow fed diet. In order to create the cko mGcm2 microglia cell line, I used the 

CX3CR1-Cre line. As a control I used CX3CR1-Cre / +; mGcm2flox / +. In addition, all animals 

were weighed once a week. There is no difference in lifespan, but strikingly the cko animals 

show an increase in weight compared to controls. 

To confirm this phenotype, I created a second cohort. These mice were weighed once a week 

and underwent metabolic testing. Specifically, I performed a body composition test and 
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metabolic cages test for 24 hours. The first test gives information about lean tissue, fat content, 

and free body fluids. These tests revealed no difference between the two genotypes, even 

though the cko group had a significantly higher weight than the control group. Metabolic cages 

make it possible to simultaneously measure energy expenditure, ambulatory activity as well as 

food and water consumption. The results revealed a tendency for higher food consumption and 

less movement in cko mice, although the results were not statistically significant. For this 

reason it would be interesting to induce obesity in the cko animals and see whether under these 

conditions the parameters will be statistically significant. Even though the role of microglia has 

been linked with hyperphagia and obesity, my data for the first time suggest that the expression 

of mGcm2 in the microglia cell is involved in metabolic homeostasis. 

 

The loss of mGcm2 leads to a pro-inflammatory   state of the microglia 

Since I knew the mGcm2 expression profile in microglia I decided to characterise the microglia 

population in vivo. First, I counted the microglia cell population in different regions and at 

different stages (mice aged P0, P14, 4 and 24 months), together with Dr Katrin Kierdorf from 

the University of Freiburg. The cells were labelled with the specific marker for microglia, Iba-

1, and cell counts were performed in different regions of the brain. Cko brains show a higher 

number of microglia at P14 and 4 months compared to controls, which could indicate a pro-

inflammatory   environment. 

My next goal was to see if microglia of mGcm2 mutant mice also exhibits inflammatory 

features. Resting microglia have a branched morphology with long, thin processes. During 

inflammation or aging, the microglia show signs of an activated, less branched morphology. 

Labelling with the specific marker for microglia Iba-1 showed that the cko animals aged 2 and 

12 months did not have a different morphology from that of the controls. In contrast, 24 month 
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old cko animals show less branching and less coverage. Overall, these data suggest that the 

absence of mGcm2 has a significant impact on the morphology and thus the of the microglia. 

 

The loss of mGcm2 in the microglia leads to an increase in the number of positive pro-

inflammatory   cells. 

To reinforce the morphological data, I marked the 2, 12 and 24 month CNS with markers 

indicative of an inflammatory state. Microglia / macrophage activation states are classified as 

pro-inflammatory (or M1) or anti-inflammatory (or M2). I chose induced Nitrogen Oxygen 

Species (iNOS) for the M1 state and Arginase-1 (Arg-1) for the M2 state, two markers that 

have already been used to characterise the state of microglia in vivo (Lisi et al.., 2017; Cherry 

et al., 2017). I then evaluated the expression of these two markers in the microglia co-labelled 

with Iba-1. 24 month old cko animals had significantly more iNOS positive microglia 

compared to controls of the same age. In addition, 24 month old cko animals showed a 

significant decrease in Arg-1 positive microglia compared to 12 month old cko animals, while 

comparable age control animals did not show a significant difference in labelling of Arg-1. 

These data suggest that cko animals have more microglia polarized towards the M1 phenotype 

than control animals. This validates my hypothesis that mGcm2 has an anti-inflammatory role 

conserved during evolution in immune cells of the primary hematopoietic wave. 

 

Gcm is expressed in Drosophila melanogaster hemocytes under neuroinflammatory 

conditions. 

The next step was to examine whether the role of Gcm specifically during neuroinflammation 

is conserved during evolution. In adults of Drosophila melanogaster, Gcm is expressed only 

in a subset of neurons, but it is not expressed in glia or in hemocytes. I first followed the 
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expression of Gcm during aging using a transgenic line which traces the lineage of all cells 

which, at some point in adult life, express Gcm. Apart from the subset of neurons already 

characterised, Gcm is not expressed in the CNS of old flies. However, since the lifespan of 

flies are much shorter than that of mammals, I hypothesised that aging might not be sufficient 

to induce de novo expression of Gcm in an otherwise normal brain. 

For this reason, I induced an inflammatory response in the CNS of adult flies using a line that 

overexpresses a-Synuclein in all neurons using the Lex A system. a-Synuclein is a neuronal 

protein that regulates trafficking synaptic vesicles and the subsequent release of 

neurotransmitters. The aggregation of this protein is linked to several neurodegenerative 

diseases such as Parkinson's disease. a-Synuclein overexpression revealed the presence of Gcm 

positive cells in the CNS, which do not express neuronal markers or glial markers, but they 

express hemocyte markers. All these data suggest that, during a challenge, adult hemocytes 

express Gcm and penetrate the blood-brain barrier (BBB). Invasion of hemocytes was also 

confirmed by paraquat assay (PQ). Further experiments should aim to confirm whether these 

hemocytes also express Gcm. Thus, Gcm could be a novel factor in the innate immune response 

in the CNS. 

 

Characterisation of mGcm2 cko microglia in vitro 

My final goal was to link the expression of mGcm2 to a function of the innate immune system. 

Microglia have two major functions: phagocytosis and migration to the site of inflammation. 

During my PhD, I characterised the expression of mGcm2 during phagocytosis as well as 

during migration in primary cultures of CNS and used cko animals to discover any phenotypic 

changes. 
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I first evaluated the expression of mGcm2 under the basal conditions of the cultures and 

revealed its specific presence in a subset of round-shaped microglia (30% of the total number 

of round cells). During stimulation with latex beads, the microglia phagocytose the beads at 

the end of the test (t = 120 min.). Staining of the stimulated microglia cultures shows a 

significant decrease in mGcm2 protein levels soon after stimulation (t = 20 min.), Which 

returns to basal levels (t = 0 min.) After 120 min. This prompts me to suggest that the 

phagocytosis process affects the expression of mGcm2. 

In order to assess whether mGcm2 levels impact phagocytosis, I performed the same test on 

primary cultures of mGcm2 cko microglia. To perform a quantitative analysis, I measured the 

intensity of fluorescence in the cells, which reflects phagocytic activity. I did not find any 

difference in the phagocytic capacity of the microglia between the cko animals and the control 

animals. This result allows me to propose that mGcm2 does not control phagocytosis of latex 

beads. 

In addition, upon activation due to injury or pathogens, the microglia quickly migrate to the 

inflamed area and phagocyte cell debris or damaged neurons. To better assess the possible roles 

of mGcm2 in microglia, I assumed that it might impact migration and therefore performed a 

scratch migration assay, a widely used assay, using the same primary cultures of microglia cells 

as above. Migration into the open scar was documented by microphotographs at various times 

after scratching. The results did not show expression of mGcm2 in the microglia cells migrating 

to the scar. In addition, the cultures were evaluated for their ability to close the wound and 

whether the absence of mGcm2 had an impact on the healing process. I did not find any 

difference between cko cells and control cells, indicating that mGcm2 does not affect microglia 

migration in vitro. 
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Characterisation of short stop (shot) expression in Drosophila melanogaster hemocytes 

during homeostasis and during infestation by parasitoid wasps 

In parallel, I contributed to the team effort to characterise the Drosophila melanogaster 

hemocyte population by single cell RNA sequencing. My main contribution to the project was 

to link the two distinct populations of hemocytes, resident and circulating, and to characterise 

the expression of hemocyte markers during an immune challenge through infestation by 

parasitoid wasps. The results of the latter revealed a new marker for hemocytes and their 

activated form, lamellocytes, short stop (shot). This gene codes for a member of the 

spectraplakin family, large cytoskeletal binding molecules. Shot binds to actin and 

microtubules, as well as scaffold proteins, certain signalling factors, and calcium. In addition, 

this protein plays a role in the development and maintenance of several tissues of the nervous 

system, epidermis, muscle attachments, foregut, wing, trachea and oocytes. 

My project tried to dissect the role of Shot in hemocytes in homeostatic conditions as well as 

during an immune challenge (infestation by parasitoid wasps). The results show that Shot 

participates in the adhesion of hemocytes in vitro and under homeostatic conditions. More 

precisely, silencing of Shot by using RNAi construct decreases the adhesion of hemocytes, 

while its overexpression results in an increase in adhesion compared to controls in vitro. Shot 

silencing also results in reduced expression of the N-Cadherin protein. Finally, I demonstrated 

that Shot plays a central role in the fly response to wasp infestation, as animals not expressing 

Shot show reduced encapsulation of the wasp egg 24 hours after the infestation. All these 

results suggest that Shot is a new player in adhesion between hemocytes and in the formation 

of junctions between cells. 
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4. Conclusions 

My work highlights mGcm2 as a novel evolutionary conserved transcription factor of innate 

immune cells originating from the primitive wave. I found that this transcription factor is 

expressed in the mouse yolk sac, which is similar to the early expression of Gcm during 

embryonic hematopoiesis in Drosophila melanogaster. Early hematopoietic waves in 

mammals produce macrophages  which migrate to different organs and give rise to tissue 

resident macrophages. Unlike all other tissue resident populations, microglia are the only cell 

type that are not replaced by the new macrophage populations of the definitive hematopoietic 

wave. Additionally, microglia is the only type of cell that expresses mGcm2 during aging, a 

process that closely resembles an immune response. Finally, I have shown that the absence of 

mGcm2 leads in vivo to a pro-inflammatory   state of the cells of the microglia. These data 

suggest an important role of mGcm2 in the context of neuroinflammation and conservation of 

its function during evolution. I believe that my work will provide a better understanding of the 

innate immune response of the CNS. In the long term, this could help to understand the 

pathophysiological mechanisms underlying human diseases such as autoimmune or 

neurodegenerative diseases, which represent a heavy burden on our societies. 
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Introduction 

 

Introducing the immune system 
The immune system constitutes a network of biological processes that protects an organism 

from foreign bodies. It detects and responds to a wide variety of pathogens, from viruses to 

parasitic worms, as well as cancer cells and foreign objects, distinguishing them from the 

organism's own healthy tissue. Almost all organisms have a form of a defence mechanism. 

Even bacteria have a primary immune response in the form of enzymes that protect against 

viral infections (Dunin-Horkawicz, Kopec, & Lupas, 2014; Loureiro & da Silva, 2019). 

Multicellular organisms such as insects and mammals have further developed anatomical 

barriers, specialised cells and humoral responses which provide a preconfigured reaction to a 

variety of stimuli (Desjardins, Berchiche, Haddad, & Heveker, 2007). These mechanisms 

together comprise the innate immune system. Vertebrates have an additional set of highly 

specialised immune cells and cellular responses that comprise the adaptive immune system 

(Kasahara, Suzuki, & Pasquier, 2004).  Adaptive immunity creates immunological memory 

after an initial response to a specific pathogen, thus leading to an enhanced response to future 

encounters with the same pathogen. Characteristics of innate and adaptive immune responses 

can be found in Figure 1. 

 

 

Figure 1. Characteristics of the innate and adaptive immune system. 
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Generally, the aim of the immune system is to defend the host against pathogens and then 

promote tissue repair and healing. Early response includes a complex and highly coordinated 

chain of events at a molecular, cellular and physiological level (Cooper, 2010). These events 

lead to the production of soluble mediators, such as cytokines and chemokines, by resident 

immune cells (macrophages, dendritic cells etc.) and non-immune cells (endothelial cells, 

fibroblasts, etc.). Next, the chemokines attract cells of the innate immune system, a relatively 

broad - acting but highly effective defence that is largely preoccupied with the elimination of 

infectious agents. The actions of the innate immune system are also responsible for alerting the 

cells of the adaptive immune system in vertebrates.  

The ability of the immune system to respond to pathogens is diminished throughout the host’s 

lifespan, with immune responses beginning to decline with aging due to immunosenescence. 

Immunodeficiency is a state in which the immune system's ability to fight infectious diseases 

is compromised or entirely absent (Chinen & Shearer, 2010). Immunodeficiencies could be 

due to genetic mutations such as severe combined immunodeficiency or acquired such as 

acquired immunodeficiency syndrome (AIDS) due to HIV infection (Fischer, Hacein-Bey 

Abina, Touzot, & Cavazzana, 2015). On the other hand, overreaction of the immune system 

could lead to autoimmunity. Here, the immune system fails to properly distinguish between 

self and non-self, and attacks part of the body. Thus, a fine tuning of the immune system is of 

imperative importance and is regulated by transcription factors. 

The Glial deficiency / Glial cells missing (Glide/Gcm) transcription factor is expressed and 

required in fly glia as well as in the hemocytes, the macrophages acting inside and outside the 

central nervous system (CNS), respectively (Bernardoni, Vivancos, & Giangrande, 1997). Our 

laboratory has characterised the role of Gcm in hemocytes as an inhibitor of the pro-

inflammatory Janus Kinases / Signal Transducer and Activator of Transcription Proteins   (JAK 
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/ STAT) pathway (Bazzi et al., 2018). The role and the evolutionary conservation of the gcm 

gene makes it an interesting target to analyse during inflammation in mammals. 

The CNS, which in vertebrates contains the brain and the spinal cord, is isolated from the rest 

of the organism by the blood brain barrier (BBB). For this reason, inflammation in the CNS is 

orchestrated by the resident tissue macrophages, that are known as microglia, and later by 

infiltration of peripheral immune cells (Jurga, Paleczna, & Kuter, 2020). Sources of 

neuroinflammation can be due to injury or infection, such as a virus that can penetrate the BBB. 

Dysregulation of the immune system could lead to autoimmune or neurodegenerative disorders 

such as Multiple Sclerosis (MS), Parkinson’s disorder (PD) and Alzheimer’s disease (AD). 

During neuroinflammation microglia play a pivotal role in either promoting or suppressing the 

inflammatory response and for this reason many studies target those immune cells to develop 

new therapeutic strategies. 
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The transcription factor Gcm 
Gcm is an atypical zinc finger transcription factor (Akiyama, Hosoya, Poole, & Hotta, 1996; 

Cohen et al., 2002; Schreiber, Sock, & Wegner, 1997). It was first characterised as an essential 

factor for the differentiation of the glia cells in the Drosophila embryo (Akiyama et al., 1996; 

S. Vincent, Vonesch, & Giangrande, 1996). In Drosophila, a functional nervous system 

requires the correct specification and precise organization of many neural cell types. Neural 

cells can be classified into two distinct groups, neurons and glia (Freeman, 2015). Neurons play 

a leading role in processing and transmitting information, while glia play a supporting role, 

nourishing and insulating neurons. One general rule that has emerged from lineage analysis of 

neurogenesis is that both neurons and glia are generated from multipotent neural progenitors 

(Bossing, Udolph, Doe, & Technau, 1996; Udolph, Prokop, Bossing, & Technau, 1993). Gcm 

Loss of function (LOF) showed that embryos are devoid of glial cells, with neural progenitors 

producing essentially neurons (Figure 2). Conversely, embryos expressing gcm throughout the 

nervous system (Gcm Gain of function (GOF) embryos) present supernumerary glial cells with 

neuroblasts producing essentially glia (Hosoya, Takizawa, Nitta, & Hotta, 1995; B. W. Jones, 

Fetter, Tear, & Goodman, 1995; S. Vincent et al., 1996). Due to its significant role in glia 

development, Gcm was first described and named as the master regulator of glia differentiation 

and indeed ectopic expression of Gcm is adequate to induce the expression of glial markers 

even in the epidermis and in the mesoderm (Akiyama-Oda, Hosoya, & Hotta, 1998; 

Bernardoni, Miller, & Giangrande, 1998). 

In Drosophila, a second gcm gene was identified (Alfonso & Jones, 2002; Kammerer & 

Giangrande, 2001). This gcm2/glide2 gene is the result of a recent gene duplication event and 

assists gcm/glide in its function during gliogenesis. 
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Figure 2. gcm acts as a binary switch for glia (red) versus neurons (green in the schematic) in Drosophila. 

Phenotypes are shown for a neural progenitor that gives rise to a neuron and a glia in a wild-type animal, Gcm 

loss-of-function mutant animal (null), and Gcm gain-of-function mutant animal in which a transgenic construct 

drives ectopic gcm expression in presumptive neurons (modified from A.Giangrande http://www.stemcells-

live.fr/giangrande.html ). 

 

Gcm is important for the development of the immune system of Drosophila 
Hematopoiesis in the fly model has been well documented along with all the signalling cascade 

required for the differentiation of hemocytes. The hematopoietic process is divided into two 

waves (Figure 3). The first wave is of mesodermic origin and derives from the procephalic 

region of the embryo. These cells give rise to prohemocytes, which are a defined number of 

blood cell progenitors (Tepass, Fessler, Aziz, & Hartenstein, 1994). Prohemocytes differentiate 

into plasmatocytes, the functional orthologue of the mammalian macrophages. Plasmatocytes 

are able to phagocytose pathogens and debris. They also secrete extracellular matrix during 

development and contribute to the humoral response by producing antimicrobial peptides 

(AMPs) (Martinek, Shahab, Saathoff, & Ringuette, 2008; Tepass et al., 1994). A small fraction 

of prohemocytes give rise to crystal cells, a cell population specialised for the melanisation 

process during inflammation (Lebestky, Chang, Hartenstein, & Banerjee, 2000). The third type 

of hemocytes are the lamellocytes which are only present upon challenge. During an 

inflammatory response, plasmatocytes transdifferentiate into lamellocytes. These cells are able 

to encapsulate large foreign bodies such as the eggs from parasitic wasps (Markus et al., 2009).   

http://www.stemcells-live.fr/giangrande.html
http://www.stemcells-live.fr/giangrande.html
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The second wave derives from the lymph gland, a hematopoietic organ that arises in the embryo 

independently of the embryonic prohemocytes (Figure 3) (Lebestky, Jung, & Banerjee, 2003; 

Rizki & Rizki, 1978). The lymph gland keeps growing during the larval stages and hystolyses 

upon metamorphosis to release a second pool of hemocytes that co-exist with those of the 

primitive wave (Grigorian, Mandal, & Hartenstein, 2011). Interestingly, the second wave of 

hematopoiesis is independent of Gcm, thus highlighting the specificity of Gcm within the 

primitive wave (Bazzi et al., 2018). This is the only known case of a wave-specific 

transcriptional pathway, suggesting that the embryonically derived hemocytes display specific 

epigenetic, transcriptional and functional features. 

 

 

Figure 3. The hematopoiesis of Drosophila melanogaster. The first primitive wave originates in the embryo (red) 

and the second definitive wave derives from the lymph gland (blue).  

 

The fate of prohemocytes is determined by specific transcription factors (Figure 4). 

Prohemocytes of the primitive wave express the transcription factor Serpent (Srp), a member 

of the GATA family, which activates the expression of the U-shaped (Ush) transcription factor 

(member of the Friend of GATA (FOG) family). Together these two factors activate the 

expression of the Gcm transcription factor 1 and 2. Activation of the Gcm1 and Gcm2 induces 
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the expression of plasmatocyte specific genes (Fossett et al., 2001). The Gcm factor is so vital 

that its ectopic expression leads to conversion of crystal cells into plasmatocytes (Fossett & 

Schulz, 2001). Finally, prohemocytes that express the Runt protein Lozenge (Lz) differentiate 

into crystal cells.  

 

 

 

Figure 4.  Many factors that regulate the primitive haematopoiesis in Drosophila melanogaster have been 

identified. Serpent is required for the specification of the haemocyte in the embryo. The specification of 

plasmatocytes (green) requires the transcription factors glial-cells missing (Gcm) and Gcm2. Differentiation of 

crystal cells (pink) requires the expression of the transcription factor Lozenge. GCM, GCM2 and the D. 

melanogaster friend-of-GATA homologue U-shaped antagonize crystal-cell development in the embryo 

(modified from Wood & Jacinto, 2007). 

 

Activation of the immune system in Drosophila melanogaster and the role of Gcm in 

the immune response 
The absence of adaptive immune response in Drosophila provides as a powerful model to study 

the aspects of the innate immune system that might otherwise be masked by the adaptive 

immune response. Drosophila defend itself against a range of parasites and microbes by 

invoking a variety of innate immune responses, some of which are clearly shared with 

vertebrates such as the NF-κB and the JAK/STAT pathways (Hoffmann, 2003; Hultmark & 

Ekengren, 2003). 

Flies with mutations for genes of the NF-κB pathway are impaired in their ability to fight 

bacterial or fungal infections. Genetic studies of those mutant animals demonstrated that flies 
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could discriminate between classes of surface molecules on pathogens. Two distinct NF-κB 

pathways, the Toll and the Immune deficiency (Imd), control AMP production by recruiting 

the transcription factors Dorsal/Dif and Relish respectively (Manfruelli, Reichhart, Steward, 

Hoffmann, & Lemaitre, 1999). The Toll pathway is responsible for resistance to fungal and 

Gram-positive bacterial infections (Hoffmann, 2003; Hultmark, 2003; Tanji & Ip, 2005) and 

the Imd is responsible for Gram-negative bacteria (Lemaitre & Hoffmann, 2007; Martinelli & 

Reichhart, 2005). The mammalian orthologues of these proteins also regulate similar innate 

immune responses thus, highlighting the conservation of the innate immune pathways 

throughout evolution (Govind, 2008). 

In addition to the Toll and Imd pathways, other signalling cascades complement and contribute 

to the core circuitry in order to have a strong immune response. The JAK/STAT cascade is 

among the simplest of the conserved metazoan signalling pathways (Figure 5) (Myllymaki & 

Ramet, 2014). The binding of extracellular ligand, such as the cytokines Upd2 and Upd3, leads 

to pathway activation via changes to the receptor Domeless (Dome) which in turn permits the 

associated intracellular JAKs to phosphorylate one another. Events downstream of Dome are 

carried out by the JAKs and the transcription factor STAT92E.  

A recent study from our lab revealed that down-regulation of Gcm specifically in embryonic 

hemocytes show enhanced larval phenotypes. This was induced by over-expressing the pro-

inflammatory JAK/STAT pathway, either through expression of the HopTum1 dominant Gain of 

function allele, which lead to formation of melanotic tumours, or by wasp infestation (Figure 

5). More specifically, the role of Gcm is to prevent the state of chronic inflammation induced 

by the JAK/STAT pathway. Gcm induces the expression of Ptp61F, Socs36E and Socs44A, 

which inhibit this pathway. In so doing, Gcm prevents the production of the Upd2 and Upd3 

pro-inflammatory cytokines, whose over-expression is sufficient to induce the inflammatory 

response (Bazzi et al., 2018). These interesting data suggested that Gcm expression during 
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development orchestrates the inflammatory response later in larva. Even though the Gcm 

cascade has been most extensively studied in flies, studies in other animal models show that 

this transcription factor is conserved throughout evolution.  

 

Figure 5. The signalling pathway of JAK/STAT (A) JAK/STAT pathway: inhibitors of the pathway that are 

regulated by Gcm are in red.(B) gcm> hopTum-l activates the JAK/STAT pathway exclusively in the hemocytes 

at embryonic stage. This leads to the production of the Upd2/Upd3 pro-inflammatory cytokines in those cells and 

to the activation of the Jak/Stat pathway (modified from Bazzi et al., 2018). 
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Conservation of Gcm in evolution 
As many other transcription factors, Gcm is also conserved throughout evolution (Figure 6). 

More specifically, in all the known Gcm proteins the DNA binding site is highly conserved, 

thus indicating a possible immune role of Gcm in the immune response (Hashemolhosseini & 

Wegner, 2004). Gcm proteins have been identified and characterised in other species such as 

the Gallus gallus, the Xenopus laevis, the Strongylocentrotus purpuratus, the Fugu rubripes, 

and the Danio rerio  (Hashemolhosseini, Schmidt, Kilian, Rodriguez, & Wegner, 2004; 

Hashemolhosseini & Wegner, 2004). In mammals, there are two orthologues of Drosophila 

gcm, which are named in humans hGCM1 and hGCM2, and mGcm1 and mGcm2 in mice.  

 

Figure 6. Overview and domain topology of GCM proteins. Numbers to the right indicate amino acid residues in 

each GCM protein. At the bottom, differently patterned squares corresponding to different functional domains are 

shown (DBD, DNA-binding domain; TA, transactivation domain; NLS, nuclear localization signal; NES, nuclear 

export signal; PEST, proline-glutamine-serine-threonine rich motif; ID, inhibitory domain) (modified from 

Hashemolhosseini and Wegner, 2004) 

 

In mammals, Gcm1 genes are required for differentiation of trophoblasts in the developing 

placenta (Basyuk et al., 1999). In mice, mGcm1 drives the placenta development in three 

distinct phases and it is important for nutrient and gas exchange between the foetus and the 
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bloodstream of the mother through the labyrinth cells (Basyuk et al., 1999; Stecca et al., 2002). 

Similarly, hGCM1 is necessary for nutrient/gas exchange between syncytio- and 

cytotrophoblasts of the human placenta (Nait-Oumesmar, Copperman, & Lazzarini, 2000). 

Mutation and complete deletion of mGcm1 leads to severe placenta defects and thus early 

embryonic lethality (Anson-Cartwright et al., 2000; Schreiber et al., 2000). Gcm2 is expressed 

and required mainly in the parathyroid glands, (Gordon, Bennett, Blackburn, & Manley, 2001; 

J. Kim et al., 1998) where it is necessary for the survival and differentiation of precursor cells 

(Gordon et al., 2001; Gunther et al., 2000; J. Kim et al., 1998; Z. Liu, Yu, & Manley, 2007). 

mGcm2 knock out mice are also embryonically lethal (Anson-Cartwright et al., 2000; Gunther 

et al., 2000). 

Many studies have tried to link the expression of the Gcm gens with gliogenesis in mammals. 

Initially, overexpression studies supported a function of mammalian Gcm proteins in nervous 

system development. Gcm1 disrupts neurogenesis or induced gliogenesis when ectopically 

expressed in the nervous system of Drosophila and mammals (J. Kim et al., 1998; Nait-

Oumesmar et al., 2000; Reifegerste, Schreiber, Gulland, Ludemann, & Wegner, 1999). 

Furthermore, Gcm1 and Gcm2 are involved in the epigenetic regulation of Hes5, a transcription 

factor that participates in the neocortical development (Hitoshi et al., 2011). However, none of 

studies detect significant amounts of Gcm1 or Gcm2 in the mammalian nervous system. These 

data suggest that Gcm does not participate in the gliogenesis but raise the question of whether 

there is a common cascade that Gcm acts on. 

Due to lack of known Gcm1 and Gcm2 target genes, a study identified a conserved Gcm 

cascade on the mammalian orthologues (Cattenoz et al., 2016). A Gene Ontology term 

enrichment analysis identified orthologues that are associated with the parathyroid gland or the 

placenta as well as new potential targets of the Gcm genes in mammals. Moreover, the results 

showed that there is enrichment for the motif ATGCGGG at the loci bound by Gcm. This motif 
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is closely related to most of the Gcm binding sites (GBSs) previously described (Akiyama et 

al., 1996; Miller, Bernardoni, & Giangrande, 1998; Ragone et al., 2003; Schreiber et al., 1997). 

Overall, the data indicated that even though the main sites of gcm expression may be different 

in mammals and Drosophila, the Gcm cascade is at least partially conserved through the DNA 

binding sites. Although, mammalian Gcm does not participate in gliogenesis, another cascade 

maybe conserved in evolution.  
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The role of Gcm in the development of macrophages 
Gcm was first discovered as a pivotal transcription factor in the development of the CNS in 

Drosophila melanogaster.  In flies, neurons and glia are descendants of the same precursor 

cells and Gcm acts on those precursors to give rise to glia cells (Reichert, 2011; S. Vincent et 

al., 1996). Glia cells are present in all Deuterostomia as well as many Protostomia. But glia 

evolution most probably happened at different stages, thus neurogenesis in flies and mammals 

is not under the control of the same transcription factors (Figure7). However, studies in 

anthozoan cnidarians, such as Nematostella vectensis, that completely lack glia cells, show 

Gcm expression during development of immune cells (Sullivan et al., 2008). Since the 

existence of gcm precedes that of glia, this transcription factor could act in a more ancestral 

function (Figure 7).  

 

Figure 7. Phylogenetic tree of various living taxa, coded for absence of glia (blue), poorly developed glia (green), 

well-developed glia (red) and the known species that have the gcm gene, Immune system (IS), Nervous System 

(NS) (modified from (Hartline, 2011)). 
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Role of Gcm in the development of the immune system of invertebrates 
Hematopoiesis maintains most transcription factors throughout evolution. In Drosophila, early 

hemocyte precursors express Srp which leads to Gcm expression and thus, differentiation of 

these precursors into plasmatocytes (Wood & Jacinto, 2007). In addition to the developmental 

role, Gcm has a striking impact on the immune response. Hemocyte specific Gcm mutants 

appear to have a normal phenotype with the appearance of few lamellocytes (Bazzi et al., 2018; 

Gupta, Kumar, Cattenoz, VijayRaghavan, & Giangrande, 2016). However, combination of 

Gcm mutants with an immune challenge gives rise to a severe inflammatory response in the 

mutants compared to the controls (Bazzi et al., 2018).  

In Deuterostomia, Gcm plays a pivotal role in the development of the immune system. Most 

published data are in the sea urchin and a peculiar macrophage population called pigment cells 

(Figure 7). As hemocytes in Drosophila, these cells are committed early in development 

through Gcm expression (E. H. Davidson et al., 2002; Ransick & Davidson, 2006, 2012). Such 

cells are involved in the immune defence by pigment production which has anti-microbial 

properties (Rast, Smith, Loza-Coll, Hibino, & Litman, 2006). More specifically, the presence 

of foreign molecules leads to rapid pigment release which protects the animal. In the same 

animal model, Gcm mutants are less resistant to challenging environmental conditions 

portrayed with a decreased survival rate when compared to the controls (E. H. Davidson et al., 

2002; Ransick & Davidson, 2006, 2012). Interestingly, Gcm mutants are albinos which 

suggests that it is important for the differentiation of pigment cells and for pigment production 

in general (Wessel, Kiyomoto, Shen, & Yajima, 2020).  This was the second animal model that 

highlighted the role of Gcm in the immune system. 

Since then, more and more data suggest that the Gcm cascade is highly conserved in the 

development and function of the innate immune system. A recent study showed that a gcm 

orthologue is expressed in the freshwater crayfish Pacifastacus leniusculus (Junkunlo, 
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Soderhall, & Soderhall, 2020). The P. leniusculus gcm only transcript is expressed exclusively 

in the CNS (Figure 7), and by in situ hybridization the study showed that the expression is 

restricted to a small number of large cells. Furthermore, they showed that the expression of 

Gcm coincides with the expression of a Repo homologue, thus resembling the gliogenesis 

in Drosophila. Interestingly, the Gcm transcript was increased shortly and transiently after 

injection of cystamine, a paralytic substance. This increase in expression of Gcm after the 

injection could mean that Gcm induces the expression of other genes that are important for 

restoring homeostasis, thus linking Gcm with innate immune responses of the CNS. 

 

Role of Gcm in the development of the immune system of vertebrates 
The role of Gcm in the immune system of vertebrates is more complicated to study since both 

Gcm1 and Gcm2 are embryonically lethal (Nait-Oumesmar et al., 2000). Given the complexity 

of studying a gene expression when its mutants are lethal, the role of Gcm in the development 

of the immune system was not further explored. However, unpublished data show that Gcm is 

present in the immune system of Danio rerio (zebrafish) (Figure 8, data provided from the lab 

of S. Kucenas, experiment performed by Laura Fontenas, University of Virginia). Similar to 

mammals, primitive hematopoiesis in zebrafish occurs in the extraembryonic yolk sac blood 

islands and predominantly generates erythroid cells (A. J. Davidson & Zon, 2004). Those 

primitive macrophages are born in the yolk sac at 22 hours post fertilization (hpf) and then 

proliferate and migrate to peripheral tissues (Herbomel, 1999; Herbomel, Thisse, & Thisse, 

2001). The present data suggest that Gcm is expressed during the primitive hematopoietic wave 

in zebrafish and that its role in glia development in flies as well as placenta/parathyroid 

development in mammals came later in the evolution. Thus, studying the role of Gcm during 

the development and innate immune response could shed light into the conserved cascade of 

this transcription factor.  
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Figure 8. In situ expression of gcm2 in the yolk sac during the 

development of macrophages in zebra fish as indicated by the arrows. 

 

To establish the expression profile of mGcm1 and mGcm2 in the mouse immune cells, our lab 

performed quantitative PCR (qPCR) analysis in adult tissues. mGcm2 is expressed in the three 

major hematopoietic tissues: bone marrow, spleen and thymus. mGcm1 is expressed at a much 

lower level. qPCR assays on sorted cells also revealed a wide distribution of mGcm2 

expression in myeloid as well as lymphoid lineages: T cells, plasmacytoid dendritic cells 

(pDC), B cells and microglia (Figure 9, Y. Yasha unpublished data). From those cell types, 

microglia, the innate immune cells of the CNS were the most attractive candidate. First of all, 

microglia are the only cell population that derives directly from the primitive wave in the yolk 

sac and do not get replaced by monocytes of the other hematopoietic waves (Ginhoux et al., 

2010). Furthermore, microglia closely resemble the glia cells and hemocytes of Drosophila as 

well as the glia cells in the crayfish where Gcm plays a pivotal role during development and 

immune responses. Further analysis of both mGcm1 and mGcm2 showed that only the latter 

was expressed albeit at low levels (Figure 9). During my PhD, I chose to address the question 

of whether or not the expression of mGcm2 has an impact on the development and homeostasis 

of microglia.  
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Figure 9. mGcm2 expression profile in sorted cells of adult wild type mice. qRT-PCR assays were performed on 

6-7week-old animals. 
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Hematopoiesis in mammals 
Similar to Drosophila, hematopoiesis in mammals occurs in several waves. During embryonic 

development of mammals, macrophages are one of the first blood cell lineages to emerge. In 

mice, macrophages originate from three distinct waves of hematopoiesis: primitive 

hematopoiesis, hematopoiesis in the fetal liver and definitive hematopoiesis (Figure 10). Each 

wave differs but also overlaps temporally and spatially (Davies, Jenkins, Allen, & Taylor, 

2013). 

 

Figure 10. The hematopoietic waves in mammals.  

In mice, primitive hematopoiesis begins around embryonic day E7.25 (Palis, 2016). The 

process occurs in distinct clusters of cells in the extra-embryonic yolk sac, called blood islands. 

Blood islands are composed of primitive hematopoietic cells in the center and sparse 

endothelial cells in the periphery (Hoeffel & Ginhoux, 2018). In the blood islands, unipotent 

myeloid progenitors are generated from erythromyeloid progenitors (EMPs) and can give rise 

to the macrophage lineage but not leukocytes (Hoeffel & Ginhoux, 2018). These progenitors 

remain in the blood islands until they are released during the onset of blood circulation at E8.0. 

Then, they circulate throughout the embryo (Hoeffel & Ginhoux, 2018). The first embryonic-
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derived macrophages are detected in the yolk sac at E9.0 (Figure 10) (Naito, Yamamura, 

Nishikawa, & Takahashi, 1989; Takahashi, Yamamura, & Naito, 1989). Yolk sac-derived 

macrophages continue to proliferate and colonise the developing brain by E9.5 and the rest of 

the embryonic tissues by E12.5 until further diluted and replaced by macrophages generated 

from later waves (Hoeffel et al., 2015; McGrath, Frame, Fegan, et al., 2015; Palis, 2016; Schulz 

et al., 2012). 

The second wave of macrophage generation also arises from the EMPs in the yolk sac around 

E8.25 (Hoeffel et al., 2015) and seed the developing fetal liver by E10.5 (Figure 10) (McGrath, 

Frame, & Palis, 2015; Palis & Yoder, 2001). There, they produce the first enucleated 

erythrocytes and give rise to bipotent granulocyte/macrophage progenitors and mast cells 

(Bertrand et al., 2005; McGrath, Frame, Fegan, et al., 2015; Palis, Robertson, Kennedy, Wall, 

& Keller, 1999). However, EMPs of the second wave are short-term progenitors, since 

transplantation of E10.5 EMPs into adult mouse recipients produce erythroid cells, with very 

limited myeloid cells or platelets (McGrath, Frame, Fegan, et al., 2015; McGrath, Frame, & 

Palis, 2015). Due to lack of long-term potential in adults, the second wave of hematopoiesis is 

also called “transient definitive wave” (Hoeffel & Ginhoux, 2018).  

Hematopoietic stem cell (HSC) dependent definitive hematopoiesis begins at approximately 

E9.5 in the mouse intra-embryonic Aorta-Gonad-Mesonephros region (Medvinsky & 

Dzierzak, 1996), as well as in the vitelline and umbilical arteries (Zovein et al., 2010). EMPs 

from the first two waves and HSCs both derive from the hemogenic endothelium (Gritz & 

Hirschi, 2016) but their development differs significantly from one another (Wu & Hirschi, 

2020). HSC emerge in clusters budding from the endothelial lining of the aortic wall in the 

Aorta-Gonad-Mesonephros region, and then migrate into the developing fetal liver, where they 

undergo maturation and massive self-expansion. By E16.5, the HSCs migrate to and colonise 

the developing fetal bone marrow, where they remain throughout adulthood, and generate all 
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needed blood cell lineages (Dzierzak & Speck, 2008). EMP-derived macrophages are replaced 

by HSC-derived macrophages in most tissues early in the postnatal period. For example, during 

the weaning period in mice, EMPs of the intestinal mucosa are diluted by tissue-resident 

macrophages that were generated by HSC-derived monocytes (Bain et al., 2014). A similar 

process was also observed in skin, spleen and heart, in which fetal monocyte-derived 

macrophages are replaced by adult monocyte-derived macrophages progressively over time 

(Hoeffel et al., 2015; Molawi et al., 2014; Tamoutounour et al., 2013). Yolk sac- and HSC-

derived macrophages can coexist in the same tissue and maintain a balance in a steady state, 

except under inflammatory conditions, when large numbers of HSC derived macrophages 

invade tissues, such as the heart and liver (Bleriot, Li, Kairi, Newell, & Ginhoux, 2020; Yap, 

Cabrera-Fuentes, Irei, Hausenloy, & Boisvert, 2019).  

Tissue-resident macrophages are best known as immune sentinels that sense and respond to 

invading pathogens and challenging surroundings. They are also essential in tissue 

development, remodelling, and homeostasis (McGrath, Frame, & Palis, 2015). Tissue-resident 

macrophages are heterogeneous, because of their diverse origins and the influence of tissue-

specific microenvironments, and exhibit tissue-specific functions during development and 

adulthood (Naito et al., 1989; Takahashi et al., 1989). Specifically microglia, the tissue resident 

macrophages of the CNS, are the only line of defence since the CNS is an isolated environment. 

Due to their impact on the development, homeostasis and presence in every CNS pathology, 

microglia have been at the center of attention for more than two decades. 
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Microglia 
Microglia were first described by Spanish neuroscientist Rio-Hortega in 1919 as a separate glia 

cell type (Rio-Hortega, 1919). They are a long lived, self-renewing population, generated by 

EMPs in the yolk sac early during embryogenesis (Ginhoux et al., 2010; Hoeffel & Ginhoux, 

2015; Q. Li & Barres, 2018; Perdiguero et al., 2015). Apart from their immune surveillance 

role, these cells contribute to the development of the brain by modulating neurogenesis and 

synaptic pruning (Cunningham, Martinez-Cerdeno, & Noctor, 2013; Q. Li & Barres, 2018; 

Paolicelli et al., 2011; Schafer et al., 2012).  

Microglia Development 

Ontogeny of microglia was intensively studied for decades. The scientific community believed 

that they are of neuroectodermal origin, as the other glia cells of the CNS. Lineage tracing 

analysis formally proved that microglia rise from EMPs during the primitive wave (Ginhoux 

& Guilliams, 2016). However, microglia are not replaced by HSCs like other tissue resident 

macrophages of the primitive wave.  In mice, the first EMPs develop from c-KitloCD41lo 

progenitors at E7.25 in the yolk sac (Figure 11) (Ginhoux et al., 2010). This early ontogeny of 

microglia in the yolk sac is supported by data from other model organisms such as chicken and 

zebrafish (Alliot, Godin, & Pessac, 1999; Cuadros, Martin, Coltey, Almendros, & Navascues, 

1993; Herbomel et al., 2001). Yolk sac derived microglia progenitors enter the embryo 

circulation from E8 to E10 where they colonise into the CNS. This process is terminated before 

the establishment of the BBB. 

Microglia development is highly dependent on specific transcription factors and cytokines 

(Figure 11) (Wang & Stifani, 2017). Initially, EMPs are RUNX1 positive. These progenitors 

give rise to primitive macrophages that are PU.1 and Interferon Regulatory Factor 8 (IRF8) 

dependent. Furthermore, primitive yolk sac macrophages are dependent on Colony Stimulating 

Factor 1 Receptor (CSF1R) signalling. Studies showed that CSF1R deficient mice lack 

completely microglia, thus highlighting the importance of this cytokine during microglia 
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development and migration (Greter et al., 2012; Y. Wang et al., 2012).  Finally, adult microglia 

can be distinguished from other macrophages by the expression of ionized calcium-binding 

adapter molecule 1 (Iba-1), CX3CR1 and Transmembrane Protein 119 (TMEM119) (Jurga et 

al., 2020). 

 

Figure 11. Microglia development with the main known transcription factors and markers. Early microglia express 

c-Kit and CD41 at low level and in the adult brain they are distinguished by the expression of CSF1R, TMEM119, 

Iba-1 and CX3CR1. Microglia development is highly dependent on the expression of RUNX1, PU.1 and IRF8. 
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Microglia functions during development and homeostasis 
Microglia of the developing and early postnatal CNS and microglia of the adult CNS represent 

functionally different entities. These differences accrue from transcriptomic, functional, and 

morphological data, where different microglia stages also show different molecular signatures 

(Figure 12).  

 

 

Figure 12. Microglia have different expression profiles that depend on the developmental stage. Early in 

development microglia primarily express cell cycle related genes that are important for their expansion. During 

development and early postnatal days microglia express genes that are associated with synapse pruning and finally 

in the adult brain microglia express genes related with immune surveillance (modified from Matcovitch-Natan et 

al., 2016) 

 

In the developing brain, microglia are characterised by an amoeboid morphology without their 

characteristic ramifications. This amoeboid morphology indicates an activated state of 

microglia, which enables them to be more motile (Lawson, Perry, Dri, & Gordon, 1990). 

Furthermore, data concerning their expression profile confirm that in this state microglia 

contribute both to phagocytosis and to tissue remodelling (Matcovitch-Natan et al., 2016). In 

this study, they combined RNA-seq, ChIP-seq, ATAC-seq and single-cell RNA-seq data from 

early developing (E14), early postnatal (P14) and young adult microglia. The results showed 

three distinct signatures for each specific state. During CNS development microglia express 
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genes related to the cell cycle, while postnatal period microglia are responsible for synapse 

pruning (Figure 12). Finally, adult microglia express genes related to immunosurveillance. 

Microglia during development and early post-natal stages assist in the CNS developing 

environment. They engulf cells of the CNS thus, contributing to the control of neuronal 

population by promoting apoptosis and performing phagocytosis of apoptotic or dying 

neuronal progenitors (Figure 13) (Ashwell, 1990; Mazaheri et al., 2014; Peri & Nusslein-

Volhard, 2008). This process starts during embryonic development and remains up to the early 

postnatal period, where microglia also participate in the modelling of the neuronal circuits 

(Sierra et al., 2010). Furthermore, microglia also promote neurogenesis by supporting 

proliferation, survival and maturation of neuronal progenitors and neurons (Frost & Schafer, 

2016).  Studies have also shown that microglia support other types of CNS cells besides 

neurons. They are proven to participate during myelinogenesis and they can communicate with 

oligodendrocyte precursors during the early postnatal period (Hagemeyer et al., 2017). Finally, 

studies from mouse and zebrafish models suggest that microglia control neovascularization by 

promoting angiogenesis during development (Fantin et al., 2010).  

 
 

Figure 13. The 

main functions of 

microglia during 

development and 

early postnatal 

days. Microglia 

contribute to the 

control of CNS 

populations by 

promoting 

apoptosis or 

survival of neurons 

and 

oligodendrocytes 

(modified from Li 

and Barres 2018). 
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During adulthood, microglia constitute a crucial component for the maintenance of 

homeostasis (Figure 14). Based on time-lapse recording, it is estimated that microglia can scan 

the entire brain parenchyma within a few hours (Nimmerjahn, Kirchhoff, & Helmchen, 2005; 

Tremblay, Lowery, & Majewska, 2010; Wake, Moorhouse, Miyamoto, & Nabekura, 2013).  

During this scanning process they phagocytose dead, dying and sometimes healthy live cells 

in the developing and adult brain. Microglia also phagocytose myelin, which later in life can 

form insoluble protein aggregates in microglia lysosomes and compromise the cell function 

(Safaiyan et al., 2016). This might be a mechanism for controlling myelin turnover and a cause 

of aging. Furthermore, microglia control the size of the neuronal pool by engulfing neural 

precursor cells (NPCs) during adult neurogenesis (Cunningham et al., 2013; Sierra et al., 2010) 

and neuronal activity through ATP release (Y. Li, Du, Liu, Wen, & Du, 2012). Finally, 

microglia maintain the oligodendrocyte progenitor pool under homeostatic conditions 

(Hagemeyer et al., 2017). All these data show that microglia cells contribute more to the 

homeostasis of the CNS, rather than having just an immunosurveillance role. 

 
Figure 14. Main functions of microglia during adulthood. They are responsible for surveillance, phagocytosis and 

the survival of oligodendrocytes (OPC) (modified from Li and Barres 2018). 

 

The CNS also participates in the general homeostasis and metabolism of the animal, with 

microglia being one of the key players. The first data came after the identification of the 

hypothalamus as a center of metabolic homeostasis. The theory that the CNS is a key player in 

the metabolic pathway arose from the observation that hypothalamic damage inflicted by either 
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tumours or by lesions (Brobeck, 1946; Hetherington, Altemus, Nelson, Bernat, & Gold, 1994), 

elicits voracious hunger (hyperphagia) and obesity. Since then, specific hypothalamic neuronal 

networks have emerged as key orchestrators of systemic metabolism, food intake, and body 

weight. Astrocytes and microglia, as well as neuronal–glia interactions, have recently been 

established as highly relevant for the control of systemic metabolism and could lead to 

improved pharmacological strategies to prevent and treat metabolic diseases (Rahman, Rao, & 

Khan, 2018). These data prompted research in immunometabolism, a ground-breaking field of 

investigation that studies the impact of chronic inflammation which leads to metabolic 

dysfunctions such as obesity and diabetes.  

Direct data indicate that microglia have an important role during metabolic regulation since 

they control and regulate the hypothalamic microenvironment. For example, mouse models of 

diet-induced obesity (DIO) reported a rapid increase in expansion and activation of microglia 

populations, especially in the hypothalamus, even preceding weight gain (Milanski et al., 2009; 

L. Thaler et al., 2012). Microglia then respond by up-regulating pro-inflammatory molecules 

and ultimately mediating neuronal stress in the hypothalamic region (Valdearcos et al., 2014). 

Diet with saturated fatty acids, such as palmitic and stearic acids, can signal in microglia 

through Toll-like receptor 4 (TLR4) and its NF-kB downstream pathway, thus resulting in the 

secretion of pro-inflammatory cytokines, Reactive Oxygen species (ROS) and Nitric Oxide 

(NO), thus confirming the notion that obesity is a chronic inflammatory disease (Z. Wang et 

al., 2012). For this reason, studies targeting microglia regulation show that preventing 

microglia proliferation in the CNS is sufficient to reduce diet-induced central and peripheral 

inflammation (Andre et al., 2017). Taken all these data into consideration I think that regulation 

of the microglia inflammation in the hypothalamus could have beneficial effects on people 

suffering from diabetes and obesity. 
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Microglia functions during an immune response 
In the adult brain microglia have an immunosurveillance role and are characterised as resting 

microglia. This is reflected in both their morphology as well as their expression profile. Studies 

from CX3CR1GFP animals reveal that even though their small somata are static, their ramified 

processes constantly survey their microenvironment (Davalos et al., 2005; Jung et al., 2000; 

Nimmerjahn et al., 2005). During homeostasis, microglia are mostly responsible for 

surveillance and phagocytosis. Phagocytosis of debris is part of all innate immune cells, and it 

is highly beneficial for the clearance of dying cells. This action prevents the spread of pro-

inflammatory and neurotoxic molecules (Green et al., 2016; Wolf, Boddeke, & Kettenmann, 

2017).  

Microglia activation due to an inflammatory response causes changes in their gene expression, 

morphology, migration, motility, phagocytosis, proliferation, metabolism, and death. 

Activation of microglia can result into two different states. The first one is the classical 

activation of macrophages/microglia which are characterised as pro-inflammatory or M1 

microglia. The second is the alternative activation that is known as anti-inflammatory or M2 

microglia (Figure 15) (Stein, Keshav, Harris, & Gordon, 1992). An acute injury in the CNS 

causes injured cells to release pro-inflammatory cytokines such as tumour necrosis factor α 

(TNF-α) and interferon γ (INFγ). These cytokines along with debris activate microglia to start 

producing pro-inflammatory cytokines and molecules such as TNFα, IL1β and IL12 as well as 

inducible NO species (iNOS) (Taylor et al., 2005; Villalta, Nguyen, Deng, Gotoh, & Tidball, 

2009). IL1β specifically is one of the most important mediators of the inflammatory response, 

and is involved in a variety of cellular activities, including cell proliferation, differentiation, 

and apoptosis (Y. Li et al., 2018). Then microglia migrate towards the site of the damage. 

During this migration, their processes are getting shorter, and they adopt an amoeboid form 

(Davalos et al., 2005; Jung et al., 2000; Nimmerjahn et al., 2005). Apart from release of 
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cytokines and morphological changes, microglia initiate proliferation. This mechanism is 

mediated by upregulating the CSF1R and the proliferation is controlled through autocrine 

signalling (Tay et al., 2017). Eventually, resolving of the inflammation causes microglia 

apoptosis in order to maintain their population.  

Activated microglia also show altered gene expression. For example, resting microglia express 

Major Histocompability Complex Class II (MHC II) molecules at low levels that get 

upregulated along with adhesion molecules in response to CNS inflammation or injury (Aloisi, 

De Simone, Columba-Cabezas, Penna, & Adorini, 2000). These molecules are the leukocyte 

function-associated molecule1 (LFA1 or CD11a) and the intercellular adhesion molecule 1 

(ICAM1 or CD54). These genes promote the antigen presenting ability of microglia which is 

reinforced by the expression of co-stimulatory molecules. This final step is crucial for the 

activation of the adaptive immunity. 

Upon resolving the inflammation or the injury microglia also contribute to tissue regeneration 

and remodelling (M2 microglia) (Figure 15) (Deng, Wehling-Henricks, Villalta, Wang, & 

Tidball, 2012; Longbrake, Lai, Ankeny, & Popovich, 2007; Novak & Koh, 2013; Ruffell et al., 

2009; Shechter & Schwartz, 2013a, 2013b). During this state microglia release anti-

inflammatory cytokines and molecules such as IL4, IL10, TGFβ and Arginase 1 (Arg-1) (Chhor 

et al., 2013; Fenn, Henry, Huang, Dugan, & Godbout, 2012; Freilich, Woodbury, & Ikezu, 

2013; H. C. Liu et al., 2012). Their main role is to deactivate the pro-inflammatory cells such 

as M1 microglia/macrophages and initiate tissue repair (Ortega-Gomez, Perretti, & Soehnlein, 

2013). For example, IL10 up-regulates the production of extracellular matrix proteins and 

promote wound repair by microglia phagocytosis of cell debris (Martinez, Helming, & Gordon, 

2009).  
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For years many studies tried to understand whether the M2 microglia come from resting 

microglia or whether the M1 microglia could transition into the M2 phenotype. So far, most 

data suggest that indeed M1 microglia could transition into the M2 phenotype in order to 

promote tissue repair (Bolos, Perea, & Avila, 2017; Subramaniam & Federoff, 2017; Zheng et 

al., 2018). Thus, the study of the transition from M1 to M2 and the transcription factors that 

participate is of imperative importance as new insights of these mechanisms could lead to 

potential therapeutic targets for neuroinflammatory diseases such as multiple sclerosis and 

Parkinson’s disease. 

 

 

 

Figure 15. Classification of macrophages/microglia as M1 (pro-inflammatory  ) or M2 (anti-inflammatory). 
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Microglia during aging 
Aging within the human brain is of considerable interest because age-related changes are 

frequently irreversible and can severely impair normal activity (Damoiseaux, 2017). However, 

our understanding of the cause of aging is limited. Neuronal survival and normal function may 

be affected by cell autonomous changes. However, neurons are highly dependent on glia for 

many reasons (York, Bernier, & MacVicar, 2018). Two different models could explain the 

effects of aging on microglia. Either microglia react to aging-related changes in their 

environment, or microglia may be directly affected by the aging process itself. Regarding the 

former, a primary function of microglia is surveillance of the CNS microenvironment, 

including the monitoring of extracellular chemical changes, debris accumulation, pathogen 

invasion, and altered neuronal signalling (Anderson, Hubbard, Coghill, & Slidders, 1983; 

Duffy, Huang, Rapport, & Graf, 1980; Sykova, Mazel, & Simonova, 1998; Terry, DeTeresa, 

& Hansen, 1987). It is also possible that these changes affect microglia secondarily. Just as 

aging related astrogliosis, which is an abnormal increase of the number of astrocytes due to the 

destruction of nearby neurons, has been interpreted as a secondary reactive glia cell response 

to neuronal changes, the microglia activation that reportedly occurs with aging may also be 

considered a secondary glia response (DiPatre & Gelman, 1997; Rogers & Rovigatti, 1988; 

Streit & Sparks, 1997). 

Nonetheless, aged microglia have been characterised as senescent or dystrophic. But it is 

currently unclear whether the two terms describe one state or are actually two different states 

because senescence can imply different states. Originally derived from the study of cancer 

cells, cellular senescence implies a loss of the ability to divide (Campisi, 2013). On the other 

hand, dystrophic is a term derived from a morphological change as observed from the study of 

brain sections (Streit, Sammons, Kuhns, & Sparks, 2004). However, all studies confirm similar 

changes in aged microglia. 
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Aged microglia show similar morphological changes and expression of pro-inflammatory   

proteins as in the case of activation during an immune challenge (Streit et al., 2004). Aging 

microglia have also been found to have an altered surveillance phenotype with less dendritic 

branching and reduced process motility (Figure 16) (Angelova & Brown, 2019). Furthermore, 

when confronted with injury they exhibit lower migration rates and have a more sustained 

inflammatory response in reaction to damage (Damani et al., 2011). Concerning their function, 

aged microglia have been found to exhibit reduced phagocytosis and increased ROS production 

compared to young healthy microglia (Koellhoffer, McCullough, & Ritzel, 2017). Finally, a 

study observed increased expression of cytokine genes and that microglia have a reduced 

ability to migrate to sites of injury and stimulate inflammation in Alzheimer's disease (Orre et 

al., 2014). Overall, these data suggest that microglia during aging lose their capacity to initiate 

a strong and effective immune response upon challenge. 

 

Figure 16. Aging-related morphological changes of microglia. Microglia cell morphology changes with aging. 

Immunohistochemistry for Iba-1 (a constitutive identity marker for monocyte-macrophage cells) and 

counterstaining with hematoxylin of hippocampal sections from animals of different ages (1- to 18-month old). 

Microglia obtained from young mice have a small cell body and very long and slender ramifications. As mice age, 

microglia gradually show bigger cell bodies and progressively shorter and thicker cell processes (from von 

Bernhardi et al., 2015). 
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The vast majority of studies of aging-related immune changes in microglia demonstrate a 

steady increase in the expression of markers usually found to be up-regulated on activated 

microglia after acute CNS injuries. These markers include MHC class II molecules, which have 

been reported in humans (Rogers et al., 1988; Streit et al., 1997; DiPatre et al., 1997), monkeys 

(Sheffield & Berman, 1998; Sloane, Hollander, Moss, Rosene, & Abraham, 1999), and rats 

(Ogura, Ogawa, & Yoshida, 1994; V. H. Perry, Matyszak, & Fearn, 1993). The increases in 

MHC II expression very likely represent immune-related changes in the existing microglia 

population (Long et al., 1998). In addition to MHC II antigens, molecules such as the ED1 

macrophage antigen, the leukocyte common antigen (LCA), and the CD4 antigen are present 

with increasing frequency on microglia in the aging CNS of the rat (V. H. Perry et al., 1993).  

Activated microglia have been found in association with disease markers such as plaques of  β 

amyloid in Alzheimer’s Disease (AD) (Mattiace, Davies, Yen, & Dickson, 1990). Αged 

microglia lose their ability to clear β-amyloid effectively from the extracellular space. In mouse 

models, aged microglia have reduced expression of β-amyloid degrading enzymes and reduced 

phagocytotic capacity (Hickman, Allison, & El Khoury, 2008). However, there has been recent 

discussion as to whether these microglia are activated or dystrophic, and which form is most 

likely to be causative in the relevant pathological changes (Navarro et al., 2018). Evidence 

suggests that both markers of M1 and M2 activation states are present in AD (Hopperton, 

Mohammad, Trepanier, Giuliano, & Bazinet, 2018). Other studies suggest both activation 

states are present but at different times (Tang & Le, 2016). Sc-RNA seq studies also suggest 

that there is a continuous, heterogeneous spectrum of states present in the brain of mouse 

models of AD (von Maydell & Jorfi, 2019). Unfortunately, most data from the normal aging 

process have not been extensively studied and more research should be conducted. During my 

PhD I characterised the role of mGcm2 in microglia during aging.  
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Microglia during autoimmune and neurodegenerative diseases 
Microglia not only are responsible for the development and the homeostasis of the CNS but 

they have also been repeatedly implicated in neurodegenerative diseases, including Multiple 

Sclerosis, Alzheimer disease and Parkinson disease (Cai, Hussain, & Yan, 2014; Cooper-

Knock et al., 2017; Lall & Baloh, 2017; Ransohoff, 2016; Sanchez-Guajardo, Tentillier, & 

Romero-Ramos, 2015). 

Multiple Sclerosis (MS) 

Multiple sclerosis (MS), the most prevalent neurological disability, is an autoimmune-mediated 

disorder that affects the CNS and often leads to severe physical or cognitive incapacitation and 

neurological problems (Compston & Coles, 2008). The primary causes of MS are myelin 

sheath destruction which creates multifocal zones (sclerotic plaques) of inflammation, T-

lymphocytic and macrophage infiltrations as well as oligodendrocyte death (Loma & Heyman, 

2011). These plaques are composed of inflammatory cells and their products, demyelinated 

and transected axons. The lesions lead to neuronal dysfunctions such as autonomic and 

sensorimotor defects, visual disturbances, ataxia, fatigue, difficulties in thinking, and 

emotional problems (Compston & Coles, 2008). The role of microglia in MS has been complex 

and controversial, with evidence suggesting that these cells play key roles in both active 

inflammation and remyelination. 

The initial pool of phagocytic cells in an early MS lesions is comprised of roughly 40% 

microglia (TMEM119 positive cells) and the rest were infiltrated macrophages (Satoh et al., 

2016; Zrzavy et al., 2017). Furthermore, active demyelination is usually associated with a pro-

inflammatory microglia phenotype (positive for CD68, CD86, MHC II antigens) while anti-

inflammatory markers (CD206, CD163, ferritin) peak in the inactive lesion center (Figure 17) 

(Zelinka, Scott, Volkov, & Fischer, 2012). In multiple animal models, internalization of myelin 

by microglia leads to a pro-regenerative phenotype expressing Arg-1, CD206, and insulin-like 
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growth factor-1 (IGF-1) which facilitates oligodendrocyte differentiation and is necessary for 

remyelination (Bogie, Stinissen, & Hendriks, 2014; Boven et al., 2006; W. W. Li, Setzu, Zhao, 

& Franklin, 2005; Lloyd, Davies, & Miron, 2017; Miron et al., 2013). Due to this high impact 

of microglia in MS many studies target them as potential therapeutic strategies. 

 

Figure 17. Schematic overview of microglia polarization in multiple sclerosis (MS). During disease progression, 

active microglia secrete cytokines and upregulate cell surface molecules. The phenotype triggers oligodendrocyte 

damage, resulting in demyelination, axonal damage, and neuronal loss. On the other side, microglia have 

important physiological functions in maintaining tissue homeostasis, including clearance of debris, resulting in 

neuroprotection. (modified from Geladaris et al., 2021). 

 

Current disease modifying therapies (DMT), which are treatments that can reduce the activity 

and progression of MS, have been shown to affect microglia and are divided into indirect and 

direct effects (Giunti, Parodi, Cordano, Uccelli, & Kerlero de Rosbo, 2014; Healy, Michell-

Robinson, & Antel, 2015). For example, interferon beta exerts an indirect effect by inducing a 

T helper type 2 cells (Th2) shift in lymphocyte profile thereby reducing the pro-inflammatory   

phenotype of microglia (Dasgupta, Jana, Liu, & Pahan, 2002; Kawanokuchi, Mizuno, Kato, 

Mitsuma, & Suzumura, 2004). So far, fingolimod probably has the most direct effect of any 
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DMT given that it can access the CNS and bind directly to microglia receptors, thus leading to 

downregulation of pro-inflammatory cytokines (Noda, Takeuchi, Mizuno, & Suzumura, 2013). 

There is also evidence that fingolimod may augment microglia related remyelination (Jackson, 

Giovannoni, & Baker, 2011). Similarly, many of the currently available DMTs have effects on 

microglia by decreasing inflammatory tone. Unfortunately, these mostly anti-inflammatory 

therapies have limited if any, effects on remyelination or the progression of the disease. 

Emerging therapies targeting microglia directly are now being investigated in the experimental 

autoimmune encephalomyelitis (EAE) model with promising results. For example, PLX5622 

is an oral CSF1R antagonist that inhibits its kinase activity and was shown to preferentially 

deplete microglia of the M1 phenotype, reduce demyelination, preserve mature 

oligodendrocytes, and improve mobility in EAE mice (Nissen, Thompson, West, & Tsirka, 

2018). Moreover, another agent (ethyl pyruvate) was shown to reduce Iba1 positive microglia 

within the CNS and protect it against EAE (Djedovic et al., 2017). A peptide vaccine therapy 

(PADRE-Kv1.3) decreased numbers of infiltrating microglia, and promoted a shift in the 

phenotype of microglia from pro-inflammatory (expressing iNOs) to anti-inflammatory 

(expressing Arg-1) (Fan et al., 2018). These data show that both microglia and animal models 

such as the EAE could lead to new therapeutic strategies in order to discover a cure for one of 

the most prevalent autoimmune diseases of the CNS. 
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Alzheimer’s disease 

Alzheimer’s disease (AD) classical hallmarks include brain atrophy, extracellular amyloid-beta 

(Aβ) deposits, intracellular aggregated phosphorylated tau, dystrophic neurites, synapses and 

neurons loss (Bedner et al., 2015). The presence of reactive glial cells within the AD plaques 

was first described by Alois Alzheimer and further studies identified both reactive astrocytes 

and microglia in the vicinity of the Aβ deposits (Graeber et al., 1997; Verkhratsky & Parpura, 

2016). Human genetic studies identified over 25 genetic loci that robustly associate with AD 

risk (Hansen, Hanson, & Sheng, 2018; Verheijen & Sleegers, 2018). Among them, most of the 

common (ApoE, Sp1l) or rare (Trem2, Cd33) genetic variants code for proteins that are 

preferentially or exclusively expressed in microglia. These findings strongly support an 

involvement of microglia cells in AD pathogenesis. 

AD brains exhibit at least two very distinct morphological microglia phenotypes: cells 

associated to the amyloid plaques and those in the rest of the parenchyma have a homeostatic-

like morphology (Krabbe et al., 2013). Microglia associated to plaques activate specific 

signalling pathways and functions. Using scRNA-seq of sorted AD mouse brain immune cells, 

Keren-Shaul et al. identified three distinct subtypes of microglia, including Disease Associated 

Microglia (DAM) (Keren-Shaul et al., 2017). DAM’s relative abundance increases along with 

disease progression, and they are preferentially located around amyloid plaques. Deciphering, 

whether these subpopulations have beneficial, neutral or detrimental effects on brain cells, 

including neurons, will open the way for the design of innovative disease-modifying 

therapeutic strategies such in the case of MS. 
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Parkinson's disease (PD)  

Parkinson's disease (PD) is the second most common neurodegenerative disorder. A hallmark 

of PD is the degeneration of dopaminergic neurons and it is responsible for the motor 

impairments of the disease (Moore, West, Dawson, & Dawson, 2005). Aging is a dominant 

risk factor for PD, with a sharp increase in incidence after age 60 years (de Lau & Breteler, 

2006). After identifying the mutations responsible for the disease in the SNCA gene that 

encodes the α-Synuclein (α-Syn) protein (Polymeropoulos et al., 1997), many other pathogenic 

mutations associated with PD have been identified (Bandres-Ciga, Diez-Fairen, Kim, & 

Singleton, 2020; Klein & Westenberger, 2012; Trinh & Farrer, 2013). Genome-wide 

association studies (GWAS) also suggest that both adaptive and innate immunity may play a 

role in PD pathogenesis (Chang et al., 2017; Hamza et al., 2010; Holmans et al., 2013; Pierce 

& Coetzee, 2017). Recently, it was shown that many of the PD-related genes are expressed in 

glial cells as well as neurons (Booth, Hirst, & Wade-Martins, 2017), suggesting that mutated 

gene products in microglia and/or astrocytes could contribute to PD etiology. 

The intraneuronal inclusions of α-Syn protein, commonly referred to as Lewy bodies (LB) or 

Lewy neurites (LN), are pathological hallmark of PD. These are caused by missense mutations 

and multiplications (duplications or triplications) of the α-Syn gene (Ibanez et al., 2004; Ibanez 

et al., 2009; Polymeropoulos et al., 1997; Singleton et al., 2003). Under physiological 

conditions, α-Syn regulates the trafficking of synaptic vesicles, but in pathologic states, α-Syn 

undergoes aggregation and fibrillization that leads to neurotoxicity in PD (Burre, Sharma, & 

Sudhof, 2014; Cookson, 2009; Jo et al., 2004). The microglia response to excess or mutant α-

Syn species is the subject of ongoing investigations. So far it is known that extracellular α-Syn 

oligomers function as damage-associated molecular patterns, thus activating innate immune 

receptors on the surface of microglia (C. Kim et al., 2013). α-Syn is also reported to bind Fc 

gamma receptor IIB (FcγRIIB) on microglia surfaces and reduce microglia phagocytosis, 
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which could impair the clearance of aggregated species or other parenchymal debris (Choi et 

al., 2015). Thus, aggregated α-Syn induces pro-inflammatory microglia behaviours via both 

classic innate immune receptors and interactions with intracellular signalling cascades. 

Due to the above data, many studies suggest that microglia could be an important target for 

treating PD. Interestingly, a recent study proposes that neuronal cell membrane (CM, i.e., 

MES23.5 cells) coated Cu2−xSe-PVP-Qe biomimetic nanoparticles (abbreviated as 

CSPQ@CM) could target microglia and manipulate their polarization for improving the 

efficacy of PD therapy (H. Liu et al., 2020). These biomimetic nanoparticles have 

multienzyme-like activity for the effective elimination of ROS (i.e., H2O2, ·OH, O2 ·− 

radicals) in the microenvironment of the brain. More importantly, they could facilitate 

microglia polarization into the neuroprotective M2 phenotype, which can secrete anti-

inflammatory cytokines and trophic factors thus promoting neuroprotection.  
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To summarise, microglia play an important role during all stages of the CNS from development 

to adulthood and aging. They also have an active role during autoimmune and 

neurodegenerative diseases. However, more information concerning their activation and 

regulation of their state are of immense importance. All actions of cells such as microglia are 

regulated by transcription factors that initiate the expression of proteins. Gcm has already been 

proven to have anti-inflammatory properties in different animal models such as the fly, the 

crayfish and the sea urchin. Furthermore, data from previous people from our lab showed that 

there is mGcm2 expression in microglia cells. Moreover, microglia resemble both the glia and 

the hemocytes of fly, the most famous Gcm animal model, which suggest that these cells could 

also depend on the Gcm cascade in order to regulate their immune response. For this reason, 

during my PhD I aimed to characterise the role of the transcription factor mGcm2 in the 

regulation of microglia activation.  

During my PhD, I aimed to define the role of Gcm in the cells of the innate immune system 

that derive from the primitive wave. For this reason, I choose the microglia population which 

unlike the other tissue resident macrophages are not replaced by cells of the definitive wave. 

More specifically my aims during my PhD were: 

•  Characterise the expression profile of mGcm2 (anti-mGcm2 Immunolabeling on whole 

mount embryos and sections from adult tissues) 

• Analyse the requirement of mGcm2 in microglia by phenotyping a conditional knock 

out (cko) line (microglia proliferation, morphology, inflammatory marker expression 

and phenotypic analysis).  

• Characterise the requirement of mGcm2 in microglia in vitro on primary cultures from 

cko neonatal mice (phagocytosis and migration assays). 

• Characterise the expression of Gcm in Drosophila under neuroinflammatory 

conditions. 



73 
 

Finally, during my PhD I was extremely happy to participate in multiple group projects, one of 

which was to determine the heterogeneity of hemocytes in Drosophila. The results show that 

indeed those macrophage-like cells can be divided into different groups and the transcriptomic 

data show that as microglia they also participate in processes during development, homeostasis 

and immune challenge. From my work during this project, I discovered a novel marker (Shot) 

for lamellocytes that is also expressed in lower level in hemocytes as well. Further experiments 

revealed that Shot indeed participates during both homeostatic and challenged conditions in 

the function of hemocytes.  
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Materials and Methods 

 

Mouse lines 
All invasive procedures were reviewed and approved by the Comité d'Ethique en 

Expérimentation Animale IGBMC-ICS. Cx3cr1-Cre mice were obtained from TAAM Orléans 

and then bred to maintain them on the C57Bl/6J background. The mGcm2flox/flox line was 

created at the Institute Clinique de la Souris (ICS), in Strasbourg. Mutant mice with their 

littermate controls derived from Cx3cr1-Cre/+;mGcm2flox/+  crossed with mGcm2flox/flox. 

The mice were maintained on a normal diet in a 12-hour light/dark cycle. Approximately five 

to ten mice were used per group (per gender, age and genotype). 

Genotyping 

Tail, finger or ear clips were used for genotyping. Samples were incubated overnight at 56oC 

with 750 μl of extraction buffer and 40 μl of proteinase K. Then the samples were vortexed and 

mixed for 5 min. 250 μl of NaCl (5-6M) was added, the samples were vortex and centrifuged 

for 10 min at 13000 rpm. Then, 900 μl of the deeper phase supernatant were transferred into a 

new tube, avoiding the pellet. 600 μl of isopropanol was added and the samples were mixed 

for 1 min. Next, the samples were centrifuged at 13000 rpm for 10 min, the supernatant was 

discarded, the pellet was washed with 1ml of 70% ethanol and centrifuged for 10 min at 13000 

rpm. Finally, the pellets were dried under a lamp and the DNA was resuspended in 30 μl of 

TE/H2O and they were incubated at room temperature (RT) for 1 hour. 

The extraction buffer was composed of 50ml Tris HCl pH8 at 1M, 200ml EDTA pH8 at 0.5M, 

20ml NaCl at 5M, 50ml SDS, 1000 ml H2O. The TE was composed of 10ml Tris pH8 at 1M, 

2ml EDTA pH8at 0.5M and 1000 ml H2O.  

For the PCR 2 μl of sample were added in 0.5 μl of forward primer (100μM), 0.5 μl of reverse 

primer (100μM), 0.4 μl of dNTPs (Roche), 2 μl of Buffer (Roche), 0.2 μl of Taq polymerase 
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(Roche) and 14.4 μl of H2O. The samples were incubated at 95oC for 4 min followed by 35 

cycles of 94OC for 30 sec, 62OC for 30 sec and 72OC for 1min. 

The amplified DNA was run in 1% agarose gel with TAE (Tris Acetate EDTA) and 1 drop of 

ethidium bromide at 150 volts for 45 min. The results were imaged under UV light.  

Name Forward primer Reverse primer Size 

CX3Cr1cre GTTCGCAAGAACCTGATG

GACA 

CTAGAGCCTGTTTTGCACGTT

C 

340 

mGcm2flox CAATAGGGAAGTGATCCC

TAGAGTC 

GGGAAACTTGTCTGTTCTTTC

ACACAG 

274 

mGcm2WT CAATAGGGAAGTGATCCC

TAGAGTC 

GGGAAACTTGTCTGTTCTTTC

ACACAG 

149 

 

Weight measurements and body composition 
In order to phenotype the mGcm2 cko line and the impact of the specific deletion in microglia 

cells I created two separate cohorts that were kept at the phenotyping area of the ICS with at 

least 5 animals per group. All groups were weighted weekly.  

Furthermore, the second cohort was evaluated for their body composition by Quantitative 

Nuclear Magnetic Resonance (qNMR) using Minispec+ analyzer (Bruker BioSpin S.A.S., 

Wissembourg, France). The test gives precise analyses of the body composition with respect 

to fat content, lean tissues and free body fluids in a mouse. The qNMR uses protons which 

respond differently to disturbances according to the tissue. A magnet within the analyser is 

used to align the protons within a sample's tissues which are then hit with radio waves. This 

causes a temporary disturbance in the magnetic moments (spin states) of the protons. As the 

protons return to their original positions (relax), they produce peaks on a spectrum whose 
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positions and intensities (amplitudes) are measured and thus reflect their chemical environment 

(fat or lean). Fat produces greater peak amplitude and has a greater rate of relaxation than lean 

because its hydrogen (proton) density is greater (∼40% more hydrogen per unit). 

 

Metabolic cages 
Mice of the second cohort were further evaluated by metabolic or calorimetry cages. 

Calorimetry cages allow the simultaneous measurement of energy expenditure, ambulatory 

activity as well as food and water intake. Energy expenditure was evaluated through indirect 

calorimetry by measuring oxygen consumption with an open flow respirometric system. The 

CO2 production was also measured, thus the respiratory exchange ratio (RER) and the heat 

production were calculated. Infra-red frames integrated to the system measured the ambulatory 

activity. Finally, food intake monitoring system was integrated to allow measurement of 

feeding and drinking behaviours. The test was conducted at room temperature (25°C). The 

mice, at the age of 2 weeks, were left to settle in 12hours prior to the test. Then measurements 

concerning the energy expenditure, movement and water/food intake was recorded for 24hours.   

P1 primary CNS cultures  

For the in vitro studies, I used microglia from primary culture of the CNS. Postnatal day 1 (P1) 

mice were collected, decapitated and the heads were sterilized by quickly immersing them in 

ethanol. The ethanol was then removed by immersion in HBSS solution (Gibco) with 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (Hepes) three times. For the dissection, the 

brain was removed, the hemispheres were separated, the meninges were removed, and the 

hemispheres were then cut into smaller pieces. For the disassociation, the brain pieces were 

transferred into a Falcon tube with 2ml of medium (DMEM with 1gr/L glucose, 10% Fetal Calf 

Serum (FCS, #95) and 1% Penicillin (1MU)/Streptomycin), and mechanically disassociated 

with a pipette. To ensure a single cell suspension the cells were passed through a filter (70μm) 
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to a new tube. The cells were finally counted and diluted to a concentration of 300.000 cells/ml. 

The cells were plated in Polyornithine (Sigma) covered wells or coverslips. The cultures were 

kept in the incubator at 37OC and 5%CO2 for 14 days. The medium was changed at day 1 and 

day3. In vitro cultures were fixed with 4%PFA in 1xPBS and then proceed to the 

immunolabelling. 

Tissue dissections 
Mice were anesthetised by a solution of Ketamine (100 mg/ml) / Xylazine (Rompun, 20 

mg/ml): 130mg/kg of ketamine + 13 mg/kg of xylazine, transcardially perfused with ice-cold 

PFA 4% in 1xPBS, and then the brains, the spinal cord, lungs, adipose tissue and spleen were 

dissected out. The tissues were fixed overnight with 4% PFA (Electron Microscopy Sciences) 

in 1xPBS and then the brains were cut into left and right hemisphere and the rest of the tissues 

were cut in half. Half of the samples were transferred into a 70% ethanol solution and they 

were used for paraffin sections. The tissue is dehydrated gently by immersion in increasing 

concentrations of a ethanol. This gradual change in hydrophobicity minimizes cell damage. 

The dehydrating agent is then cleared by incubation in xylene prior to paraffin embedding. 

Paraffin is heated to 60°C and then allowed to harden overnight. Finally, the tissue is sectioned 

using a microtome. Tissue sections are dried onto microscope slides, put at 37°C overnight and 

stored for extended periods at 4°C. The other half were incubated with 15% sucrose overnight, 

embedded into cryomatrix (Thermo Fischer) and used for cryosections. For the paraffin 

labelling 8μm thick sections are used while for cryosection 50μm thick sections are used. 

Phagocytosis Assay  
Phagocytosis assay was performed on in vitro primary cultures of the CNS to evaluate the 

phagocytic capacity of microglia. After 14 days in culture the medium was replaced by medium 

with latex fluorescent beads (0.5μm, Polysciences) at a concentration 1/500. The cultures were 



80 
 

incubated with beads for 0, 20 and 120 min. Then the cells were fixed with 4%PFA in 1xPBS 

and the samples were used for immunolabelling.   

Migration Assay 
Migration assay was performed on in vitro primary cultures of the CNS to evaluate the 

migratory capacity of microglia of the different genotypes. After 14 days in culture, the 

coverslips were scratched with the tip of 200μl pipette. Next, the samples were left in the 

incubator for 6, 12 and 24 hours. Finally, the samples were fixed with 4%PFA in 1xPBS and 

the samples were used for immunolabelling.  

To study the healing process the scratch wound assay was performed at the screening facility 

of IGBMC. The nuclei of the cells were labelled with Hoechst 33342 to allow to live tracing. 

Then live images were acquired every 20 min for 24 hours. The healing process was assessed 

by counting the distance of the scratch at each time point. 

 

Immunolabelling  
Frozen sections were taken out, left to defreeze for 30 min.  Then they were fixed with ice cold 

acetone for 10 min, rehydrated with 1xPBS for 10 min and the samples were used for 

immunolabelling. Paraffin sections were treated with 0.01M sodium citrate (WVR) pH6 as a 

demasking step. The samples were incubated in a bath of sodium citrate for 20 min at 96OC 

and then the samples were used for immunolabelling.  

For the immunolabelling samples were permeabilised with PTX (1xPBS, 0.1% Triton-X100) 

for 30 min and incubated with blocking buffer for 1h in RT. Samples from in vitro cultures and 

frozen sections were incubated in blocking buffer that contained 1xPBS, 4% BSA (MP 

Biomedicals) and 0.1% Triton-x. Paraffin sections were incubated with blocking buffer that 

contained 5% skim milk powder in 0.1% PTX.  The samples were incubated with primary 

antibodies overnight at 4OC, washed three times with PTX, incubated with the appropriate 
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secondaries and washed three times with PTX. Finally, the samples were incubated with 4′,6-

diamidino-2-phenylindole (DAPI (Sigma-Aldrich)) to label the nuclei and the samples were 

mounted with Aqua Poly/Mount (Polysciences).  

Primary Antibodies: 

Name Host Origin (ref) Concentration 

Arginase-1 (Arg-1) Mouse  

Santa Cruz 

Biotechnology  

(sc-271430) 

1/200 

CD11b Rat  
 Bio-Rad (MCA 

74G) 
1/400 

CD45 Rat 
Invitrogen (MCD 

4500) 
1/50 

CD68 Rat 
 Bio-Rad (MCA 

1957) 
1/400 

F4/80 Rat 
 Bio-Rad (MCA 

497) 
1/100 

Glia cells missing 1 

(Gcm1) 
Rabbit 

Gift from B. Nait-

Oumesmar 
1/50 

Glia cells missing 2 

(Gcm2) 
Rabbit Abcam (ab201170) 1/200 

Ionized calcium 

binding adaptor 

molecule 1 (Iba-1) 

Rabbit 
Wako Chemicals  

(019- 19741) 
1/300 

iNOS Mouse  Abcam (ab210823) 1/100 

Phosphohistone 3 

(PH3) 
Mouse Millipore (05-806) 1/100 

Myelin Basic 

Protein (MBP) 
Chicken Invitrogen (10008) 1/500 

 

Secondary Antibodies: 

Name Host Origin (ref) Concentration 

Anti- mouse Cy3 Donkey 

Jackson (715-165-

151) 

1/500 

Anti-rabbit Cy3 Donkey 

Jackson (711-165-

152) 

1/500 
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Anti-rat Cy3 Goat 

Jackson (112-165-

167) 

1/500 

Anti-mouse Cy5 Goat 

Jackson (115-605-

166) 

1/500 

Anti-rabbit Cy5 Goat 

Jackson (111-175-

144) 

1/500 

Anti-rat Cy5 Goat  

Jackson (112-175-

144) 

1/500 

Anti-chicken FITC  Donkey  

Molecular Probes 

(A11039) 

1/500 

Confocal Imaging 
Leica Spinning Disk microscope equipped with 20,40 and 63X objectives was used to obtain 

confocal images. GFP/FITC was excited at 488mm; the emission filters 498-551 were used to 

collect the signal. Cy5 was excited at 642mm; emission signal was collected at 729-800mm 

and Cy3 was excited at 561mm; emission filter 648-701 were used to collect the signal. Finally, 

a step size of 0.2-1μm was used to obtain the Z-stack of images. 

Image Analysis 
Image analysis was done with Fiji image analysis program and Imaris. Fiji was mainly used to 

acquire fluorescent images with sum of Z-projections. In all images the signal was set to the 

same threshold in order to compare the different genotypes.  

Imaris (version 9.5.1) was used to analyse the morphology of microglia cells in a semi-

automatic protocol. To analyse the microglia morphology, I chose the filament module, then I 

set the soma diameter at 12 μm, the seed points for the dendrite ending at 0.487 μm, allowed 

the disconnected segments and smooth at 0.487 μm. Finally, the absolute intensity and the local 

contrast threshold were set to automatic, and the detected spines options was disabled. For the 
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coverage area calculation, I used the convex hull tool. For the analysis of microglia 

morphology, I analysed 50 cells per sample. The p-values were estimated after comparing 

control to cko cells by ANOVA test and bilateral student test. 
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Fly strains 
The Drosophila Gal4-UASsystem was used to produce fly stocks and induce conditional 

expression of target genes (Brand & Perrimon, 1993). Similarly, I used the LexA system as a 

second independent transactivator (Yagi, Mayer, & Basler, 2010). All flies were raised on 

standard media at 25°C unless stated otherwise. The following list of fly stocks was used during 

my PhD. 

Genotype # 
B (BDSC catalogue number) 

Oregon R B#5 

white1118 B#5905 

y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.JF02971}attP2 B#28336   

y[1] v[1]; P{y[+t7.7] v[+t1.8]=TRiP.HMJ23381}attP40 B#64041  

w[1118]; P{w[+mC]=Hml-GAL4.Delta}3 B#30141 

w[*]; P{w[+mC]=UAS-shot.L(C)-GFP}2 B#29042 

w[*]; P{w[+mC]=UAS-shot.L(C)-GFP}3 B#29043 

w[1118]; PBac{w[+mC]=IT.GAL4}shot[0146-G4] Β#62668 

w[1118]; PBac{w[+mC]=IT.GAL4}shot[0241-G4] Β#62731 

UAS-FLP:ubiFRT stop stinger III g-trace   B#28282 

if/cyo; MKRS-Sb/ TM6 Tb Gift  

LexAop a-SynA3op Chr3 Gift from S.Birman 

nSybLexA Chr2 B#52817  

gcmGAL4.UASmcd8GFP.tubGAL80/CyOGFP Home made  

(Soustelle and 

Giangrande, 2007) 

w[1118];HmlΔGal4; pxnGal4.UASGFP Home made  
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Hemocyte counting 
Ten male 3rd instar larvae were washed in 1xPBS, then dried, and bled by opening the cuticle 

in a well containing 50μL of Schneider's Drosophila Medium (Gibco) complemented  with  

10%  FCS, 0.5%  penicillin,  0.5%  streptomycin  (PS),  and  few  crystals  of  N-phenylthiourea 

≥98% (PTU) (Sigma-Aldrich  (P7629))  to  prevent  hemocyte  melanization (Lerner & 

Fitzpatrick, 1950). The hemolymph  was  allowed  to  exit,  and  the  total volume  was  

transferred  onto  a haemocytometer,  where  the  total  number  of  cells  were  counted, 

multiplied  by  the  original  volume  (50μL),  and  the  average number  of  hemocytes  per  

larva  was calculated.  Each  counting  was  carried  out  in  triplicates.   

Hemocyte Immunolabelling 
Ten male 3rd instar larvae  were  treated  as  stated  above  and  bled  in  wells 200μL of 

Schneider medium. Hemocytes were collected  as  indicated  above and  transferred  onto  a  

slide  using  the  Cyto-Tek®4325  Centrifuge (Miles Scientific). Slides were then surrounded 

by Dako Pen (Dako (Code S2002)) to introduce a hydrophobic    medium    around    the 

transferred    material, fixed    for    10min    in 4% PFA with 1xPBS at room  temperature, 

incubated  with  blocking  reagent  (Roche) for 1hr  at  RT,  incubated  overnight  at  4°C with  

primary  antibodies  diluted  in blocking  reagent, washed  three  times  for 10min with  PTX  

(PBS,  0.3%triton-x100),incubated  for  2 hours  with secondary antibodies (see the table 

above), washed two times for 10min with PTX, incubated for 20min with DAPI to label  nuclei  

(diluted  to 10g/Lin  blocking  reagent),  and  then  mounted  in Aqua Poly/Mount. The  slides  

were  analysed by confocal  microscopy  (see section above for confocal imaging). 

Name Host Origin (ref) Concentration 

Shot Mouse  DSHB mAbRod1 1/40 

Actin  rabbit   Sigma 1/1000 

Tubulin  Rat Rat Ig2a #MAS 077 1/50 

Cadherin DN Mouse  DSHB 1/40 

Cadherin DE Mouse  DSHB 1/40 

Hemese Mouse  Gift from I. Ando 1/40 

P1 Mouse Gift from I. Ando 1/40 
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Integrin alpha Mouse DSHB 1/40 

Integrin beta Mouse  DSHB 1/40 

Elav Rat DSHB 1/200 

Repo Mouse DSHB 1//50 

GFP Chicken Abcam (ab13970) 1/1000 

Pxn Rabbit Gift from J. Shim 1/2000 

 

Larval hemocyte RNA extraction and qPCR 
Twenty male 3rd instar larvae were bled in wells containing 200μL of Schneider’s medium to 

collect hemocytes as stated above. Cells were centrifuged at 3000rpm for 10 min  at  4°C. RNA  

was  then  extracted  using  RNeasy kit (Qiagen) and  Quantitative  PCR (qPCR)  assays 

(SyberGreen Fast start, Roche) were  performed  on  a  LightCycler  LC480  with  the  primer  

pairs listed  below. Each PCR was carried out in triplicates on at least three independent 

replicates.  The  p-values  were  estimated  after  comparing  control  to test cells using bilateral 

student test. 

Gene Forward Reverse 

Elav GGAAGCTGACAACAGCCATT TCTGCATTAGCTGTGCCTGT 

Repo CAGCTCCTGCAGCCAAAAAG CCCGTGGTCACGGTCATAAA 

Gapdh1 CCCAATGTCTCCGTTGTGGA TGGGTGTCGCTGAAGAAGTC 

Act5c GCCAGCAGTCGTCTAATCCA GACCATCACACCCTGGTGAC 

upd2 ACCCTGGAGTACGGCAATCT CTGATCCTTGCGGAACTTGT 

upd3 CCACAGTGAGCACCAAGACT CAGGTCCCAGTGCAACTTGA 

Ptp61F GAAACTGCCCCACGTCAAAC CTTAAGGAATGCGTTCGGCG 

Socs36E GTGTCCAACACCAGCTACGA GAGACCCGTATGTTGACCCC 

 

Wasp survival and encapsulation assays 
Wasp  parasitisation  by Leptopilina  boulardi is commonly  used  to  study  the  immune 

response of Drosophila larvae (Kari et al., 2016; Small, Paddibhatla, Rajwani, & Govind, 2012; 
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Vanha-Aho et al., 2015). For the  wasp survival, 100 1st instar Drosophila larvae  (24hours 

after  egg laying) of the indicated genotypes were transferred into a fresh vial at 25°C. At 2nd 

instar stage (48hrs after egg laying), 10  couples  of L. boulardi were  added  into the  vial  for  

infestation  for  1 hour, and  then the wasps were removed. Following  this,  the  number  of  

wasps  hatching  from  each  vial  was counted to  estimate  the percentage  of  lethality  (number  

of  wasps/number  of Drosophila larvae),  which  allows  us  to determine whether the larvae 

mounted an effective immune response against the wasp egg. This is represented by the number 

of wasp adults hatching.  

For the encapsulation assay, Drosophila of the indicated genotypes were allowed to lay eggs 

for 4 hours  at  25°C.  The  vials  containing  100 1st instar larvae  were  then  transferred  to  

25°C  until  2nd instar stage. The Drosophila larvae were exposed to 10 couples of L.boulardi 

for 1hour at 25°C and  after  parasitisation the  vials  were  incubated  at  25°C  for 24 hours.  

Early 3rd instar larvae were dissected to assess the level of encapsulation of the wasp larvae. 

The wasp embryos were dissected and labelled with phalloidin and DAPI. Images were 

acquired using the spinning disk and then treated with Imaris. For the encapsulation I calculated 

the area of lamellocytes covering the wasp egg using the surface tool. Then I calculated the 

surface of the wasp and created the ratio of lamellocyte area/wasp egg area.  

Paraquat Assay 
For the PQ assay fifty males of specified genotype were used, aged 3–5 days. Then they were 

starved for 6 hours followed by regimen with either 20mM PQ (Methyl viologen dichloride 

hydrate, Sigma-Aldrich) in 5% sucrose and 1.3% agarose (Sigma-Aldrich) or with sucrose and 

agarose only. Mortality was monitored daily for ten days. 

Adult CNS dissection 
Flies were anesthetised with CO2 and put on a silicone tray with 0.3% of PTX. The CNS was 

dissected out, fixed with 4% PFA 1xPBS overnight at 4OC, washed three times with PTX, 
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incubated with blocking reagent for 2 hours in RT, incubated overnight at 4°C with primary 

antibodies, washed three times for 10min with PTX, incubated for 2hrs with secondary 

antibodies, washed two times for   10min   with   PTX,   incubated   for   20min   with   DAPI   

and   then   mounted with Aqua Poly/Mount. The  slides  were  analysed by  confocal  

microscopy (see  above).   

Phagocytosis assay  
Phagocytosis assay was performed on hemocytes to evaluate their phagocytic capacity. Five 

3rd instar larvae per genotype were bled in a 96 glass-bottom wells (Greiner bio-one) containing 

50μl of Schneider medium with PTU. The hemocytes were left to attach for 20 min in RT and 

then the medium was replaced by medium with latex FITC fluorescent beads (1/1000). The 

cells were incubated with the beads for 0,5,10 and 20 min. Then the cells were fixed with 

4%PFA in 1xPBS and labelled with phalloidin (1/500) and DAPI. The samples were then 

processed at the Screening facility of the IGBMC, where the FITC intensity of the beads was 

counted for each cell. 

Adhesion assay 
Adhesion assay was performed on hemocytes to evaluate their adhesive capacity. Three 3rd 

instar larvae per genotype were bleed in a 8 well coverslips Teflon printed (Immuno-Cell Int.) 

containing 20μLof Schneider medium with PTU. The hemocytes were left to attach for 1 hour 

in RT and then the cells were fixed with 4%PFA in 1xPBS and procced for labelling with 

phalloidin (1/500) and DAPI. The samples were then imaged at the CBI (see confocal imaging 

above) and then the extensions or filopodia were counted for each cell.  

Statistical analysis 
Variance  analysis  using  bilateral  student  tests  for  unpaired  samples  was  used  to  estimate  

the  p-values in hemocyte counting, hemocyte immunolabeling and qPCR assays, microglia 

ramifications and coverage area, iNOS and Arg-1 positive cells ; in each case, at least three  
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independent  trials  were  performed. In  all  analyses, “ns”stands for  not  significant,  for  p-

value >0.05; “*” for p-value < 0.05; “**” for p-value < 0.01; “***”for p-value< 0.001. 
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Chapter I 

 

Characterisation of the mGcm2 expression profile in mice 
 

The first aim during my PhD was to characterise the expression pattern of the transcription 

factor mGcm2 in the immune cells of mice. My goal was to validate the transcriptomic data 

that previous people had conducted in our lab (Figure 9). These data showed a broad 

expression of mGcm2 in different organs. I labelled with an mGcm2 antibody at different 

stages and different tissues. Labelling from sections of embryos at different embryonic stages 

showed an early expression of mGcm2 in the yolk sac. Moreover, labelling of different adult 

tissues indicated that mGcm2 is expressed only in one population of cells from the innate 

immune system, the microglia. More specifically, mGcm2 expression is detected at specific 

time points, at 12 and 24 month old brains. Finally, mGcm1 is not expressed in microglia in 

vitro nor in vivo. 

Introduction 
 

Two paralogue genes are present in mammals, GCM1 and GCM2. In the mouse, knock-out of 

mGcm1 or mGcm2 are lethal due to crucial roles in placenta (mGcm1) and in parathyroid 

development (mGcm2), two functions that are conserved in human GCM genes 

(Hashemolhosseini & Wegner, 2004). However, no role was detected in glial development and 

no study was performed in the immune system. The transcriptomic data suggest that mGcm2 

is expressed in the thymus, the bone marrow and the brain at low levels. To see if these levels 

of expression lead to the production of detectable proteins, I characterised the expression 

profile of mGcm2 within the immune system. This gave me information about the spatial and 

temporal expression of mGcm2 and thus, I could connect it with specific functions during 

development and/or immune responses. 
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Results 
 

Characterisation of the mGcm2 expression profile during development 
  

Firstly, I characterised the mGcm2 expression during the embryonic development. I performed 

immunolabelling with mGcm2 and CD45 on sections of embryos from stages E7.5 to E16.5. 

CD45 is a transmembrane protein abundantly expressed on mature cells of hematopoietic 

origin (Thomas, Reasor, & Wierda, 1989). The results revealed that mGcm2 is expressed 

during E7.5 in the yolk sac, which is the site of the first hematopoietic wave (Figure 18A). 

Furthermore, the mGcm2 positive cells are CD45low. Thus, the cells that show expression of 

mGcm2 could be non-hematopoietic cells or immature progenitors. Labelling at other 

embryonic stages showed no mGcm2 expression in the yolk sac past E7.5 (Figure 18 B and 

C).  

 

 

 

 

 

 

 

 

 

 

Figure 18. Confocal images from 

mouse embryo sections 

immunolabelled with mGcm2 at 

different embryonic stages from 

E7.5(A) to E8.5 (B) and E9.5(C). 

mGcm2 is specifically present in the 

yolk sac at E7.5. mGcm2 in grey 

(A’,B’,C’), CD45 in red indicates 

mature hematopoietic cells 

(A’’,B’’,C’’) and DAPI in blue 

indicates the nuclei (A’’’,B’’’,C’’’). 

N=3, scale bar 100um 
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The expression of mGcm2 was also evaluated in different tissues that contain resident 

macrophages, such as the CNS (Figure 19), liver and lungs. Nevertheless, no mGcm2 

expression is detected in microglia or any other tissue resident macrophage population. Thus, 

mGcm2 is specifically expressed at the E7.5 in the yolk sac during embryogenesis. 

 

Figure 19. Confocal images from mouse brain sections immunolabelled with mGcm2 at E16.5 in the CNS(A), 

(B) CD45 in red, (C) mGcm2 in grey and DAPI in blue indicates the nuclei. N=3, scale bar 100um 

 

Characterisation of the mGcm2 expression profile during life span 
 

Upon assessing the expression of mGcm2 in development, I then continued with cells of the 

innate immune system in adults. Brain, spinal cord, adipose tissue, spleen and lung were 

collected from different ages from postnatal day 0 and 14 (P0 and P14) as well as from adults 

at 2, 12 and 24 months. CD45 was used for the different tissue resident macrophages while, for 

microglia, I used the microglia specific cocktail (CD11c, CD68, F4/80) in order to distinguish 

microglia from the meningeal macrophages and because microglia in homeostatic conditions 

display CD45low expression (Rangaraju et al., 2018). All the analysis focus on microglia from 

the cortex. mGcm2 is expressed in microglia at 12 and 24 months but not in 2 month old 

animals (Figure 20 A-C). This expression is in different areas of the brain including the cortex, 

the cerebellum and the thalamus, while the number of positive mGcm2 cortex microglia 

progressively increases (Figure 20D). Animals at 12 months have 25% mGcm2 positive 
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microglia while 24month old animals have almost double the mGcm2 positive microglia 

(48%). These results indicate that mGcm2 is expressed in microglia of aged mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Confocal images 

from mouse brain sections 

immunolabelled with 

mGcm2 (A-C). mGcm2 is 

expressed in 12 and 24month 

old animals. mGcm2 is in grey 

(A’,B’,C’), microglia (CD68, 

CD11b and F4/80) are in red 

(A’’,B’’,C’’) and DAPI in 

blue (A’’’,B’’’,C’’’). N=6-13 

animals per genotype, scale 

bar 50um (D) Quantification 

of mGcm2 positive microglia 

quantification in the cortex at 

different age points. (ANOVA 

p-value 1.64336E-07, p-value 

between 2 and 12 months 

3.60372E-06, between 12 and 

24 months 0.005 and between 

2 and 24 months is 0.002). 
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In order to study the mGcm2 expression in other tissue resident macrophages, I performed 

immunolabelling in lung and adipose tissue. Tissues were dissected from 2, 12 and 24 month 

old animals and cryosections were labelled for CD45 and mGcm2. However, the results 

revealed no mGcm2 labelling in those resident macrophages (Figure 21). From all the tissues 

that I labelled I found that mGcm2 is expressed only in microglia cells. These interesting results 

indicate that mGcm2 is expressed in innate immune cells of the primitive hematopoietic wave 

(microglia) as it is the case for Drosophila. 

 

Figure 21. Confocal images from mouse brain sections immunolabelled with mGcm2(white) with CD45 (red). 

Upper panel shows tissue resident macrophages in lung and lower panel shows tissue resident macrophages in the 

adipose tissue. N=3, scale bar 100um 

 

Characterisation of the mGcm1 and mGcm2 expression in CNS cultures 
 

In parallel, I characterised the expression pattern of mGcm1 and mGcm2 in in vitro cultures of 

the CNS with previously published antibodies (Nait-Oumesmar et al., 2000; Peissig, Condie, 

& Manley, 2018) (Figure 22). The animals used for the P1 CNS cultures were WT (C57BL/6J) 

neonatal mice. As a marker for microglia, I labelled with CD45 since there are no other innate 

immune cells present in the co-cultures (Denes et al., 2015). The results revealed that mGcm2 
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is expressed in vitro in microglia unlike mGcm1 (Figure 22A and B). The next step was to 

evaluate and quantify the mGcm2 expression in microglia. In vitro microglia adopt one of the 

three morphologies: ramified microglia with small soma and long ramifications, round cells 

with a small cell body and no ramifications and amoeboid microglia with big cell body and no 

ramifications (Bohatschek, Kloss, Kalla, & Raivich, 2001; Thored et al., 2009). Round cells 

from primary cultures are considered as active microglia, the other two as resting cells 

(Ovanesov et al., 2006). The immunolabelling showed the expression of mGcm2 in a microglia 

subpopulation (Figure 22A). More specifically, only the round microglia express mGcm2, and 

of those only 30% are mGcm2 positive. Thus, mGcm2 is also expressed in vitro in microglia 

apart from 12 and 24 month old animals. This suggests that microglia can up-regulate mGcm2 

expression independently of age.  Interestingly, no other data suggest that mGcm2 is expressed 

in neonatal mice in vivo. This expression could be explained by the fact that even though 

microglia cultures were essential for the discovery of different pathways and key molecules, 

recent RNA transcriptome comparisons of ex vivo microglia with in vitro microglia revealed 

major differences (Butovsky et al., 2014). A recent publication also described that at least part 

of this difference can be attributed to culturing in the presence of serum (Bohlen et al., 2017). 

Thus, the mGcm2 expression on in vitro cultures do not represent the normal environment but 

under certain conditions microglia are able to express this transcription factor. 
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Figure 22. Confocal images from mouse in vitro CNS 

cultures immunolabelled with mGcm2 in primary CNS 

in vitro cultures (A,B). Microglia are labelled with 

CD45 (red) (A’,B’), Dapi in blue and mGcm1 or 

mGcm2 is in grey (A’’,B’’). N=3 Scale bar 10 μm 

 

 

I decided to continue with a microglia specific mGcm2 knock out mouse model by using the 

Cre/Lox system. As microglia specific Cre I utilised the CX3CR1 receptor. CX3CR1 is a 

specific high-affinity and functional receptor for the chemokine CX3CL1 in mice and humans 

(Combadiere et al., 1995; Combadiere et al., 1998). This chemokine is the sole member of the 

CX3C chemokine subfamily and was identified in human cells as Fractalkine and in mouse as 

neurotactin (Bazan et al., 1997; Pan et al., 1997). In 2000, a transgenic mouse strain was 

generated, where the CX3CR1 gene was replaced with the gene encoding the enhanced green 

fluorescent protein (EGFP) (Jung et al., 2000). This approach allowed the examination of the 

CX3CR1 expression pattern that normally express this receptor. The CX3CL1 receptor was 

absent in tissue resident macrophages (hepatic Kupffer cells, splenic, and peritoneal 

macrophages), astrocytes, oligodendrocytes, neutrophils, eosinophils, B lymphocytes and 

resting T cells.  Since then, CX3CR1 is a selective marker for microglia in the CNS (Wieghofer 

& Prinz, 2016).  
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Conditional knock out (cko) mice CX3CR1-Cre/+; mGcm2flox/+ males were crossed with 

mGcm2flox/flox females. The mGcm2flox/flox line was produced in the ICS at Strasbourg by 

introducing two LoxP sites upstream and downstream of the Gcm exons 2,3 and 4, respectively 

(Figure 23A).  As control I used the double heterozygous animals CX3CR1-Cre/+; 

mGcm2flox/+. Labelling of cko microglia showed no positive signal, thus, proving the efficiency 

of my model (Figure 23C). During this labelling I also assessed multiple mGcm2 antibodies, 

including two commercials, one gift from B. Nait-Oumesmar and one that I produced at the 

IGBMC. The best results were obtained with the commercial ones, and these were the ones I 

used for the rest of the studies.  
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Figure 23. (A) 
mGcm2flox/flox line 

locus. (B,C) Confocal 

images from mouse in 

vitro CNS cultures 

immunolabelled with 

mGcm2. Microglia are 

labelled with CD45 

(red) (B’,C’), Dapi in 

blue and mGcm2 is in 

grey (B’’,C’’). As a 

control I used the 

double heterozygous, 

CX3CR1-cre/+; 

mGcm2flox/+ (B) and for 

the conditional knock 

out is CX3CR1-cre/+; 

mGcm2flox/flos (C). 

Scale bar 10 μm 

 

Discussion  
 

The labelling of whole mount embryos as well as tissues from different stages in the life span 

revealed the expression pattern of mGcm2. mGcm2 is expressed early during the primitive 

hematopoietic wave in the innate immune cells that originate from this wave. These cells are 

the microglia population that reside in the CNS. Finally, I found no expression of mGcm1 in 

in vitro cultures. 
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mGcm2 is expressed during the primitive hematopoietic wave 
Hematopoiesis is observed in mouse embryos as early as embryonic day 7.5 (E7.5) in the extra-

embryonic mesodermic layer of the yolk sac. Hematopoietic cells are cell aggregates (blood 

islands) until yolk sac vasculature is firmly formed. Primitive macrophages constitute the main 

cell lineage produced in the blood islands, and the yolk sac is the exclusive site of primitive 

erythropoiesis (Yamane, 2018). Expression of mGcm2 during the early stages of primitive 

hematopoiesis resembles the expression pattern during the same stage in Drosophila 

melanogaster. In the fly, Gcm triggers the expression of plasmatocyte markers thus leading to 

the differentiation of prohemocytes into mature hemocytes. During this stage other 

transcription factors, such as the GATA family transcription factor serpent (srp), actively 

participate in the development of the innate immune system. In mammals, GATA transcription 

factors start to be expressed as early as E1.5 until E10.5 and participate in the development of 

the immune cells (Cantor & Orkin, 2005; Chlon & Crispino, 2012; Molkentin, 2000; Zaytouni, 

Efimenko, & Tevosian, 2011). Analysis of the Gcm binding sites revealed conserved Gcm 

binding sites within GATA3, GATA4, and GATA6 (Cattenoz et al., 2016). All three genes 

contain several GBSs in their promoters, and expression of both GATA3 and GATA6 is 

induced by mGcm2 in HeLa cells. These results suggest a potential role of Gcm in the 

regulation of the GATA factors. However, more experiments should be done and it would be 

extremely interesting to follow up those preliminary findings. 

mGcm2 is expressed again during aging in the microglia 
My data show that mGcm2 is expressed in microglia of aged animals, which are known to 

develop an inflammatory phenotype (Angelova and Brown 2019). Aged brains indeed show 

increased levels of pro-inflammatory cytokines and receptors on microglia (Norden & 

Godbout, 2013). Thus, aging studies may provide important information on the molecular 

pathways involved in the inflammatory response. For this reason, during my PhD I 
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concentrated on the cortex microglia and whether lack of mGcm2 led to phenotypic changes. 

However, it would be interesting to assess microglia from different parts of the CNS as well.  
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Chapter II  
 

Characterisation of the mGcm2 conditional knock out in CX3CR1-cre expressing 

microglia 
 

My data have shown that mGcm2 is expressed during the embryonic development of microglia 

and in aged microglia. My next step was to evaluate the role of mGcm2 in microglia 

development and function. I evaluated life span, metabolism, and microglia state of mGcm2 

cko animals in homeostatic conditions at different stages. My results show that cko animals 

have increased weight compared to the control under normal diet. Similar preliminary data 

indicate a tendency of hyperphagia in the cko animals. The phenotype has already been linked 

with dysfunction of the CNS with microglia playing a pivotal role in controlling the brain 

region responsible for food consumption. Additionally, cko animals have an increased number 

of microglia in young adults. Finally, cko microglia present a pro-inflammatory status 

manifested in their morphology, increased expression of pro-inflammatory markers (iNOS) 

and decreased anti-inflammatory markers (Arg-1). Thus, these results suggest that mGcm2 has 

an anti-inflammatory function, similarly to its orthologue in Drosophila. 

 

Introduction 
 

My previous chapter showed that mGcm2 is specifically expressed in microglia cells in the 

aged brain. mGcm2 is expressed after 12 months and the percentage doubles by 24 months. 

The main question that I addressed was whether lack of mGcm2 is going to affect the microglia 

homeostasis. In order to characterise the role of mGcm2 in microglia, I used the microglia 

conditional knock out line CX3CR1-Cre/+; mGcmflox/flox.  

Microglia regulate the CNS environment during both homeostasis and inflammation. During 

homeostasis, their main role is to survey the environment for possible inflammatory cues. 
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Recent studies demonstrate a secondary role of microglia regulating metabolic pathways 

(Mendes, Kim, Velloso, & Araujo, 2018). Microglia are known to respond to high fat diet by 

secreting pro-inflammatory molecules and ultimately inducing neuronal stress in the 

hypothalamic region that leads to hyperphagia and obesity (Valdearcos et al., 2014). In order 

to fully characterise the role of mGcm2 in microglia, I performed a life span test, weight 

measurements, body composition test, metabolic cages, quantification of the microglia 

population, analysis of their morphology and expression of inflammatory markers at different 

ages. 

 

Results 
 

mGcm2 cko mice show increased weight compared to the controls 
 

First, I characterised the cko line by creating a cohort of mutant mice (CX3CR1-Cre/+; 

mGcm2flox/flox) and controls (CX3CR1-Cre/+; mGcm2flox/+, double heterozygous). This cohort 

was comprised of 5-6 animals per group and per sex, since it is known that microglia show 

dimorphic states according to the sex (Guillot-Sestier et al., 2021). Both groups managed to 

reach 24 months of age, thus this transcription factor is not linked with the lifespan of mice. 

These animals were also monitored weekly for their weight. Surprisingly, both cko males and 

females had a significantly increased weight compared to the controls (Figure 24A). Firstly, 

white adipose tissue was analysed as studies have shown that in case of obese phenotypes the 

adipocyte size increases (Kraakman, Murphy, Jandeleit-Dahm, & Kammoun, 2014). For the 

assay I used animals at 24 months where I had the highest difference in weight and for the 

tissue labelling I employed Oil Red O (Figure 24B). This labelling is widely used for staining 

lipids (Kraus et al., 2016).  I then quantified the area of the adipocytes with the Fiji imaging 

analysis software (Figure 24C). The results showed no difference between the two genotypes. 
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Thus, mGcm2 cko animals have increased weight but this does not seem to affect the size of 

the adipocytes. 

 

Figure 24. mGcm2 cko animals display increased weight compared to the controls. (A) Weekly weight 

measurement of the animals, n=5-6 animals per genotype and sex. (B) Oil Red O labelling of adipose tissue. (C) 

Quantification of the adipocyte size.  P-value: *<0.05, **<0.01, ***<0.001 and NS not significant. N=5-6 males, 

5 fields per animal 
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I then created a second cohort in order to replicate the results of the first cohort and further 

study how lack of mGcm2 in microglia impairs the metabolism. To assess their body 

composition, I performed a quantitative Nuclear Magnetic Resonance (qNMR) test, which 

calculates the fat and lean muscle percentage for each animal (J. G. Jones, Garcia, Barosa, 

Delgado, & Diogo, 2009). Chronic disturbances of energy balance constitute a major cause of 

lifestyle diseases, and therefore it is of great interest to measure energy balance during 

intervention studies either as a confounder or as the target parameter. Because the accurate 

assessment of energy intake and total energy expenditure over longer periods is impractical 

and expensive, accurate measurement of changes in body composition assuming constants for 

energy equivalents of fat and lean masses is an attractive alternative (Bosy-Westphal & Muller, 

2015). The lean mass is calculated by subtracting body fat weight from total body weight, and 

the free bodily fluids (FBF) is the remaining percentage.  Furthermore, the animals were put in 

metabolic cages, monitoring for 24 hours to evaluate their activity, food/water intake and 

metabolic processes (n=10 males per genotype). Females were excluded from the metabolic 

experiments because they are more variable than males and they must be tested across the 

estrous cycle or have a synchronised cycle. During the COVID-19 pandemic, we had to reduce 

the number of experiments, which led me to restrict the analysis to males. 

The results confirmed that cko animals show increased weight compared to the control, which 

was starting to show at 25 weeks (Figure 25A). qNMR analysis performed at 25 weeks, 

provided quantitative measurement of their body composition in regards of fat tissue (Figure 

25B), lean mass (Figure 25C), FBF (Figure 25D) and their percentages that derived from the 

sum of the lean, fat and FBF (Figure 25E, F, G respectively). The results show a tendency for 

increased fat tissue, from 8.5gr (23%) in the control to 10 gr (26.6%) in the cko animals. 

However, the difference is not significant (Figure 25H). The animals from both groups have a 

similar composition regarding their lean mass, 24.7gr (69%) for the control and 24.6gr (65.5%) 
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in cko mice. Similarly, no difference was detected for the FBF, 2gr (5.5%) for the control and 

2.1 gr (5.7%) for the cko mice. These results together suggest that, even though the cko animals 

have increased weight, there is no difference in the body composition at 25 weeks. It also raises 

new questions as to whether the differences that result in increased body weight (Figure 24A 

and 25A) are the consequence of an inflammatory condition in the hypothalamic region of the 

CNS since the only variable is lack of mGcm2 in microglia.  
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Figure 25. mGcm2 cko animals have increased weight compared to the controls but show no differences in their 

body composition. (A) Weekly measurements of the animals, n=10 males per genotype. qNMR results for their 

(B) fat tissue (C) lean tissue and (D) free bodily fluisds (FBF). I fat tissue percentage, (F) lean tissue percentage, 

(G) FBF percentage. (H) Table with the p-values from the qNMR test. p-value: *<0.05, **<0.01, ***<0.001 and 

NS not significant. N=10 males per genotype 
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Finally, I evaluated the oxygen consumption, the respiratory exchange ratio (RER), the heat 

production, the activity and the food/water intake at 25 weeks. The RER represents the ratio 

between the amount of carbon dioxide (CO2) produced in metabolism and oxygen (O2) used. 

The ratio is determined by comparing exhaled gases to room air. Measuring this ratio can be 

used for estimating the respiratory quotient (RQ), an indicator of which fuel (e.g. carbohydrate 

or fat) is being metabolized to supply the body with energy (Farinatti, Castinheiras Neto, & 

Amorim, 2016). Consequently, these values suggest whether the body is fuelled by fat or not 

and thus whether there is a difference in the metabolic processes. These data were given from 

the TSE metabolic cages. The 10 male mice per genotype spent 12 hours in the cages to adjust 

to the new environment and then recordings for the above values were observed for 24 hours.  

The results revealed no difference in oxygen consumption nor RER (Figure 26A-F). More 

specifically, the oxygen consumption value is 89 ml/h/animal during the day and 99 

ml/h/animal during the night for the control (Figure 26A-C). For the cko, the oxygen 

consumption value is 86 ml/h/animal during the day and 99 ml/h/animal during the night. 

Concerning the RER, control mice show a ratio of 0.98 during the day and 1.02 during night 

(Figure 26D-F). Similarly, the cko mice have an RER ratio of 0.99 during the day and 1.03 

during the night. Furthermore, the cages offer the opportunity to measure the heat production, 

which is a way to measure energy expenditure of the animals, The results showed no difference 

between the two genotypes (Figure 26G-I). More specifically, control mice had 0.45 

Kcal/h/animal heat production during the day and 0.5 Kcal/h/animal during the night. Likewise, 

cko animals had a heat production of 0.43 Kcal/h/animal during the day and 0.5 Kcal/h/animal 

during the night. 
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Figure 26. Calorimetry results from the TSE metabolic cages. (A) Average oxygen consumption per hour for 24 

hours (B) Average oxygen consumption during the day (C) Average oxygen consumption during the night (D) 

Average RER per hour for 24 hours I Average RER during the day (F) Average RER during the night (G) Average 

heat production per hour for 24 hours (H) Average heat production during the day (I) Average heat production 

during the night (J) Table with the p-values from the qNMR test. P-value: *<0.05, **<0.01, ***<0.001 and NS 

not significant. N=10 males per genotype 
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Finally, the metabolic cages evaluated the activity and the consumption of food and water, 

which represent the energy intake. Activity measurements, which represents the energy 

expenditure, was recorded via sensor frames and a passive wheel. The sensors frames were 

configured to measure locomotor activity in the x, y, and z plane. The software documented 

the number of beam interruptions caused by the animal’s movement. The total number of beam 

breaks recorded was a sum of the ambulatory and fine movements. A passive wheel allowed 

measurement of spontaneous activity by the animal. Drinking and feeding behaviour for each 

animal in each cage were recorded via the sensors attached to the drinking and feeding stations.  

The results revealed a tendency of the cko animals of increased food intake (Figure 27A-C) 

and a significant decrease in water consumption during the day (Figure 27D-F) compared to 

the controls. More specifically, control mice ate 1.62 gr of food during the day and 2.97 gr 

during the night (4.59 gr of total consumption). The cko animal ate 1.7gr of food during the 

day and 3.32gr during the night (5.02 gr of total consumption).  Concerning water consumption, 

control animals drunk 1.76 ml of water during the day and 1.68 ml during night (total of 3.44 

ml of water). The cko animals consumed 1.44 ml of water during the day and 1.31 ml during 

the night (total of 2.74 ml of water). Finally, the cko animals showed a statistically significant 

decreased ambulatory movement (Figure 27G-I), especially on the X-axis (XTOT). The 

control animals did 7760 beam counts during the day and 14540 beam counts during the night. 

The cko animals did 5684 counts during the day and 13516 counts during the night.  

All the data together show that the cko animals do not show dramatic differences compared to 

the control animals. Thus, indicating that the energy intake and expenditure of the cko mice is 

not affected by the deletion of the mGcm2 in microglia under standard diet. However, all those 

tendencies suggest that a stimulation, such as a high fat diet, could increase the difference in 

body fat and food consumption. 
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Figure 27. Movement and food/water intake results from the TSE metabolic cages. (A) Average food intake per 

hour for 24 hours (B) Average food intake during the day (C) Average food intake during the night (D) Average 

water intake per hour for 24 hours I Average water intake during the day (F) Average water intake during the 

night (G) Average ambulatory activity per hour for 24 hours (H) Average ambulatory activity on the X-axis during 

the day (I) Average ambulatory activity on the X-axis during the night (J) Table with the p-values from the qNMR 

test. P-value: *<0.05, **<0.01, ***<0.001 and NS not significant. 
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Neonatal and young adults mGcm2 cko mice have increased number of microglia  
 

Primitive haematopoiesis occurs from E7.0 to E9.5 in the yolk sac, giving rise to primitive 

macrophages and erythrocytes, including a subset of erythromyeloid progenitors (EMPs) 

(Bertrand et al., 2005; Ginhoux et al., 2010). From E10.5, EMPs migrate from the yolk sac into 

the CNS where they differentiate into microglia. During the postnatal period, the number of 

microglia increase 2.2-fold, peaking at postnatal day 14 (P14) (Nikodemova et al., 2015). By 

6 weeks of age, the microglia number decreases and reaches the density that is maintained 

throughout adulthood (10-15% of the cells in the CNS) (Askew et al., 2017; Nikodemova et 

al., 2015). During neuroinflammation, activated microglia migrate to the area of the 

inflammation and proliferate (Tay et al., 2017). 

To analyse the effect of mGcm2 on the microglia population, the number of microglia was 

quantified in different parts of the CNS in neonates P1, P14 and adults from 6 and 24 month 

old cko and control mice (n=4 males per genotype and age) (collaboration with Dr. Katrin 

Kierdorf, University of Freiburg for labelling and quantification). Control and cko mice have 

the same microglia number at P1, 14 cells per mm2 for the control and 16 cells for the cko. By 

P14, cko mice have a higher number of microglia (182 cells per mm2) than controls (147 cells 

per mm2) (Figure 28). This increase is also detected in 6 month old animals, in specific areas 

of the brain: the thalamus and the cerebellum, associated with sensory signals and movement, 

respectively (Figure 29). More specifically, control mice have 12 cells per mm2, while cko 

mice have 21 cells in the cerebellum. In the thalamus control mice have 24 cells per mm2 and 

cko mice have 32 cells per mm2. Finally, 24 month old cko animals do not show any difference 

in the number of microglia.  
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Figure 28. Images showing Iba-1(brown) labelling of microglia at different ages in the cortex area.  
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Figure 29. Quantification of microglia at different stages (P1, P14, 6 and 24 month old animals).  N=4 males per 

group. p-value: *<0.05, **<0.01 and ***<0.001 

 

 Microglia of mGcm2 cko mice have an activated morphology under basal conditions 
Previous data show mGcm2 expression in microglia at 12 and 24 months. To explore further 

the role of mGcm2 in microglia in vivo I characterised the microglia morphology which is 

highly linked with their activated state (Heindl et al., 2018). Resting microglia have long 

ramifications while activated microglia have shorter ramifications. Sections of brains from 

different age groups of adult mice were labelled with Iba-1 (Figure 30A-F). Then the microglia 

morphology was evaluated with the filament tracing by Imaris software a powerful tool that 

has been extensively used for microglia morphology studies (Althammer et al., 2020; Cengiz 

et al., 2019). My criteria for the morphological analysis included the number of ramifications 

and the coverage area of the cell which is the area where microglia extend their ramifications.  
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Figure 30. Immunolabelling with microglia anti-Iba-1 (red) at 2 (A,D) 12 (B,E) and 24 months (C,F). The first 

row is from double heterozygous animals (A-B), the second row is for cko animals (D-F). Analysis of microglia 

morphology at 2, 12 and 24 month old animals between the different genotypes. (G) Number of Ramifications 

results coming from image analysis with Imaris. At 2 and 12 months there is no difference in the ramification 

number of microglia. At 24 months, cko mice show significant decrease in the ramifications compared to the 

control mice. ANOVA p-value 3.2366E-09, p-value at 24 months 0.006 (H) Coverage area (μm2) results from 

image analysis with Imaris. At 2 and 12 months, there is no difference in the coverage area of microglia, however, 

at 24 months, cko mice show a significant decrease of coverage area compared to the control mice, ANOVA p-

value 7.83E-11, p-value at 24 months 0.009. p-value: *<0.05, **<0.01 and ***<0.001 N=5-13, scale bar 50um 
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The results show that microglia morphology changes through the life span (Figure 30G, H). 

More specifically, the number of ramifications significantly decreases over time in both 

genotypes (Figure 31A, B). In control animals, the number of ramifications decreases from 87 

per cell in 2 month old animals, to 50 and 26 ramifications per cell in 12 and 24 month old 

mice, respectively. Similarly, in cko animals the number of microglia ramifications decreases 

from 114 at 2 months, to 52 and 10 ramifications per cell at 12 and 24 months. Comparison of 

the different genotypes at the same time point reveals that there is a statistically significant 

decrease in ramifications in microglia in the cko compared to the control animals (Figure 31A).  

The same trend is also visible for the coverage area (Figure 31C, D). More specifically, the 

coverage area of the cells significantly decreases over time in both genotypes. Coverage area 

in control animals decreases from 11290 μm2 per cell in 2 month old animals, to 7067 and 4656 

μm2 per cell at 12 and 24 month old mice, respectively. Similarly, the microglia coverage area 

of cko animals decreases from 12979 μm2 at 2 months to 7331 and 1979 μm2 per cell at 12 and 

24 months respectively. Comparison of the different genotypes at the same time point reveals 

a statistically significant decrease in the coverage area of microglia in the cko compared to the 

control animals (Figure 30B). These results for the first time reveal that lack of mGcm2 has 

an impact on their morphology. Cko microglia, at 24 months, have less ramifications and 

coverage area that shows a more pro-inflammatory morphology compared to the control. 
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Figure 31. Analysis of microglia morphology in 2, 12 and 24 month old animals between the different age groups 

of the same genotype. (A) Number of terminal filament point (Ramifications) results of double heterozygous 

animals (control) coming from image analysis with Imaris. There is a significant decrease of ramification number 

between the different age groups, p-value between 2 and 12 months 0.002, between 12 and 24 months 0.0003 and 

between 2 and 24 months 0.004 (B) Number of terminal filament point (Ramifications) results of cko animals 

coming from image analysis with Imaris. There is a significant decrease of ramification number between the 

different age groups, p-value between 2 and 12 months 0.003, between 12 and 24 months 1.77E-06 and between 

2 and 24 7.18637E-05 (C) Coverage area (μm2) results in double heterozygous animals (control) from image 

analysis with Imaris. There is a significant decrease of ramification number between the different age groups, p-

value between 2 and 12 months 0.0007, between 12 and 24 months 0.007 and between 2 and 24 0.001  (D) 

Coverage area (μm2) results in cko animals from image analysis with Imaris. There is a significant decrease of 

ramification number between the different age groups, p-value between 2 and 12 months 0.002, between 12 and 

24 months 1.11E-05 and between 2 and 24 0.0001, p-value: *<0.05, **<0.01 and ***<0.001 N=5-13 
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mGcm2 cko animals have a pro-inflammatory profile 
 

The data above suggest a pro-inflammatory phenotype in the old cko animals. To further 

support these data, I labelled 2, 12 and 24 month old animals with pro- and anti-inflammatory 

markers. Microglia/macrophage activation states are classified as pro-inflammatory (or M1) 

state or anti-inflammatory (or M2) state. I chose the marker iNOS for the M1 and Arginase-1 

(Arg-1) for the M2 state which have already been used to characterise the state of microglia in 

vivo (Lisi et al., 2017). Both markers were quantified in microglia co-labelled with Iba1.  

First, I evaluated the expression of the M1, pro-inflammatory marker, iNOS. Labelling from 

different age groups shows that iNOS is present mostly in 12 and 24 month old animals (Figure 

32). The expression is increased in both groups as they age. Next, I quantified the iNOS positive 

microglia via Fiji software (Figure 32 A-F). 2 month old control animals have less than 1% 

iNOS positive microglia (Figure 32G). By 12 months, the percentage of iNOS positive 

microglia increases (17%) and remains stable by 24 months (14%). Similarly, cko animals 

initially have a very low number of iNOS positive microglia (0.6%), which progressively 

increases up to 16% and 26% by 12 and 24 months, respectively (Figure 32H). Finally, I 

compared the two different genotypes of the same age group. The results revealed that 2 and 

12 months old animals show no difference. In contrast, by 24 months the cko animals have a 

statistically significant increased number of iNOS positive microglia compared to the control 

animals (Figure 32I). Thus, these data confirm that the pro-inflammatory morphology is 

accompanied by increased expression of pro-inflammatory markers such as iNOS. 
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Figure 32. Immunolabelling of the CNS with the pro-inflammatory   marker iNOS (green). The upper panel (A-

C) shows control animals (double heterozygous) and the lower panel (D-E) shows cko animals. The first row 

shows 2 month old CNS, the second 12month old CNS and the third 24 month old CNS. Microglia cells are 

labelled with Iba-1 (red). Quantification of iNOS positive microglia at 2, 12 and 24 month old animals. (G) iNOs 

positive microglia of double heterozygous animals coming from image analysis with Imaris. , p-value between 2 

and 12 months 0.0005 and between 2 and 24 0.00007 (H) iNOs positive microglia of cko animals coming from 

image analysis with Imaris. , p-value between 2 and 12 months 0.001 and between 2 and 24 0.00001 (I) 

Comparison of iNOs positive microglia between different genotypes at the same age group. , ANOVA p-value 

1.80826E-06, p-value between cko and double heterozygous animals at 24 months 0.04. p-value: *<0.05, **<0.01 

and ***<0.001 N=5-13, scale bar 50um 
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My next goal was to evaluate the expression of Arg-1 in the different age groups and genotypes. 

Since the morphology and the high number of iNOS positive microglia show a pro-

inflammatory profile, Arg-1 should be decreased in cko animals compared to the controls.  For 

this I labelled brain sections with Iba-1 and Arg-1 (Figure 33A-F). Arg-1 labelling decreases 

over time in both genotypes. Comparison between controls of the same group shows that 2 

month old animals have a higher number of Arg-1 positive microglia compared to 12 and 24 

month old animals, from 85% to 43% and 34 %, for each age group respectively (Figure 32G). 

Likewise, cko animals show a significant decrease in the number of Arg-1 positive microglia, 

from 2 (74%) to 12 month old animals (47%) (Figure 32H). Importantly, the percentage of 

Arg-1 expressing microglia further decreases from 12 to 24 months, resulting in a statistically 

significant decline (from 47% to 15%). Although there is a tendency of decreased Arg-1 

microglia at 24 month old cko animals compared to the control, comparison of the Arg-1 

positive microglia between the two genotypes of the same age group show no difference 

between the two groups (Figure 32I).  These data confirm my initial hypothesis that Arg-1 

would be impacted from the loss of mGcm2.  

In conclusion, all the data from both the morphology and the expression of inflammatory 

markers show for the first time that mGcm2 has an anti-inflammatory role in microglia. 

Microglia of cko animals at 24 months show less ramification and coverage area. Furthermore, 

they show a statistically significant increase of the pro-inflammatory marker iNOS. At the same 

time, these animals show a significant decrease of the anti-inflammatory marker Arg-1 when I 

compared the 12 and the 24 month old cko animals, while the controls showed a stable level 

of Arg-1. This anti-inflammatory role is in agreement with the other species were the Gcm 

cascade is important during immune challenges (Drosophila, sea urchin).  
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Figure 33. Immunolabelling of the CNS with the anti-inflammatory marker Arginase 1 (green). The upper panel 

(A-C) shows control animals (double heterozygous) and the lower panel (D-E) shows cko animals. The first row 

shows 2 month old CNS, the second 12 month old CNS and the third 24 month old CNS. Microglia cells are 

labelled with Iba-1 (red). Quantification of Arg-1 positive microglia at 2, 12 and 24month old animals. (G) Arg-

1 positive microglia of double heterozygous animals coming from image analysis with Imaris., p-value between 

2 and 12 months 0.002 and between 2 and 24 months 0.003 (H) Arg-1 positive microglia of cko animals coming 

from image analysis with Imaris. p-value between 2 and 12 months 0.04 and between 2 and 24 months 0.00009 

and between 12 and 24 months 0.01 (I) Comparison of Arg-1 positive microglia between different genotypes at 

the same age group. ANOVA p-value 1.4949E-05. p-value: *<0.05, **<0.01 and ***<0.001, N=5-13, scale bar 

50um 
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Discussion 
 

mGmc2 profiling in mouse tissues revealed its presence in microglia of the CNS of aged 

animals. In this chapter I characterised the phenotype of microglia from mGcm2 cko animals. 

The results showed that cko animals have a pro-inflammatory phenotype. This is manifested 

with increased weight and higher number of microglia cells in young adults. Furthermore, aged 

microglia at 24 months have a pro-inflammatory morphology with less ramifications and 

coverage area. Finally, I showed that cko animals present a higher expression of the pro-

inflammatory marker iNOS and decreased expression of the anti-inflammatory marker Arg-1.  

mGcm2 cko animals show an increased weight compared to the controls 
Obesity is one of the most common chronic inflammatory diseases as increased weight is linked 

with observations of altered levels of cytokines (Cox, Moscovis, Blackwell, & Scott, 2014; de 

Heredia, Gomez-Martinez, & Marcos, 2012; Krela-Kazmierczak et al., 2021).  Even though 

many studies have focused on the inflammatory state of the adipose tissue, new studies 

demonstrated that the CNS plays a pivotal role in the maintenance and regulation of the 

metabolism.  

The CNS senses and controls the energy status of the organism (Myers & Olson, 2012), and 

the hypothalamus in particular has emerged as an integrating, superordinate master regulator 

of whole-body energy homeostasis. As an early event in obesity development and even within 

a few days of ingesting a HFD, an increased amount of saturated fatty acids from the periphery 

crosses the BBB and induces an inflammatory response in hypothalamic neurons (L. Thaler et 

al., 2012). This involves activation of microglia thus, promoting endoplasmic reticulum (ER) 

stress in hypothalamic neurons. ER stress ultimately leads to insulin resistance (Kleinridders 

et al., 2009; Pimentel, Ganeshan, & Carvalheira, 2014). In two rodent models where obesity 

was induced by the consumption of a HFD, hypothalamic inflammation occurred within 1-3 

days of the HFD start, before changes in body weight ensued (J. P. Thaler et al., 2012). This 
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could suggest that inflammation in the hypothalamus is sufficient to initiate weight gain and/or 

hyperphagia.  Furthermore, within the first week of HFD there was evidence of microglia 

activation.  

My findings show that lack of mGcm2 in microglia leads to increased weight, and a tendency 

for hyperphagia and higher fat content. However, the metabolic cages did not reveal any 

significant changes in energy expenditure. This phenotype could be linked with the role of 

microglia in the hypothalamus, which can trigger hyperphagia and result in increased weight 

that was observed in the cko animals. In order to confirm this hypothesis, it would be extremely 

interesting to study the hypothalamic region of cko mice that are under HFD in order to increase 

any phenotypes. If my hypothesis is correct, then the triggering of the diet will increase the 

expression of mGcm2 in the controls that acts as an anti-inflammatory mediator. Furthermore, 

HFD in cko animals should show increased weight accompanied by higher fat percentage and 

food consumption compared to the control animals. 

 mGcm2 cko animals have increased microglia populations 
The microglia population in the adult brain is highly heterogeneous, accounting for between 

5% and 12% of the total population of glial cells in the healthy murine CNS (Lawson et al., 

1990). My results showed that cko animals have a significantly increased number of microglia 

at P14 and young adults compared to the control. These results indicate that there is an 

increased expanse in the population during the first two weeks of the animal’s life. 

Furthermore, the increased numbers during the young adult stages could indicate that either 

more cells remained after the postnatal expansion or that the cko microglia have a higher self-

renewal capacity.  

Although microglia cells have critical roles in the maintenance of brain homeostasis, the impact 

of altering the population in the absence of pathology is not well understood. Given the diverse 

array of microglia functions in the healthy and diseased CNS, changes to population dynamics 
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may be implicated in the development of neurological and neurodegenerative conditions. Few 

studies have reported the impact of increased microglia numbers in the non-diseased CNS. For 

example, overexpression of CSF1 promotes microglia proliferation and thus results in a 2-fold 

increase in cell numbers in the parenchyma (De et al., 2014). To further explore changes in 

microglia proliferation, it would be interesting to study the expression of genes related to the 

CSF1R-driven proliferative response (Gomez-Nicola, Fransen, Suzzi, & Perry, 2013). These 

genes include the PU.1 and IRF8 (Askew et al., 2017). This simple labelling will give more 

information about the role of mGcm2 during microglia proliferation. 

 

mGcm2 cko animals show a more pro-inflammatory   profile in the aged brain compared 

to the controls 
Aging results in gradual loss of normal function. Changes at the cellular level are believed to 

contribute to this process (Lopez-Otin, Blasco, Partridge, Serrano, & Kroemer, 2013). 

Understanding how the molecular processes in neurons and glia cells change as we age and 

how the interactions of these cells are affected by such changes could lead to new 

breakthroughs in therapeutic targets of age-related neurodegenerative diseases. My data 

suggest that during aging cko animals show significant pro-inflammatory changes compared 

to the control animals. These data suggest that mGcm2 acts as a regulator of the activation state 

in microglia. Loss of its expression leads to an uncontrolled stimulation and thus a higher pro-

inflammatory profile even under basal conditions. Future studies should focus on additional 

markers for the two inflammatory states that are specific to microglia, such as MHC II. 

Microglia exhibit an exaggerated pro-inflammatory response during aging, a phenomenon 

referred to as microglia priming (Michell-Robinson et al., 2015; J. R. Perry et al., 2014). 

Morphologically, aged microglia have enlarged processes, cytoplasmic hypertrophy, and a less 

ramified appearance (Damani et al., 2011; Tremblay, Zettel, Ison, Allen, & Majewska, 2012). 
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They also express higher levels of activation markers  such as MHC II (Conde & Streit, 2006). 

All these changes lead to impaired remyelination and are associated with decreased M2 

microglia (Miron et al., 2013). On the other hand, rejuvenation of remyelination in aged mice 

correlates with increased M2 microglia. These data suggest that targeting anti-inflammatory 

(M2) regulators of microglia, such as mGcm2, could potentially lead to new therapeutic targets 

not only for aging but also other neuroinflammatory diseases. With my study I proved that 

mGcm2 could be one of those anti-inflammatory targets, although more studies are important 

to further dissect the mGcm2 cascade in microglia. 
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Chapter III 

 

Functional characterisation of mGcm2 in vitro 
My data showed that mGcm2 is expressed in microglia of aged animals and the lack of mGcm2 

leads to an increased inflammatory state in microglia. My next goal was to evaluate the main 

functions of microglia, phagocytosis and migration. Since the use of animals was not feasible 

due to the pandemic, I used in vitro CNS cultures which also show mGcm2 expression in 

microglia. The phagocytosis assay showed that exposure to latex beads leads to the inhibition 

of mGcm2 in microglia after 20 min of exposition. The levels of mGcm2 are restored by 120 

min. For further validation of the mGcm2 role on phagocytosis I used the cko animals for CNS 

cultures and repeated the experiment. However, cko cultures do not show any difference 

concerning their phagocytic capacity compared to the control, thus concluding that mGcm2 

expression is indeed affected by the bead exposure but it does not regulate phagocytosis. 

Finally, I performed scratch wound migration assays with cko and control cultures. The results 

did not show any differences in the migratory capacity of the cko cultures. Thus, results did 

not reveal any direct functional role during the phagocytosis nor the migration of microglia in 

vitro. 

 

Introduction  
Microglia are highly active cells that constantly survey their environment. During this process 

microglia are highly dependent on phagocytosis and migration. Phagocytosis is one of their 

main tasks as they continuously scan the environment for pathogens and damage associated 

cues (Paolicelli et al., 2011). Furthermore, microglia also regulate apoptosis, synaptogenesis, 

synapse survival and neuronal maturation though phagocytosis during development (Reemst, 

Noctor, Lucassen, & Hol, 2016). Apart from phagocytosis, microglia rely on their migratory 

capacity during development, homeostasis as well as an immune response (Davalos et al., 
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2005). Furthermore, in Drosophila migration of glia cells involves the expression of Gcm 

(Gupta et al., 2016).  More specifically, Gcm induces the expression of the netrin receptor 

Frazzled in a dose-dependent manner. Then, Frazzled triggers the initiation of glia migration 

in the developing fly wing, thus proving critical data on the glial determinant that also regulates 

the efficiency of collective migration. 

The in vivo assays show that mGcm2 is expressed very early in embryogenesis and later in 

microglia cells of aged animals. Moreover, I proved that old mGcm2 cko animals (24 months) 

show increased expression of the pro-inflammatory marker iNOS and decreased expression of 

the anti-inflammatory marker Arg-1. Even though those results were extremely interesting I 

wanted to further evaluate the mGcm2 expression in microglia and see if Gcm has multiple 

roles such as the initiation of migration in Drosophila.  

Due to the complexity of in vivo evaluation of phagocytosis and migration, I choose to work 

on the CNS cultures in vitro. Furthermore, previous data already show that mGcm2 is 

expressed in microglia cells in vitro, while the in vivo models required at least one year old 

animals because this is when the mGcm2 protein is present. Moreover, most information 

available on microglia phagocytosis and migration originates from in vitro studies using 

primary rodent microglia thus giving me established protocols to work with (Milner, 2009; 

Milner & Campbell, 2002, 2003; Welser-Alves, Boroujerdi, Tigges, & Milner, 2011).  
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Results 
 

mGcm2 is decreased upon bead exposure but it does not control their phagocytosis 

In order to evaluate the impact of mGcm2 in microglia cultures I used P1 primary cultures. 

First, I evaluated the mGcm2 expression upon phagocytosis in WT (C57BL/6) cultures. For 

the assay, I used fluorescent latex beads (Lian, Roy, & Zheng, 2016; X. Liu, Xu, & Zhang, 

2013; Lucin et al., 2013). I exposed the cultures to the beads for different times (0, 20, 120 

min) (Figure 34A-C) and measured the intensity of the fluorescence inside the cells (Figure 

34D). The results revealed that, as time progresses only microglia phagocytose more and more 

beads. Interestingly, round microglia phagocytose most of the beads, while ramified and 

amoeboid microglia phagocytose much less. These findings agree with similar phagocytosis 

assays of microglia since round microglia are considered as active in vitro, thus they can 

phagocytose quicker than the resting microglia (He et al., 2016). Finally, I semi-quantified the 

mGcm2 expression by measuring the antibody intensity inside the cells at different time points 

(0, 20, 120 min of bead exposure). The results show that mGcm2 expression statistically 

decreases in the first 20 min of bead exposure, from 5700000 to 4200000 units (Figure 34E). 

Then the mGcm2 expression returns to the basal levels after 120 min of exposure (7500000 

units). These results show that mGcm2 is influenced by the bead exposure and its expression 

is decreased. In order to see whether mGcm2 actively participates in phagocytosis I repeated 

the assay with cko cultures. 
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Figure 34. Expression of mGcm2 in wild type microglia of P1 cultures upon bead exposure for 20 and 120 min 

(A-C). CD45 in red indicate microglia, mGcm2 in grey, beads are green and Dapi in blue indicates the nuclei. (D) 

Bead fluorescence in microglia and (E) mGcm2 protein expression measured by the fluorescence of the secondary 

antibody. ANOVA p-value 0.042, p-value between 0 and 20 min 0.005, between 20 and 120 0.007. p-value: 

*<0.05, **<0.01 and ***<0.001 N=18, scale bar 50um 

  

Microglia cells from both genotypes phagocytose beads, and the fluorescence of the beads 

inside the cells increases over time, thus even the cko has phagocytic activity (Figure 35A-F). 

In order to detect differences in the phagocytic capacity of the cells, I quantified the 

fluorescence of the beads inside microglia (Figure 35G). This provided an indirect way to 

measure the quantity of the beads in the cells, as more beads means higher intensity. The results 

did not show any difference between the two genotypes. Consequently, mGcm2 does not 
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actively participates during phagocytosis but its expression is influenced by an external 

stimulation. 

 

Figure 35. Phagocytosis assay in double heterozygous and cko microglia of P1 cultures upon bead exposure for 

20 and 120 min (A-F). CD45 in red indicate microglia, beads are green and Dapi in blue indicate the nuclei. (G) 

Beads fluorescence in microglia. p-value: *<0.05, **<0.01 and ***<0.001 ns=not significant N=6 per genotype 

more than a 100 cells per sample, scale bar 50um 
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mGcm2 is not implicated in the migration of microglia in vitro 

Next, I performed a migratory assay. This assay was inspired by the fact that Gcm is 

participating in glia migration of flies, thus I wanted to study if this mechanism is evolutionary 

conserved.  For this, I used the screening facility of IGBMC that has a well-established protocol 

for automated scratch wound and live tracking of the cells (Liang, Park, & Guan, 2007; Lively 

& Schlichter, 2013; Pinheiro, Linden, & Mariante, 2015). After the scratch was done, pictures 

from different time points were collected for up to 24 hours (Figure 36). I then counted the 

number of cells in the scratch area. My results show no difference in the number of cells 

migrating into the scratch wound area between the two groups. More specifically, for the 

control cultures, there is an average of 47 cells migrating to the area after 24 hours, and for the 

cko, approximately 53 cells migrate into the area.  
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Figure 36. 

Migration assay in 

double 

heterozygous and 

cko microglia of 

P1 cultures for 

24hours (A-D). 

Hoercst in grey 

indicates the 

nuclei. (E) 

Migating cells in 

the scratch area. 

p-value: *<0.05, 

**<0.01 and 

***<0.001 ns=not 

significant N=3 

per genotype 

Finally, in order to investigate whether the cells that migrate into the scratch were microglia I 

performed the migration assay and then label with CD45 and mGcm2 to see whether the 

migrating cells express the protein. At t=0 there are cells expressing mGcm2 (Figure 37A). 

Furthermore, most of the cells migrating to the scratch area are microglia since they are CD45 

positive (Figure 37) but do not express mGcm2. These data indicate that mGcm2 does not 

participate in the migration of microglia in vitro.  
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Figure 37. Confocal 

images acqured upon 

migration assay in 

wild type microglia of 

P1 cultures for up to 

24 hours (A-C). CD45 

in red indicates 

microglia (A’-C’), 

mGcm2 is in grey 

(A’’-C’’), and Dapi 

indicates the nuclei 

(A’’’-C’’’). 

 

Discussion 
 

I characterised the mGcm2 expression profile during phagocytosis and migration and found 

that mGcm2 expression decreases during the first 20 min upon bead exposure and then it 

returns to basal levels. Similarly, phagocytosis of apoptotic neurons by microglia was 

associated with enhanced pro-inflammatory and dampened anti-inflammatory profile in 

microglia (Siddiqui, Lively, & Schlichter, 2016).  However, the phagocytosis assay in cko 
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cultures did not reveal any difference compared to the controls. Consequently, mGcm2 does 

not directly control phagocytosis of latex beads. Nevertheless, exposure to the beads influences 

microglia thus suggesting that mGcm2 expression is linked to the presence of foreign bodies.  

So, it would be interesting to evaluate the phagocytic capacity of microglia with other 

molecules that exist in vivo, such as myelin particles. Maybe a more specific stimulation can 

highlight variations in the cko model. 

Finally, I performed a migration assay to evaluate the migratory capacity of the cko microglia. 

As mentioned above migration is a pivotal function of microglia and gcm has been shown to 

promote the migration of glia cells in Drosophila (Gupta et al., 2016). However, the results 

showed no difference in the migration of the cko microglia compared to the control animals. 

Thus, mGcm2 does not control migration of microglia cells in this experimental set up. 

These experiments show that mGcm2 does not have a direct connection with phagocytosis nor 

migration in vitro. However, in vitro approaches are not ideal as they lack the complexity of in 

vivo experiments. One major challenge is that in vitro cultures do not reflect the effect of aging 

which is where I found the most striking phenotype (Timmerman, Burm, & Bajramovic, 2018).  

However, aged microglia are very close to other immune challenges in vivo, thus I am currently 

collaborating with Dr B. Nait-Oumesmar from the ICM in Paris who is interested in acute 

neuroinflammatory conditions and has previously worked on the Gcm factors. Together, we 

are going to use cko lines to introduce acute and chronic demyelinating diseases and then study 

the effect of mGcm2 in those animals. Our experiments already gave the first preliminary data 

confirming the anti-inflammatory role of mGcm2 in LPC acute lesions in the spinal cord. The 

next aim is to use the cko lines to study the effect of mGcm2 in chronic demyelinating disease 

models such as the EAE, which is the equivalent of MS. These experiments will help us 

understand better the role of the mGcm2 immune cascade in microglia. 
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Chapter IV 
 

Study of Gcm expression during neuroinflammation in Drosophila melanogaster 
 

During my PhD, I have studied the role of mGcm2 in microglia. The results proved that this 

transcription factor has an anti-inflammatory role. In the last year of my PhD, I explored the 

possible evolutionary conserved role of Gcm in neuroinflammatory conditions in Drosophila. 

Firstly, I evaluated whether there is Gcm expression in glia of the aged brain of the fly. In 

homeostatic conditions Gcm is expressed only in specific neurons of the adult fly CNS in two 

clusters (dorsolateral and medial) per central brain hemisphere (Soustelle & Giangrande, 2007). 

Next, I characterised whether Gcm is present in the brain of flies with Parkinson’s like 

syndrome using two different models: expression of α-Syn and exposure to neurotoxic paraquat 

(PQ). The α-Syn expression model revealed some Gcm positive cells, which seem to express 

hemocyte markers. In parallel, the PQ model suggested that hemocytes enter in the fly CNS 

after exposure. Next steps should aim to determine whether under PQ treatment Gcm is 

expressed in hemocytes. Establishing that Gcm is also expressed during a CNS related 

challenge in Drosophila as it is in mammals, could lead to new potential targets of Gcm that 

could be easily characterised in the fly model. 
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Introduction 
The fly CNS is isolated from the rest of the body and is protected from the potassium-rich 

hemolymph by the BBB, warranting optimal neuronal function (Featherstone, 2011; Hindle & 

Bainton, 2014; Limmer, Weiler, Volkenhoff, Babatz, & Klambt, 2014). The mechanisms of 

neural development are conserved from flies to mammals and neurodegeneration and human 

neurodegenerative diseases can be effectively modelled in the fly (Lessing & Bonini, 2009). 

Studies on fly models of axonal injury suggested the use of Drosophila as an attractive model 

to investigate innate immunity within the CNS (Doherty, Logan, Tasdemir, & Freeman, 2009; 

Kounatidis & Chtarbanova, 2018; MacDonald et al., 2006; Petersen & Wassarman, 2012).  

Studies in flies gave new insights into neurodegenerative diseases such as the PD pathology. 

Epidemiological studies have identified the herbicide, paraquat (PQ), as a potential 

environmental risk factor in the onset of PD (Di Monte, Lavasani, & Manning-Bog, 2002; Liou 

et al., 1997; Uversky, 2004). Exposure of adult flies to low doses of PQ (3–20 mM) results in 

a recapitulation of parkinsonism movement disorders, including tremors, loss of balance and 

slowed locomotion, accompanied by loss of dopaminergic neurons, with regionally specific 

differences in neuron susceptibility (Chaudhuri et al., 2007; Inamdar, Chaudhuri, & O'Donnell, 

2012). More specifically, PQ exposure correlates with glutamate excitotoxicity in the 

Drosophila CNS, thus resembling the loss of dopaminergic neurons during PD (Cassar et al., 

2015; Hajji et al., 2019; Rival et al., 2006). 

Another model of neuroinflammation in Drosophila is the expression of α-synuclein (α-Syn), 

a major component of protein inclusions known as Lewy bodies (LB), which are hallmarks of 

synucleinopathies such as PD. Feany and Bender first developed transgenic Drosophila models 

expressing either wild-type or familial PD-linked mutants (A53T and A30P) of human α-Syn 

(Feany & Bender, 2000). The α-Syn expressing flies replicate several features of human PD, 

including locomotor dysfunction, LB-like inclusion body formation, and age-dependent loss of 
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dopaminergic neurons. They are widely used for studying the molecular pathogenesis of α-

Syn-induced neurodegeneration in not only PD but also synucleinopathies in general. Studies 

of α-Syn in Drosophila helped unravel mechanisms underlying the misfolding and aggregation 

of this protein, including the protective role of molecular chaperones such as HSP70 and 

HSP90, protein degradation and post-translational modifications (Auluck & Bonini, 2002; 

Auluck, Chan, Trojanowski, Lee, & Bonini, 2002; Chen & Feany, 2005; Chen et al., 2009; Du 

et al., 2010; Karpinar et al., 2009; Lee et al., 2009).  

Most of the studies done in flies did not explore the potential role of the innate immune cells 

during neuroinflammation. A recent transcriptomic analysis showed that upon PQ treatment 

there is an upregulation of hemocyte specific genes (Maitra, Scaglione, Chtarbanova, & 

O'Donnell, 2019). These hemocytes markers include hemese (he), hemolectin (hml), two 

nimrod genes, (nimB5 and nimC4), three turandot genes (totA, totM, and totX), and scavenger 

receptor C1 (sr-C1), thus suggesting the involvement of the Drosophila immune response in 

PQ-induced neurodegeneration. These data give new insights into the potential role of 

hemocytes during an inflammatory response in the fly CNS. My main question was whether 

there is Gcm expression in glia or hemocytes during a CNS related immune challenge in flies. 

For my studies I used the two common systems for induced gene expression, Gal4/UAS and 

LexA/LexAop (Figure 38). The Gal4/UAS system is a binary expression system consisting of 

two main components: the yeast Gal4 transcriptional activator expressed in a specific pattern 

and a transgene under the control of a UAS promoter that is largely silent in the absence of 

Gal4 (Brand and Perrimon, 1993). The Gal4/UAS system can be used for cell- or tissue-specific 

genetic mutant rescue, gene overexpression, RNA interference screens and many other 

applications, and has been extensively used for developmental studies in tissues such as the 

CNS, retina and muscle (del Valle Rodriguez, Didiano, & Desplan, 2011). Additionally, the 

Gal4/UAS system is repressible by the Gal80 protein (Lue, Chasman, Buchman, & Kornberg, 
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1987). The Gal80 represses activation of Gal4 by acting specifically through the Gal4 

activation domain (Figure 38A). It can be used to restrict transgene expression both spatially 

and temporally. For temporal control, one can use the temperature sensitive mutant Gal80, 

which is active at 18 °C but does not repress Gal4 at 29 °C or higher temperatures. The utility 

of the Gal4/UAS system spawned the generation of a second independent binary expression 

system for Drosophila, the LexA/LexAop system (Lai & Lee, 2006). The LexA (transcription 

factor) binds to and activates the LexA operator (LexAop, promoter) thus allowing the target 

gene expression (Figure 38C).  

Gcm expression was traced by cell lineage analysis. Cell lineage analysis within tissues has 

contributed significantly to our understanding of the morphogenetic events that occur during 

the development of Drosophila. A vast repertoire of powerful genetic tools has been created 

for and utilized in such developmental analyses (Brand & Perrimon, 1993; Harrison & 

Perrimon, 1993; Kanca, Caussinus, Denes, Percival-Smith, & Affolter, 2014; Pignoni & 

Zipursky, 1997; Struhl & Basler, 1993; Worley, Setiawan, & Hariharan, 2013). One such tool 

is the g-trace system that allows gathering of spatial, temporal and genetic information about 

the origins of individual cells in Drosophila melanogaster (Figure 38D) (Evans et al., 2009).  
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Figure 38. Combined UAS--Gal4 system. (A) The Gal80 protein blocks the Gal4 function at 18 °C and UAS-

dependent gene transcription. (B) At 29 °C the Gal80 is unstable, and the Gal4-dependent transcription can occur. 

(C) The LexA op system allows a second independent binary expression system for Drosophila, (D) g-trace 

system for lineage tracing in Drosophila, Flippase (FLP) Flippase Recognition Target (FRT). 

 

My main question was whether under different CNS related immune responses Gcm was going 

to be expressed in either glia or hemocytes in similar fashion to what was observed in the 

murine microglia. For this reason, I used not only the aging process as I did with mice, but also 

assays that result in PD like syndromes, such as α-Syn expression or PQ treatment.  

 

Results 
 

Gcm is not re-expressed in the aged brain of Drosophila 

In mice mGcm2 is expressed in microglia cells starting by 12 months and the number of 

mGcm2 positive microglia increases overtime. In order to evaluate whether this is a conserved 
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mechanism, I labelled brains of flies at different time points (one, two and three weeks). Due 

to lack of Drosophila anti-Gcm antibodies as well as the short half-life of the protein, I used 

the Gal4/UAS system along with the g-trace. This combination allows to constantly have GFP 

expression in cells that expressed Gcm at any point. Gcm is expressed in primitive hemocytes 

and glia, so the g-trace would label all those cells as well. To overcome this obstacle, I used 

the temperature sensitive Gal80 protein. I crossed gcmGal4,UASmcD8GFP,tubGal80 line with 

a g-trace and the crosses were kept at 18°C until the offspring were transferred to 29°C in order 

to silence the Gal80. 

In homeostatic conditions, Gcm is expressed only in specific neurons of the adult fly CNS 

(Figure 39) in two clusters (dorsolateral and medial) per central brain hemisphere (Soustelle 

et al, 2007). I then labelled Drosophila CNS at different time points and used glia and neuron 

specific markers, Repo and Elav, respectively. The results showed that Gcm is only traced at 

the specific neuronal clusters that were already known. These data suggest that there is no 

expression of Gcm in the adult CNS of the fly under basal conditions.  
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Figure 39. Gcm expression at different time points in the adult CNS of Drosophila. Elav in red indicates the 

neurons, repo in grey indicates the glia, GFP marks the cells that expressed gcm at some point during the adult 

stages. First pane (A,B,C): whole CNS brain at different time points, scale bar (100μm). Lower panels (A’,B’,C’): 

single section of the GFP positive areas, scale bar (10 μm), N=3 
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Gcm is re-expressed in hemocytes upon α-Syn overexpression 

Aging in Drosophila and mammals do not follow the same processes (Sun et al., 2013). I 

thought that an induced neuroinflammation assay could give more information. For this reason, 

I used the same line as before (gcmGal4,UASmcD8GFP,tubGal80/+; g-trace/+), combined 

with the LexA/LexAop system to induce α-Syn in neurons. This allowed me to express the 

LexAop-α-SynA30P, which is the mutant isoform of a-Syn,  in all neurons upon using the nSyb 

LexA transgenic line (Sethi & Wang, 2017). The flies were kept at 18°C from embryos until 

pupae and then moved to 29°C for adult stages. Thus, the CNS were dissected at 10 and 20 

days after enclosure and labelled with Repo and Elav (Figure 40A, b and C). In these 

conditions there are cells that express GFP and that are negative for both neuronal and glia 

markers. My next hypothesis was that these cells may be hemocytes since they are the innate 

immune cells of the fly, thus I labelled with a hemocyte marker (peroxidasin, pxn). The results 

showed that indeed the cells that express the GFP are also Pxn positive (Figure 40D,E and F). 

In contrast, control CNS from flies that do not express α-Syn do not show any GFP expression 

in hemocytes or other cells in the CNS, apart from the known neuronal clusters (Figure 40 A 

and D). These new data show the possible role of hemocytes during a PD like syndrome model 

in flies.  
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Figure 40. Gcm expression at different time points in adult CNS of Drosophila upon α-Syn expression. Repo in 

grey indicates the glia (A’,B’,C’,D’,E’,F’), Elav in red indicates the neurons (A’’,B’’,C’’), GFP marks the cells 

that expressed Gcm at some point during the adult stages (A’’’,B’’’,C’’’, D’’’,E’’’,F’’’). (D’’,E’’,F’’) Pxn in red 

indicates the hemocytes, repo in grey indicates the glia, GFP marks the cells that expressed Gcm at some point 

during the adult stages. Scale bar for full brain 100μm and for magnification 10μm, N=3 
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Hemocytes enter the Drosophila  CNS upon paraquat exposure 

Even though α-Syn expression showed very promising data, the penetration of the assay is not 

100% effective since approximately 50% of the brains had hemocytes associated with the CNS. 

For this reason, I chose to explore stronger assays that could validate the above results. PQ is 

an easy and acute assay that has been extensively used to produce a PD model in Drosophila 

(Maitra et al. 2019). PQ assays have multiple advantages compared to the α-Syn. First of all, I 

did not need to build strains which is time consuming. Furthermore, it takes 10 or 20 days to 

see hemocytes associated with the brain upon α-Syn expression while with PQ this takes less 

time (approximately 24 to 36 hours). 

WT (Oregon R) adult males at 4 days after enclosure were starved for 3 hours, and then exposed 

to 20mM of PQ for 12h. Brains from 12, 24 and 36 hours after exposure were labelled with 

hemocyte markers (P1/Hemese) (Figure 41A). The results showed that there are hemocytes 

associated with the brain after 12 hours of PQ exposure (Figure 41B). By 36 hours, the 

hemocytes have penetrated the BBB and they are inside the brain (Figure 41C). These results 

suggest that the hemocytes participate in the response due to the PQ.  

The next step will be to combine this assay along with the Gcm g-trace in order to see if in 

these conditions the expression of the Gcm transcription factor is induced with the PQ 

treatment. Finally, in contrast to the α-Syn assay, PQ exposure has more homogeneous effects, 

as all the brains at 36 hours have at least a few hemocytes that had penetrated the CNS, thus 

proving the robustness of the PQ assay compares to the α-Syn expression. 
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Figure 41. PQ treatment in Drosophila adults. (A) PQ treatment stages and dissection points (B) Brain of adult 

flies at different stages after the PQ treatment, P1/Hemese in red indicate the hemocytes. Scale bar 30 μm. (C) 

Orthogonal view of hemocytes associated with the CNS at different time points (24 and 36 hours). Dotted lines 

indicate the brain surface. Scale bar 20 μm N=3 
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Discussion 
 

My results so far showed that mGcm2 in microglia modulates neuroinflammation caused by 

aging. My next goal was to transpose this model in flies thus, providing new data for an 

evolutionary conserved cascade. I studied the expression profile of Gcm in the fly CNS during 

aging. The results showed no Gcm positive cells apart from the known Gcm positive neurons. 

Drosophila melanogaster is a widely used model organism that has distinct advantages in aging 

research. But most aging studies in flies concentrate in basic metabolic and reproductive 

outputs rather than CNS related changes (Sun et al., 2013). Normal aging in flies is not the 

same as in mammals as the short life span of this model may not result in the same biological 

processes. This may be why I did not find any Gcm expression in the aged brain of the 

Drosophila CNS. 

Consequently, I tried to induce inflammation in the CNS of flies with two different models. 

First, I expressed α-Syn in the neurons of Drosophila which has proven to simulate PD like 

symptoms. Then, I studied whether there is Gcm expression during the course of the disease. 

Surprisingly, the results showed that not only there is expression of Gcm but also that this 

expression is found in hemocytes that are closely associated with the brain. Although 

neuroinflammation in fly has been extensively studied, the role of hemocytes has not been 

explored at all. With the advances of technology such as scRNA seq we now have the 

possibility to characterise all the cell types. For example, a recent single cell RNA seq study 

showed that upon PQ treatment hemocyte specific genes are upregulated in the CNS (Maitra 

et al. 2019). This led me to establish a PQ assay. This assay showed that indeed there are 

hemocytes associated with the brain after 24h of exposure and that they can penetrate the BBB 

and enter the CNS after 36h. In the future, I am going to validate whether Gcm is expressed 

upon PQ treatment, as in the case of α-Syn.  
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Chapter V 
 

Characterisation of Shot in the immune cells of Drosophila melanogaster 
 

During my thesis, I also contributed to a team effort aiming at discovering the heterogeneity of 

hemocytes by single cell RNA seq (Cattenoz et al., 2020). This project highlighted the short 

stop gene (shot) as being expressed in a specific subtype of immune cells in Drosophila. Shot 

is a member of the spectraplakin family of large cytoskeletal linker molecules. It binds both 

actin and microtubules, as well as scaffold proteins, certain signalling factors and calcium. It 

plays developmental and maintenance roles in multiple tissues. Our data show that Shot is 

expressed in hemocytes, and its expression is increased upon wasp infestation in lamellocytes. 

Since Shot binds to the cytoskeleton, I hypothesised that this protein is important for the 

adhesion and the formation of cell-cell junctions upon wasp infestation that will allow the wasp 

egg encapsulation. My aim was to characterise the role of Shot in hemocytes during both 

normal and infested conditions. The results revealed that Shot plays an important role in the 

adhesion of hemocytes under normal conditions in vitro. Furthermore, Shot mutants have 

reduced expression of other cytoskeleton related proteins (DN-Cadherin) and, upon infestation 

shot KD hemocytes present impaired encapsulation properties in vivo. Thus, my work showed 

for the first time the role of Shot in hemocytes of Drosophila. 
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Introduction 
A recent study from our lab characterised the different hemocyte populations by scRNA seq in 

basal and challenged conditions (Cattenoz et al., 2020). Infestation was done by the parasitic 

wasp Leptopilina boulardi, one of the most studied pathways linked to cellular immunity. The 

wasp lays eggs in the Drosophila larva and triggers hemocyte proliferation as well as 

lamellocyte differentiation (Honti et al., 2009), with subsequent encapsulation of the wasp egg 

and its death through the increased levels of ROS (Anderl et al., 2016). The results revealed that 

Shot is expressed in the cells of the immune system (Figure 42). However, upon infestation its 

expression is increased. The role of this project was to evaluate the possible role of Shot in 

hemocytes under normal and challenged conditions. 

 

Figure 42. (A) Dotplot from single cell RNA seq. The x-axis shows the clusters of hemocytes and the y-axis the 

expression of lamellocyte associated genes. Expression levels (gradient of colour) and the percentage of cells (size 

of the dots) for the top 10 markers of lamellocytes. (B) Hemocytes from WL OregonR infested by wasp, Shot (in 

gray, lower panels). Phalloidin-FITC (in green) labels the actin filament particularly abundant in lamellocytes 

(Tokusumi et al, 2009), and the nuclei were marked with DAPI (blue) (processed from Cattenoz et al., 2020). 
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The cytoskeleton is comprised of actin, intermediate filaments and microtubules and is 

essential for most cellular processes. These include cell division, shape, dynamics, intracellular 

transport, membrane dynamics, organelle function and adhesion (Voelzmann et al., 2017). 

Spectraplakins are one of the most complex protein families of cytoskeletal regulators that are 

conserved throughout evolution from VAB-10 in the worm Caenorhabditis and Short Stop 

(Shot) or Kakapo in Drosophila to Dystonin and Microtubule-Actin Crosslinking Factor 1 

(MACF1) in vertebrates.   

Spectraplakin genes encode seven functional domains that can interact with other cytoskeletal 

molecules (Figure 43). The domains include an actin-binding domain (ABD), a plakin domain 

(PD), a plakin repeat region (PRR), a spectrin repeat rod (SRR), two EF-hand motifs (EFH), a 

Gas-related domain (GRD) and a C-tail (Hahn, Ronshaugen, Sanchez-Soriano, & Prokop, 

2016). Through this interaction they can establish numerous structural or regulatory links 

between cytoskeleton components, or cytoskeleton-molecules or cytoskeleton- cell 

compartments (Roper, Gregory, & Brown, 2002). Spectraplakins are divided into three 

different categories: the plakins, the spectrins and the Gas2-like proteins. The plakins are 

mostly cytoskeleton- associated scaffold proteins that maintain tissues under mechanical stress 

primarily at cell junctions (Sonnenberg & Liem, 2007). The spectrins are responsible for link 

formation between proteins of the cell cortex and the Gas2-like proteins are responsible for the 

link formation of microtubules, F-actin and end binding proteins (EB) during cell division and 

development (Broderick & Winder, 2005; Gamper et al., 2016; Machnicka et al., 2014; 

Sharaby et al., 2014; Stroud, Banerjee, Veevers, & Chen, 2014). 
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Figure 43. (A) Functional domains of spectraplakins. Actin-binding domain (ABD), a plakin domain (PD), a 

plakin repeat region (PRR), a spectrin repeat rod (SRR), EF-hand motifs (EFH), a Gas-related domain (GRD) and 

a C-tail (modified from Voelzmann et al., 2017). (B) Representation of Shot connecting cortex actin with 

microtubules (modified from (Nashchekin, Fernandes, & St Johnston, 2016)) 

 

Since spectraplakins are essential for fundamental functions of the cell, they have been linked 

to a variety of disorders and conditions. In humans, they have been implicated with Parkinson’s 

disease, neuro-developmental disorders, skin blistering and different forms of cancer 

(Aumailley, Has, Tunggal, & Bruckner-Tuderman, 2006; Elliott, Kim, Gorissen, Halliday, & 

Kwok, 2012; Giorda et al., 2004; Groves et al., 2010; Kunzli, Favre, Chofflon, & Borradori, 

2016; L. Liu et al., 2012; Shimbo et al., 2010; J. B. Vincent et al., 2008). Furthermore, mice 

lacking Dystonin functions show glia, Schwann cell and neuromuscular junction defects 

(Bernier, De Repentigny, Mathieu, David, & Kothary, 1998; Boyer, Bernstein, & Boudreau-

Lariviere, 2010; Dalpe et al., 1999; Laffitte et al., 2005; Saulnier, De Repentigny, Yong, & 

Kothary, 2002). 

Due to the complexity of the functions behind the spectraplakin proteins, simple model 

organisms such as Drosophila consist ideal models to dissect their basic mechanism. This 

invertebrate model organism has a long and important history of pioneering fundamental 

concepts and delivering understanding of molecular and biological functions, which can then 

be used as facilitating or instructive paradigms for related studies in higher organisms including 

humans.  
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The S2 cell line is believed to be derived from blood cells that contain acentrosomal 

microtubule (MT) arrays and actin-rich lamellipodia, but they display poor integrin expression 

accompanied by lack of focal adhesion and stress fibres, weak extracellular matrix adhesion 

and low motility in the culture dish (Lammel et al., 2014; Nye, Buster, & Rogers, 2014). Shot 

functions in S2 cells favour its localisation to the MT plus end, mediated by binding of the 

Ctail’s MtLS motifs to the EB1protein (Applewhite, Grode, Duncan, & Rogers, 2013; 

Applewhite et al., 2010; Slep et al., 2005). This localisation is made possible through an auto-

inhibitory “closed conformation” so that Shot becomes an actin-MT linker that can regulate 

MT behaviours at the cell edge. Thus, Shot already provides a useful paradigm for the 

mechanisms involving EB1-dependent MT guidance along actin networks, but its full potential 

to provide insights into spectraplakin functions during adhesion has by far not been reached; 

its studies can be easily extended to powerful in vivo models (e.g. hemocyte adhesion)  

(Montell, 2003; Wood & Jacinto, 2007). The aim of my project was to determine the role of 

Shot in hemocytes during both homeostatic and challenged conditions.  
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Results 
 

Evaluation of the transgenic lines of Shot 

I first evaluated the efficiency of my strains for both the UASShotGFP Gain of Function (GOF) 

or the UASShotRNAi Loss of Function (LOF). I used the hemocyte specific driver HmlΔGal4 

that I crossed with either the Shot GOF or the Shot LOF strains. Then, 3rd phase wandering 

larvae (WL3) were evaluated for the expression of Shot and other immune related genes in 

basal conditions in order to confirm that none of the conditions would initiate an immune 

response (Figure 44A). Among the genes tested by qPCR, I evaluated the levels of the 

cytokines upd2 and upd3, the suppressor of cytokine signalling (SOCS) and protein-tyrosine 

phospatase (ptp). The qPCR also confirmed that the Shot GOF leads to increased mRNA levels 

of Shot, while the Shot LOF leads to decreased expression compared to the UASshotRNAi/+ 

control (Figure 44A). Furthermore, I used hemocytes from the same stage in order to label for 

Shot and thus evaluate protein expression (Figure 44D). The Shot GOF cells have an increased 

level of the protein while the Shot LOF cells have decreased expression (Figure 44E). Other 

than that, the hemocytes did not present any difference concerning their population number 

(Figure 44B and C). Interestingly, the Shot LOF cells present a different cytoplasm 

compartmentalisation when I used a double hemocyte driver with an endogenous GFP (w; 

HmlΔGal4; pxnGal4UASGFP) (Figure 44F and G). This driver combines to different 

hemocyte markers, the Hml and the Pxn. Our sc-RNA sec data showed that 75% of hemocytes 

express Hml and the other 25% is Pxn positive.  Thus, the double driver provides a stronger 

system. 
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Figure 44. (A) qPRC results from L3 hemocytes in homeostatic conditions. p-value between HmlΔGal4/+ and 

HmlΔGal4/+;UASshotGFP (GOF) is 0.029 and between UASshotGFP/+ and HmlΔGal4/+;UASshotGFP (GOF) 
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is 0.041. Hemocyte counting in Shot GOF and Shot LOF animals using the (B) HmlΔGal4 driver or (C) the 

HmlΔGal4/+;pxnGal4UASGFP, double driver. (D) Protein expression in Shot GOF and Shot LOF animals, scale 

bar 10um. (E) Quantification of Shot protein expression in Shot GOF and Shot LOF. (F) Cytoplasm 

compartmentalisation difference in LOF hemocytes and (G) Quantification of the percentage of vesicles in the 

hemocytes.  

 

Shot is one of the major cytoskeleton proteins and interacts with other similar proteins. In order 

to study whether the differential expression of Shot would result in differences in other 

cytoskeleton proteins, I evaluated actin, tubulin, integrin alpha and beta, DN- and DE- cadherin 

protein expression by immunolabelling. The results revealed that the levels of DN- cadherin 

are decreased in Shot LOF hemocytes compared to the control (Figure 45). However, the 

protein expression levels of the Shot GOF are not statistically increased compared to the control 

(Figure 44E). This could mean that the Shot GOF strain is not as potent as it should be. Other 

than that, no other protein seems to be differentially expressed. Notably, the cytoplasm 

organisation with the large vesicles is visible with actin and integrin alpha but not with the 

others (Figure 45A and C). This means that these vesicles are not empty space, but some 

proteins are differently organised inside the hemocytes.  
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Figure 45. Labelling of 

control, GOF and LOF Shot 

hemocytes for the cytoskeletal 

markers actin, tubulin, 

integrin alpha or beta, and 

DN- or DE- Cadherin. (B) 

Quantification of the 

fluorescence intensity of the 

cytoskeletal markers. p-value 

for DN-Cadherin between 

control and LOF 0.039 N=3, 

50 cells per trial scale bar 

10um. 
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Even though Shot GOF or Shot LOF hemocytes do not show any differences, I decided to study 

the effects of the strains during functional assays. This assay was inspired mostly from the 

mammalian orthologue of Shot, Dystonin. Dystonin is required for myoblast and keratinocyte 

migration through mechanisms that are unclear but seem to involve adhesion control (Hamill, 

Hopkinson, DeBiase, & Jones, 2009; Michael et al., 2014; Poliakova et al., 2014). Hence, I 

evaluated the adhesion capacity of the hemocytes in both Shot LOF and Shot GOF in vitro 

based on already known protocols (Moreira, Jacinto, & Prag, 2013). For this I used hemocytes 

from WL3 that were left to attach for 1 hour on coverslips (Figure 46). Then I counted the 

number of cytoplasmic extensions per cell. The more cytoplasmic extensions the greater the 

adhesive capacity of the cells is. Interestingly, the results revealed that all controls had 

approximately 2 extensions per cell. In contrast, the Shot GOF hemocytes have an average of 

5 extensions per cell and the Shot LOF have 1 extension only. Thus, Shot has an important role 

in the adhesion of hemocytes in vitro.  

 

 

 

 

 

 

Figure 46. Adhesion 

assay for LOF and GOF 

of Shot in hemocytes 

(A,B,C). The hemocytes 

were labelled with 

phalloidin (grey) and the 

extensions were counted 

for each cells. (D) 

Extension quantification. 

ANOVA p-value 6.36E-

34, the p-value between 

control and GOF is 

2.12E-12 and between 

control and LOF is 

0.00066, N=3, 50 cells 

per trial scale bar 10um. 
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Shot actively participates during the encapsulation of wasp eggs 

Finally, I evaluated the role of hemocytes upon challenge. For these experiments, I used wasps 

to infest L2 larvae and then I assessed the rate of fly survival. Infestation was done with the 

parasitic wasp Leptopilina boulardi. The wasp lays eggs in the Drosophila larva and triggers 

an immune response (Markus et al., 2009), which ultimately leads to the wasp egg 

encapsulation. Being much larger than the plasmatocytes, the wasp egg cannot be 

phagocytosed. Instead, hemocytes (plasmatocytes, crystal cells and lamellocytes) cooperate 

and physically surround and encapsulate the egg. This encapsulation reaction involves 

hemocyte division and differentiation. This reaction is relatively slow, and capsules are not 

observed until 1–2 days after infection. I monitored wasp eggs after 24 hours of infestation 

before the melanisation of the egg, which alters the efficiency of the immunolabelling (Figure 

47). I then assessed the area of lamellocytes surrounding the egg with the Imaris image analysis 

software. For the encapsulation, I calculated the area of lamellocytes covering the wasp egg 

using the surface tool. Then I calculated the surface of the wasp (Dapi) and created the ratio of 

lamellocyte area/wasp egg area. The results showed that Shot LOF animals display statistically 

significant reduced encapsulation ratio compared to the control animals. However, there was 

no statistically significant difference between the Shot GOF and the control. Thus, Shot 

participates in the encapsulation process of the wasp egg. 
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Figure 47. (A,B,C) Encapsulation assay for Shot LOF and Shot GOF of Shot in hemocytes. The hemocytes were 

labelled with phalloidin (red) and Dapi. (D) Brightfield image of a wasp egg melanised by lamellocytes (E) 

Quantification of the encapsulation rate. ANOVA p-value 0.117, the p-value between control and LOF is 0.021, 

N=3, more than 20 eggs per genotype, scale bar 50um. 

 

 

Discussion 
 

Shot is a cytoskeletal protein that has been extensively studied in Drosophila as it participates 

in major functions during both development and homeostasis. Recent data from our lab showed 

that Shot is expressed in hemocytes and that its expression increased in lamellocytes upon wasp 

infestation. My aim was to characterise the role of Shot in hemocytes both during basal and 

infested conditions.  

I found that in basal conditions Shot participates in the adhesion of the hemocytes. Shot actively 

participates in the formation of the cytoplasmic extensions in hemocytes. Studies have already 

shown that Shot acts along with EB-1, where the former acts as an actin-MT linker that 
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regulates MT behaviours at the cell edge (Applewhite et al., 2013; Applewhite et al., 2010). 

Nevertheless, more experiments are required in order to study the effect of Shot in vivo. For 

example, expression of either the RNAi or overexpression of Shot along with an endogenous 

hemocyte marker could reveal differences in the homing of hemocytes where adhesion plays a 

pivotal role. Hemocytes in larva that reside in the sessile pockets are characterised as resident 

hemocytes. Homing assays disturb the sessile pockets with gentle brushing, thus making the 

hemocytes enter the circulation. Upon that, the time that it takes for the hemocytes to enter the 

circulation is counted. Since Shot participates in the formation of the extension in vitro, I 

hypothesise that the time to reform the sessile pockets will be increased in the Shot LOF and 

decreased in the Shot GOF. To test this hypothesis, I will use the double driver Shot LOF and 

Shot GOF. This strain expresses GFP fluorescence in hemocytes, thus allowing live tracing of 

hemocytes in vivo. This simple but very informative assay will let me know whether the 

phenotype that I observed in vitro of less adhesive hemocytes in the case of the Shot LOF is 

also going to be observed in vivo. 

Finally, I characterised the role of Shot upon wasp infestation. Shot has been shown to 

participate in the formation of cell junctions. In the absence of Shot, the formation and 

anchorage of the basal MT arrays is defective, so that tendon cells fail to resist muscle 

contractions and their basal junctions get torn away (Alves-Silva et al., 2008; Bottenberg et al., 

2009; Prokop, Martin-Bermudo, Bate, & Brown, 1998; Subramanian et al., 2003). Cell 

junctions are important for the formation of the capsule during infestation in order to insure the 

encapsulation of the wasp embryo. The results showed that Shot LOF has a decreased 

encapsulation 24 hours after infestation. Since, the LOF did not impact the survival of the 

larvae it seems that one or more cytoskeletal proteins are participating in the process. For 

example, during our scRNA seq analysis we also found that Talin is also increased in 

lamellocytes. Talin or Rhea is a large adaptor protein that is essential for all adhesive functions 



168 
 

of integrins. Thus, multiple mutations of different genes could present a stronger phenotype. It 

would be extremely interesting to combine Shot and Talin mutants and observe whether there 

is an additive effect on the adhesion of hemocytes and lamellocytes in homeostatic and 

challenged conditions respectively.  
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Discussion and Perspectives  
 

Microglia, the innate immune cells of the CNS, play pivotal roles during development, 

homeostasis and inflammation (Ginhoux et al., 2010; Hoeffel & Ginhoux, 2015; Q. Li & 

Barres, 2018; Perdiguero et al., 2015). These cells derive directly from the first hematopoietic 

wave and colonise the brain during the early stages of the embryogenesis (Ginhoux et al., 

2010). Microglia are not replaced by other monocyte derived macrophages as they are a self-

renewing population, and they are linked with all known pathologies of the CNS such as MS. 

Thus, it is important to better understand the role of these cells during homeostatic and 

challenged conditions. Reprogramming microglia in order to influence the course of the disease 

has already been implemented with microglia cells during PD (H. Liu et al., 2020), indicating 

that this represents a new option to design more specific therapeutical targets. 

One possible way to reprogram these cells is through the regulation of the transcription factors 

expressed in microglia because these factors can regulate the expression of multiple genes at 

the same time. Gcm is a transcription factor that has been extensively studied in Drosophila 

melanogaster (Vincent et al., 1996; Bazzi et al., 2018). More specifically, in the fly Gcm is 

expressed in the macrophages from the first hematopoietic wave where it has an anti-

inflammatory role. During my PhD I, studied the expression profile of the murine orthologue, 

mGcm2, in macrophages of the primitive wave, and more specifically microglia.  
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Here are my main findings on the evolutionary conservation of the Gcm pathway in the immune 

system: 

• mGcm2 is expressed at different stages during the murine life, both during development 

and in adults. 

• Lack of mGcm2 from microglia cells leads to an increased pro-inflammatory state during 

aging.  

• This mechanism is conserved throughout evolution in a PD-like model in flies.  

During my PhD, I also contributed to two studies of our group that led me to start my own 

project concerning the role the spectraplakin protein Shot in the hemocytes of Drosophila under 

normal and challenged conditions. 

mGcm2 is expressed in microglia and regulates their activated state 

My data showed that mGcm2 is expressed in different stages during the murine life. mGcm2 

is first expressed at E7.5 in the yolk sac, in cells that express CD45 at low levels. This could 

suggest a regulation of mGcm2 in the development of primitive macrophages that resembles 

the development of hemocytes at early developmental stages in Drosophila. It will be 

interesting to perform immunolabelling with additional markers in order to define those cells 

and whether or not they are microglia progenitors with CSF1R, one of the first microglia 

markers at E7.5 (Ginhoux & Guilliams, 2016; Hoeffel et al., 2015; Hoeffel & Ginhoux, 2015). 

Another interesting marker would be c-Kit1, that labels EMPs and can show whether or not 

these cells are hematopoietic progenitors (Kierdorf et al., 2013). The results will indicate if 

these mGcm2 positive cells are microglia progenitors or if they represent other hematopoietic 

progenitors. Hence, these experiments could lead to a new perspectives into the molecular 

mechanisms of cell differentiation of the primitive hematopoietic wave. 
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Next, I showed that the absence of mGcm2 leads to a characteristic pro-inflammatory   

morphology and an increased number of iNOs positive microglia in cko 24 month old mice 

compared to controls. To further evaluate the inflammatory state of microglia in both 

genotypes, I will use microglia specific markers for inflammation. TREM2, ApoE, P2RY12 

TMEM119, and MHC II could be potential candidates. TREM2 controls the phagocytosis of 

apoptotic neurons (Piccio et al., 2007; Takahashi, Prinz, Stagi, Chechneva, & Neumann, 2007; 

Yuan et al., 2016). ApoE potently induces phenotypic changes in disease-associated microglia 

and is upregulated during inflammation (Krasemann et al., 2017). Another large study utilizing 

single-cell RNA-seq to identify unique microglia subpopulations found increased ApoE and 

TREM2 expression in disease-associated microglia. At the same time, the same microglia 

subpopulations exhibited decreased expression of homeostatic gene P2RY12 (Keren-Shaul et 

al., 2017). Furthermore, both TMEM119 and P2RY12 labelling is reduced in active white 

matter lesions (WMLs) of MS patients compared to normal-appearing white matter. This 

indicates either a decrease in microglia presence in the WML or regulation of the microglia 

markers by the local inflammatory environment (Beaino et al., 2017; Zrzavy et al., 2017). So, 

homeostatic microglia have high TMEM119 and P2RY12 expression, while reactive microglia 

should have high expression of ApoE and TREM2. Finally, TREM2 and TMEM119 have also 

been found to have the same expression pattern during aging (Bonham, Sirkis, & Yokoyama, 

2019; Norden, Muccigrosso, & Godbout, 2015; Ruan et al., 2020). The vast majority of studies 

of aging-related immunophenotypic changes in microglia have demonstrated a steady increase 

in the expression of markers usually found to be upregulated on activated microglia after acute 

CNS injuries. Most notable is an aging-related increase in microglia expression of MHC II 

antigens (Norden and Godbout 2014). Because expression of MHC II antigens seems to 

steadily increase on existing microglia cells as the brain ages, one should therefore consider 

the possibility that MHC II expression is a marker of cell maturation or cell senescence in 
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addition to being an activation marker. These experiments will validate the anti-inflammatory 

properties of mGcm2, as cko microglia should have increased microglia specific pro-

inflammatory markers such as MHC II.  

Characterisation of astrocytes, oligodendrocytes and neurons in the cko and control 

animals 

My PhD focused on the effect of mGcm2 in microglia. However, microglia communicate and 

respond to other cell types in the CNS, three major ones being astrocytes and oligodendrocytes. 

All these cell types are responsible for maintaining homeostasis and actively participate to 

inflammation. 

Similar to microglia, astrocytes can adopt pro- or anti-inflammatory states, named A1 or A2 

state respectively. Neuroinflammatory diseases, such as MS, include activation of both 

microglia and astrocytes, as these two cell types become reactive in concert. Furthermore, 

microglia can potentially activate the pro-inflammatory A1 state of astrocytes (Liddelow & 

Barres, 2017). In response, A1 astrocytes upregulate Glia fibrillary acidic protein (GFAP) 

production, which is a widely used marker for activated astrocytes. Oligodendrocytes are 

important for enseathing axons with their myelin sheath, which is destroyed in 

neuroinflammatory diseases such as MS. Mature Oligodendroglia cells express (NG2 and 

PDGFR) at the oligodendrocyte progenitor (OPC) stage and CC1 at the differentiated 

oligodendrocyte stage, while Olig2, a transcription factor necessary for the development of 

oligodendrocytes, is expressed at all stages of this cell lineage. Thus, it would be interesting to 

assess whether lack of mGcm2 from microglia will lead to defects on those other glia types by 

immunolabelling with the above characteristic markers. 
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Study the role of mGcm2 in microglia in demyelinated lesions of the spinal cord 

To decipher the function of mGcm2 in microglia activation state, I started collaborating with 

the lab of B. Nait-Oumesmar and we recently generated a conditional mouse line for inducible 

Cre-mediated deletion of mGcm2, specifically in microglia. In order to determine the impact 

of mGcm2 ablation in microglia activation state, we performed LPC-induced demyelinated 

lesions of the spinal cord of mGcm2 cko (Cx3Cr1::CreER/+;mGcm2flox/flox) and controls 

(Cx3Cr1::CreER/+;mGcm2flox/+ and mGcm2flox/flox) mice. Morphological analyses of microglia 

on spinal cord sections, labelled with CD11b/F4/80/CD68, using the Visiopharm’s image 

analysis software, revealed a pro-inflammatory state of the mutant microglia. This was 

manifested with decreased number of ramifications at 14 days post injection in the cko 

compared to the controls. Interestingly, the expression levels of iNOS and TLR2 (M1 pro-

inflammatory markers) are increased significantly in LPC lesions in the mGcm2 cko compared 

to control groups, while the Arg-1 expression levels tended to decrease. Altogether, our data 

strongly suggest that the mGcm2 transcription factor is associated with an anti-inflammatory 

state of microglia during neuroinflammation. Therefore, determining the role of mGcm2 in 

neuroinflammation could be valuable in understanding its implication in similar human 

diseases such as MS. 

 
 

To decipher the role of Gcm2 in inflammatory demyelination in the CNS, we will use the 

MOG-EAE model in the mGcm2 cko and control mice. MOG-induced EAE mimics important 

pathological hallmarks of MS lesions, with inflammatory lesions occurring mainly in the spinal 

cord and resulting in chronic demyelination. In this EAE model, the onset of clinical symptoms 

is strongly correlated with the occurrence of inflammatory white matter lesions, which extend 

with disease progression. The classical picture of acute EAE lesions are characterised by the 
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presence of patchy perivascular inflammatory infiltrates, composed of T lymphocytes, B cells 

and microglia/macrophages. According to our previous experience in WT (C57BL/6) mice, 

inflammation and demyelination take place from day 11 to day 40 post-immunization, while 

axonal loss becomes a major feature only during the chronic stages of the disease. MOG-

induced EAE model is already well established in the Nait Oumesmar lab (Blanchard et al., 

2013). For these experiments, mGcm2 cKO (Cx3Cr1::CreER/+;mGcm2flox/flox) and controls 

(Cx3Cr1::CreER/+;mGcm2flox/+ and mGcm2flox/flox) mice, have already been generated by 

Nait Oumesmar’s lab. This will be the first time that mGcm2 will be tested for its role in 

neuroinflammation in vivo in mammals. 

 

Gcm expression in Drosophila melanogaster in neuroinflammation 

Upon induction of PD like disease in the fly CNS triggered by α-Syn neuronal expression, I 

showed that there is de novo expression of Gcm and that it is not coming from glia cells but 

rather hemocytes. I complemented this work by using another model of CNS inflammation by 

PQ treatment. So far, I proved that also in this model there are hemocytes associated with the 

CNS, which likely enter into the brain. The next goal will be to assess whether Gcm is de novo 

expressed in hemocytes upon the PQ treatment as well. Nowadays, new data have surfaced that 

show increase of hemocyte related genes in flies treated with PQ (Maitra et al., 2019).  

To dissect the Gcm pathway using the Drosophila model it would be very exciting to use Gcm 

mutants in hemocytes and then assess the survival and the phenotype of the flies upon PQ 

treatment. The latter could be achieved with a climbing assay. This test is widely used to 

evaluate the mobility of adult flies from each treatment group as flies with PD like syndrome 

present lower climbing potential. Generally, the mobility is recorded using a negative geotaxis 

where ten flies per treatment group are placed in an empty plastic vial and gently tapped to the 
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bottom. The percentage of flies that cross a line 5 cm from the bottom of the vial in 20 sec is 

finally calculated (Maitra et al., 2019). Next, it will be interesting to perform an RNA seq on 

fly brains and hemocytes from both the knock down and the control. The RNA seq analysis 

will reveal all the differentially expressed genes, thus, revealing the pathway that is important 

during neuroinflammation in flies since the targets of Gcm in fly are already known. These 

findings will finally enable to propose specific targets in mice that are under the regulation of 

mGcm2 in similar conditions, such as PD models. 

 

Conclusive remarks 

Given the known impact of microglia in the development, homeostasis and inflammation of 

the CNS, future studies will better characterise the role of Gcm in neuroinflammation. 

Furthermore, focusing on Gcm orthologues in flies will provide additional evidence of 

conserved function in immunity. Given the evolutionary conservation of the basic biological 

process, I believe that my work will shed light on the immune response in humans as well. In 

the long term, this may help in understanding the physio-pathological mechanisms underlying 

human diseases of the CNS such as MS and PD, which represent a heavy burden on our 

societies.  
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Abstract

Immune cells provide defense against non-self and have recently
been shown to also play key roles in diverse processes such as
development, metabolism, and tumor progression. The hetero-
geneity of Drosophila immune cells (hemocytes) remains an open
question. Using bulk RNA sequencing, we find that the hemocytes
display distinct features in the embryo, a closed and rapidly devel-
oping system, compared to the larva, which is exposed to environ-
mental and metabolic challenges. Through single-cell RNA
sequencing, we identify fourteen hemocyte clusters present in
unchallenged larvae and associated with distinct processes, e.g.,
proliferation, phagocytosis, metabolic homeostasis, and humoral
response. Finally, we characterize the changes occurring in the
hemocyte clusters upon wasp infestation, which triggers the dif-
ferentiation of a novel hemocyte type, the lamellocyte. This first
molecular atlas of hemocytes provides insights and paves the way
to study the biology of the Drosophila immune cells in physiological
and pathological conditions.
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Introduction

The innate immune response has been the object of intense

investigation in Drosophila melanogaster, as this model shows

mechanisms that are conserved throughout evolution, from

pattern recognition molecules to immune molecular cascades

(Akira et al, 2006; Kleino & Silverman, 2014). Given the impor-

tance of innate immunity in a variety of physiological and patho-

logical processes including tumor progression (Ratheesh et al,

2015), the current challenge is to characterize immune cell

heterogeneity and identify specific hemocyte populations. This is

the aim of the present work.

Three classes of hemocytes have so far been identified as

follows: the plasmatocytes, the crystal cells, and the lamellocytes

(Honti et al, 2014). The plasmatocytes are the most abundant cell

type and are responsible for the main functions of the hemocytes:

phagocytosis, secretion of extracellular matrix proteins (ECM),

signaling molecules, and antimicrobial peptides (AMPs; Yasothorn-

srikul et al, 1997; Basset et al, 2000; Sears et al, 2003; Ferrandon

et al, 2004; Baer et al, 2010; Gold & Bruckner, 2015). The crystal

cells account for less than 5% of the total hemocyte population,

with distinctive crystals inside them that are composed of prophe-

noloxidases (PPO; Rizki & Rizki, 1959). These enzymes are released

in large quantity upon wounding and constitute a key component

for the melanization process (Rizki & Rizki, 1959). The lamellocytes

are flat and large cells that only appear upon challenge. They are

considered activated immune cells (Gold & Bruckner, 2015) that

arise through plasmatocyte trans-differentiation or from a mitotic-

dedicated precursor (Anderl et al, 2016).

In the embryo, the hemocytes contribute to the clearance of

apoptotic cells and the deposition of ECM-related molecules includ-

ing Peroxidasin (Pxn) and Viking (Vkg; Nelson et al, 1994;

Yasothornsrikul et al, 1997). By the larval stage, the organism inter-

acts with the external environment and responds to metabolic and

oxidative stress as well as to infection- or injury-related stimuli. The

hemocytes must therefore adapt to these new, highly demanding,

settings. In addition, while during embryogenesis, the hemocytes

are highly motile and patrol the whole organism, during the larval

life a large fraction of them, called resident hemocytes, colonize

segmentally repeated epidermal-muscular pockets in which cell

proliferation is enhanced (Makhijani et al, 2011). Upon wounding,

septic infection, or infestation by parasitic wasps, the resident
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hemocytes are mobilized and enter in circulation to reach the site of

the immune challenge (Owusu-Ansah & Banerjee, 2009; Drago-

jlovic-Munther & Martinez-Agosto, 2012). Thus, hemocyte localiza-

tion adapts to homeostatic and challenged conditions.

We here characterize the transcriptional changes occurring

during development and the different types of hemocytes present in

the larva. Comparing the bulk RNA sequencing data allows us to

define stage-specific features: In the embryo, hemocytes contribute

to the shaping of the tissues and are glycolytic, whereas in the larva,

hemocytes show a strong phagocytic potential and a metabolic

switch toward internalization of glucose and lipid and toward beta

oxidation. The single-cell RNA sequencing (scRNA-seq) assay

allows us to identify fourteen clusters of larval plasmatocytes and to

assign specific molecular and cellular features, including nutrient

storage, proliferative potential, antimicrobial peptide production,

and phagocytosis.

Finally, as a first characterization of the immune response at the

single-cell level, we assess the transcriptional changes induced by

infestation by the parasitic wasp Leptopilina boulardi, one of the

most studied pathways linked to cellular immunity. The wasp lays

eggs in the Drosophila larva and triggers hemocyte proliferation as

well as lamellocyte differentiation (Markus et al, 2009), with subse-

quent encapsulation of the wasp egg and its death through the

increased levels of reactive oxygen species (ROS). The scRNA-seq

assay identifies two lamellocyte populations, a mature one with a

strong glycolytic signature, and a population that expresses both

lamellocyte and plasmatocyte features, likely originating through

trans-differentiation (Anderl et al, 2016).

The response to wasp infestation involves the embryonic hemo-

cytes that differentiate from the procephalic mesoderm (1st wave of

hematopoiesis; Tepass et al, 1994), as well as the hemocytes that

originate from the lymph gland, the site of the 2nd hematopoietic

wave. While in not-infested (NI) conditions, the lymph gland histol-

yses and releases hemocytes in circulation during the pupal life,

upon wasp infestation (WI), it undergoes precocious histolysis so

that both lymph gland and embryonic-derived hemocytes populate

the larva (Letourneau et al, 2016; Bazzi et al, 2018; Banerjee et al,

2019). Our single-cell RNA sequencing assay identifies the same

number of plasmatocyte clusters as that observed in normal condi-

tions, strongly suggesting that the plasmatocytes from the first and

second hematopoietic waves share the same features.

In sum, this work characterizes the transcriptional changes

occurring during hemocyte development and the hemocyte popula-

tions present in the Drosophila larva. It also provides the molecular

signature and the initial characterization of the larval hemocyte

repertoire as well as numerous novel markers in NI and in WI

conditions. These first bulk and single-cell RNA-seq data pave the

way to understand the role of the immune system in development

and physiology.

Results

Comparing the bulk transcriptomes from embryonic (E16) and
larval (WL) hemocytes

In the embryo, insulated from most immune challenges by the

eggshell, the hemocytes main functions are developmental. They

clear the organism from apoptotic bodies issued from organogenesis

and secrete extracellular components. In the larva, the hemocytes

display new properties to respond to the microorganism-rich envi-

ronment in which they grow. To identify the changes occurring in

the hemocytes during development, we compared the hemocytes’

transcriptomes from mature, stage 16 (E16) embryos and from

third-instar wandering larvae (WL).

The comparison shows 3,396 genes significantly up-regulated in

E16 and 1,593 up-regulated in WL hemocytes (Fig 1A, data in

Dataset EV1). Most plasmatocyte markers such as Hemese (He;

Kurucz et al, 2003), Singed (Sn; Zanet et al, 2009), Eater (Kocks

et al, 2005), Hemolectin (Hml; Goto et al, 2001), Serpent (Srp;

Shlyakhover et al, 2018), Nimrod C1 (NimC1, also called P1; Kurucz

et al, 2007), Croquemort (Crq; Franc et al, 1996), and Pxn (Nelson

et al, 1994) are strongly expressed at both stages but enriched in

WL hemocytes (Fig 1C). Crystal cell markers are also present in the

transcriptome: Pebbled (Peb) and Lozenge (Lz) are detected at rela-

tively low levels, in agreement with the small number of crystal

cells in the E16 and WL hemolymph (Rizki & Rizki, 1959). The crys-

tal cell-specific markers PPO1 and PPO2, on the other hand, are

among the genes expressed at the highest levels, highlighting their

key function and the sharp specialization of the crystal cells (Bing-

geli et al, 2014).

Surprisingly, most lamellocyte markers such as myospheroid

(Mys or L4; Irving et al, 2005), Misshapen (Msn; Braun et al, 1997),

Cher (or L5; Rus et al, 2006), and Atilla (or L1; Honti et al, 2009)

were also detected at significant levels in the hemocytes from both

stages. This suggests that they are expressed at basal levels in

normal hemocytes and are strongly induced in lamellocytes and/or

that few lamellocytes are present in basal conditions. At last, Gcm is

involved in hemocyte development in the early embryo (stages 8–

10; Bernardoni et al, 1997) and is no longer expressed by E16 (Bazzi

et al, 2018). Accordingly, Gcm transcripts are barely detected in E16

and WL transcriptomes (levels < 40 normalized read count). Over-

all, these data prove the efficiency of the experimental design to

purify hemocytes.

Embryonic hemocytes express ECM components

We next carried out a GO term enrichment analysis on the genes

up-regulated in either population (|log2 fold change WL/E16| > 1,

adjusted P-value < 0.01; Dataset EV1). The E16 hemocytes display a

striking enrichment for gene coding for extracellular matrix compo-

nents (ECM; Fig 1B and D). Out of 162 gene coding for ECM

proteins, 138 are enriched in E16 hemocytes. To confirm the expres-

sion pattern of the ECM genes, we compared these data with two

in situ hybridization databases (Berkeley Drosophila Genome

Project (Hammonds et al, 2013; Tomancak et al, 2002, 2007) and

Fly-FISH (Lecuyer et al, 2007; Wilk et al, 2016); Appendix Fig S1D

and E). Most genes for which we could find data are specifically

expressed in hemocytes in the embryo (Appendix Fig S1D and E).

The expression/secretion of few specific ECM compounds by the

hemocytes during embryonic development was previously

described. The integrins alphaPS1 (Mew) and Mys as well as the

integrin ligand Tiggrin (Tig) are secreted by the hemocytes at the

level of muscle insertion to stabilize strong attachment between the

cells (Fogerty et al, 1994; Bunch et al, 1998). The laminins LanA,

LanB1, LanB2, and Wb are secreted by the hemocytes for them to
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migrate efficiently throughout the embryo (Sanchez-Sanchez et al,

2017). Pxn and the collagen Vkg and Col4a1 secretion by the hemo-

cytes are essential for the condensation of the ventral nerve cord

(Olofsson & Page, 2005). Finally, SPARC is produced by the hemo-

cytes and is necessary for basal lamina assembly (Martinek et al,

2008). These 11 compounds are expressed at extremely high levels

in the embryo and remain highly expressed in the larva (Fig 1D),

suggesting that the role of these specific genes is preserved through-

out development.

Among the remaining ECM genes enriched in E16, we distin-

guished a large group of ECM compounds described as constituent

of the cuticle: 23 Tweedles (Twdl), 56 Cuticular Proteins (Cpr and

B
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Ccp), nine Larval Cuticle Proteins (Lcp), and nine Mucins (Muc;

Fig 1D, annotated in Dataset EV1). This calls for a role of the embry-

onic hemocytes in cuticle deposition. We also identified 21 ECM

genes strongly up-regulated in the embryo (log2FC < �3,

P-value < 0.01, annotated in Dataset EV1). These include the two

heart-specific ECM compounds Pericardin (Prc) and Lonely heart

(Loh;Maroy et al, 1988; Chavez et al, 2000; Charles, 2010), Throm-

bospondin (Tsp), which interacts with the integrins Mew, Mys, and

If at the tendon-muscle attachment sites (Chanana et al, 2007) and

Shifted (Shf) that modulate Hedgehog diffusion (Gorfinkiel et al,

2005; not exhaustive list). This strongly calls for additional embryo-

specific pathways for the deposition of the ECM, in which future

studies will elucidate.

Larval hemocytes express specific scavenger receptors

The GO terms enriched in WL compared to E16 hemocytes highlight

phagocytosis and, to a lower extent, signaling pathways involved in

the immune response (JNK and Wnt; Fig 1B and E, and Dataset

EV1).

Among the genes involved in phagocytosis, a large panel is

coding for transmembrane phagocytic receptors involved in

pathogen recognition, such as the Nimrod family (Eater (Kocks

et al, 2005), NimC1 (Kurucz et al, 2007) and NimC2), several scav-

enger receptors (Sr-CI and Sr-CIV (Lazzaro et al, 2004), He, Peste

(Cuttell et al, 2008; Hashimoto et al, 2009) as well as the integrins

Scab (alpha-PS3) and Integrin beta-nu (Itgbn; Nonaka et al, 2013).

Noteworthy, the E16 embryonic hemocytes are specifically enriched

for NimC4 (also called Simu), a receptor of the Nimrod family that

is involved in the phagocytosis of apoptotic bodies (Fig 1E; Kurant

et al, 2008; Roddie et al, 2019).

The WL hemocytes are also enriched for opsonins. These

secreted molecules bind to the pathogens and promote their phago-

cytosis by the macrophages. Tep1 and Tep4 (Dostalova et al, 2017;

Haller et al, 2018) are among the genes expressed at the highest

levels in WL hemocytes, and Tep1 presents the strongest enrich-

ment. Most of the genes involved in phagosome formation are also

enriched at this stage: Arp3, Rac1, Rac2, SCAR, WASP, Chic, and

Cdc42 (Pearson et al, 2003). Finally, genes involved in phagosome

maturation (Rab14) and phagolysosome formation (Vps39) are

enriched as well (Fig 1E; Garg & Wu, 2014; Jiang et al, 2014).

The scavenger receptors and the opsonins cover a large panel of

pathogens (for review, see Melcarne et al, 2019), indicating an over-

all switch for hemocytes’ function from apoptotic body scavenging

and cuticle production at embryonic stages to pathogen scavenging

at the WL stage. Since it was previously shown that the hemocytes

present in the embryo are able of phagocytosis (Vlisidou et al, 2009;

Tan et al, 2014), we compared the phagocytic capacity of E16 and

WL hemocytes upon exposing them to fluorescent beads. The

results clearly show that the larval hemocytes phagocytose faster

and more than the embryonic ones (Fig 1F and G).

In sum, the transcriptome analysis reveals a change in the func-

tion of the hemocytes during development, from building the ECM

and the cuticle to adopting a defense profile against immune chal-

lenges.

Metabolic shift between embryonic and larval hemocytes

The properties of the immune cells are directly dependent on their

metabolic state, which is constrained by their micro-environment

(reviewed in Sieow et al, 2018). We hypothesized that the hemo-

cytes display distinct metabolic states according to the nutritional

environment present in the two developmental stages, as embryos

are closed systems, whereas larvae have been feeding for most of

their life. To address this hypothesis, we analyzed the expression

profiles of the energy metabolic pathways in E16 and WL hemo-

cytes.

The transcriptome data comparison reveals that the larval hemo-

cytes are most likely internalizing and metabolizing lipids through

the beta oxidation pathway to generate acetyl CoA and drive the

TCA cycle (Appendix Fig S2A–C). This notion is supported by the

up-regulation of genes encoding lipid-scavenging receptors, and the

down-regulation of genes is involved in lipid biosynthetic (TAG)

pathway (Appendix Fig S2A and B).

The down-regulation of genes involved in glycolysis, mainly

phosphofructokinase and pyruvate dehydrogenase (Appendix Fig

S2B), implies that the larval hemocytes do not rely on this process

to drive the TCA cycle. The transcriptional down-regulation of

gluconeogenic genes (phosphoenolpyruvate carboxykinase and fruc-

tose 1, six bisphosphatase) suggests the absence of gluconeogenesis

in these cells. However, a significant up-regulation of the Glut1

sugar transporter suggests active uptake of glucose by the larval

hemocytes. The down-regulation of glycolytic genes downstream of

G6P and up-regulation of genes of the pentose phosphate pathway

(PPP) imply that the internalized glucose could be potentially used

to generate pentose sugars for ribonucleotide synthesis and redox

homeostasis through the generation of NADPH. Corroborating this

observation is also the strong up-regulation of redox homeostatic

enzymes (Appendix Fig S2A).

In contrast to the larval hemocytes, the E16 hemocytes are

glycolytic and rely less on oxidative metabolism (Appendix Fig

S2B). This is supported by the strong up-regulation of a key

◀ Figure 1. Hemocytes display distinct properties at E16 and WL stage.

A Transcriptome comparison of hemocytes from stage 16 (E16) embryos and wandering 3rd-instar larvae (WL). The x-axis is the average gene expression levels
(n = 3), and the y-axis is the log2 fold change WL/E16. P-values are indicated with the color code.

B Gene Ontology (GO) term enrichment analysis in E16 (green) and WL (red) hemocytes. The fold enrichments for a subset of significant GO terms are displayed; the
number of genes and the P-value of the GO term enrichment are indicated in brackets.

C–E Scatter plots as in (A) highlighting in black subsets of known genes expressed in hemocytes (C) or genes associated with the GO term extracellular matrix (D) and
phagocytosis (E).

F, G Phagocytosis assay on E16 (F) and WL hemocytes (G) srp(hemo)-moesin-RFP. The beads (in green) are phagocytosed by the hemocytes (in red). The WL hemocytes
show greater phagocytic capacity compared to the embryonic ones after 5 min of exposure. Full stacks are displayed, and the scale bars represent 20 lm.

Data information: Related to Appendix Figs S1 and S2, and Datasets EV1 and EV4.
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glycolytic enzyme, lactate dehydrogenase, which is essential for

the conversion of pyruvate to lactate. Furthermore, these cells

likely metabolize lipids at a lower level, as enzymes of the beta

oxidation pathway are transcriptionally down-regulated compared

to the larval hemocytes.

Generation of single-cell RNA-seq datasets from NI and WI larvae

The Drosophila larva contains plasmatocytes and crystal cells that

are resident or in circulation. Upon wasp infestation, the lamel-

locytes are produced from precursors (Anderl et al, 2016) or by

plasmatocyte trans-differentiation (Stofanko et al, 2010). To obtain

a comprehensive repertoire of the hemocyte populations present in

the larva, we generated two single-cell libraries on the hemocytes

from not-infested WL (NI dataset) and from WL infested by the

parasitoid wasp L. boulardi (WI dataset). The NI cells comprise

the resident and the circulating embryonic-derived hemocytes, and

the WI cells include in addition the hemocytes released from the

lymph gland.

The hemocytes were collected from pools of 20 female larvae.

The libraries were produced using the Chromium single-cell

30mRNA-seq protocol (10 × Genomics). The NI library contains

7,606 cells (mean read per cell = 37,288; median genes per

cell = 959) and the WI library 8,058 cells (mean read per

cell = 32,365; median genes per cell = 1,250). The libraries were

merged to cluster the hemocytes presenting similar expression pro-

files using the Seurat toolkit (Butler et al, 2018; Stuart et al, 2019;

Appendix Fig S3A). Subclustering was then applied to refine the

grouping of the cells leading to the identification of 16 clusters of

hemocytes (Appendix Fig S3A0 and C–D″). The identity of each clus-

ter was assigned using the list of known markers for the crystal cells

(Lz, Peb, PPO1, PPO2), for the lamellocytes (Mys, Msn, Cher, Atilla,

ItgaPS4, PPO3), and for the plasmatocytes (Sn, Pxn, Hml, Eater,

NimC1, Crq, He, Srp; Appendix Fig S3B). Of note, the single-cell

data show that the lamellocyte markers Mys, Msn, Cher, and

Atilla detected in the bulk RNA-seq on WL and E16 are expressed in

the plasmatocytes and enriched in the lamellocytes (Appendix

Fig S3B).

We identified 13 clusters of plasmatocytes and one cluster of

crystal cells in both the NI and the WI larvae and two clusters of

lamellocytes specifically found in the WI larvae. The name of each

cluster corresponds to the name of one of the main markers or to

specific biological features (Fig 2A and B). Importantly, all cells

analyzed in these datasets present known hemocyte markers, which

indicate a high purity of the samples.

Characterization of the transcriptomic profile in
normal conditions

Following the identification of the clusters, our first aim was to char-

acterize the properties of the clusters in the NI dataset. Thus, we

carried out GO term analyses on the genes enriched in each of them

(Dataset EV2, Fig 2C) using DAVID (Huang da et al, 2009). In addi-

tion, to estimate whether the clusters are enriched/specifically local-

ized in the circulating or in the resident compartments, we

performed qPCR assays on hemocytes from either compartment to

measure the expression levels of the strong markers of the different

clusters (Fig 3A).

The plasmatocyte clusters PL-0, PL-1, PL-2, and PL-3 encompass

more than 60% of all the hemocytes. These clusters express most of

the plasmatocyte markers (Appendix Fig S4A) but do not display

strong distinct signatures (avg_logFC of the strongest mark-

ers < 0.93; Fig 2D); therefore, they can only be distinguished by

combining several markers. The nine remaining plasmatocyte clus-

ters present very specific molecular signatures in addition to the

main plasmatocyte markers (Fig 2D) and are organized at the

periphery of the four clusters on the graphical representation gener-

ated with the UMAP dimension reduction technique (Becht et al,

2018; Fig 2A).

PL-Rel
The PL-Rel cluster includes 12.6% of the total hemocyte population,

with more than 100 strong markers (Dataset EV2), most of which

are involved in the immune response (Fig 2C). The cluster

expresses the main transcription factors of the Imd pathway (i.e.,

Relish, Rel) and of the Toll pathway (i.e., Dorsal, Dl), Cactus (Cact),

and the secreted protein PGRP-SA (Govind, 1999; Valanne et al,

2011; Zhai et al, 2018; Dataset EV2). In addition, it expresses

proteins associated with the JNK pathway such as Jra and Puc

(Martin-Blanco et al, 1998; Zheng et al, 2017). The qPCR assay on

resident and circulating hemocytes indicates that PL-Rel hemocytes

are present in both compartments (Fig 3A).

PL-vir1
The PL-vir1 cluster contains 4.5% of the total hemocytes and

expresses the same strong markers as PL-Rel, including Rel, Jra, and

Puc (Fig 2D, Dataset EV2). Compared to PL-Rel, however, the

marker of viral infection Vir1 (Dostert et al, 2005), the protein

Pastrel involved in resistance to virus infection (Magwire et al,

2012; Martins et al, 2014), the predicted peptidase Ance-5, and the

apolipoprotein Nplp2 (Rommelaere et al, 2019) are all up-regulated.

PL-vir1 also presents the same GO terms as PL-Rel, with respect to

the defense response to bacterium and to the Toll signaling pathway

(Fig 2C). The qPCR assay suggests that PL-vir1 is present in both

resident and circulating compartments.

PL-robo2
The PL-robo2 cluster represents 6.5% of the total hemocyte popula-

tion. It does not express unique markers (Fig 2D), but displays a

strong enrichment for GO terms related to migration and phagocyto-

sis (Fig 2C). It expresses the actin-regulatory protein enable (Tucker

et al, 2011; Stedden et al, 2019) and transmembrane proteins that

participate in the migration of multiple cell types. It also presents

the strongest up-regulation of the phagocytic receptors Crq and Drpr

(Franc et al, 1999; Manaka et al, 2004). In addition, Crq is the main

receptor involved in lipid scavenging and is a major actor of the

induction of the inflammatory response to high-fat diet initiated by

the hemocytes (Woodcock et al, 2015). In line with this, PL-robo2 is

enriched in the lipid droplet-associated protein Jabba involved in

the regulation of lipid metabolism (McMillan et al, 2018). PL-robo2

is present in both circulating and resident compartments (Fig 3A).

PL-Pcd
The PL-Pcd cluster contains 4.7% of the total hemocyte population

and is mostly linked to translation and Golgi organization (Fig 2C):

Half of the proteins present in the GO term-enriched functions are
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ribosomal proteins (three RpS including Rps3 and 11 RpL), while

the others are related to Golgi (Gmap, Ire-1, Sec23; Friggi-Grelin

et al, 2006; Norum et al, 2010; Zacharogianni et al, 2011). This

cluster also specifically expresses the pterin Pcd involved in amino

acid metabolism, the peptidase Ance involved in proteolysis, and

two uncharacterized genes CG31431 and CG34296 (Fig 2D).
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The qPCR data highlight one marker (Ham) enriched in the resi-

dent compartment and one marker (Obp99a) enriched in circula-

tion. These ambiguous results may be due to the fact that the

markers are expressed in other clusters as well (PL-AMP and PL-

ImpL2).

PL-AMP
The PL-AMP cluster (0.5% of the hemocytes) presents strong simi-

larities with PL-Rel, as they share the same markers related to the

Imd pathway (Fig 2D), but distinguishes itself by the expression of

the antimicrobial peptides (AMP) Cecropin A1 (CecA1), Cecropin

A2 (CecA2), Cecropin C (CecC), Attacin-A (AttA), Attacin-B (AttB),

and Attacin-D (AttD; Fig 2D and Dataset EV2) as well as of the PL-

Pcd cluster markers Pcd, Ance, CG31431, and CG34296 (Fig 2D).

The AMP are usually induced and secreted primarily by the fat body

after septic wounds that trigger the Imd pathway (Govind, 1999;

Zhai et al, 2018) and by a small percentage of hemocytes (Sama-

kovlis et al, 1990; Meister et al, 1994).

The expression of CecC, CecA1, and CecA2 was not detected by

qPCR in the resident nor in the circulating hemocytes. This is likely

due to the low representation of these cells combined with the small

size of the Cecropin transcripts (less than 400nt) that prevent the

optimal design of primers and affect PCR efficiency. Therefore, we

could not conclude on the localization of the PL-AMP hemocytes in

the larvae.

PL-Inos and PL-prolif
The clusters PL-Inos and PL-prolif express several common markers

and represent approximately 3 and 0.6% of the total hemocyte

population, respectively (Fig 2B). Initially, PL-Inos and PL-prolif

were clustered together and were splitted upon subclustering

(Appendix Fig S3A and C), which indicates that they present strong

similarities and may represent two states of the same cell popula-

tion.

The PL-Inos cluster is enriched in GO terms associated with

multiple functions including the response to bacteria, the ECM, cyto-

plasmic translation, and centrosome organization.

The PL-prolif cluster is specifically characterized by genes

involved in mitosis (Fig 2C and Dataset EV2). Klp61F, Klp67A, and

Ncd, which are linked to mitotic centrosome separation (Sharp et al,

1999; Gandhi et al, 2004), as well as Ncd80 and Nuf2, which are part

of the NCD80 complex, are all up-regulated. Like their mammalian

counterparts, these proteins are essential for mitotic metaphase plate

congregation (Przewloka et al, 2007). Finally, PL-prolif hemocytes

express two cyclins (CycB and CycE), the nuclear protein transporter

Pen and cell cycle-related enzymes (String (Stg), the cyclin-dependent

kinases Cdk1 and Cdk2), which are linked to the G2/M and G1/S

transition (Kussel & Frasch, 1995; Yuan et al, 2016).

The qPCR assays indicate that the clusters PL-Inos and PL-prolif

are enriched in the resident compartment (Fig 3A and D). This is

concordant with a previous analysis, indicating that the resident

hemocytes are more proliferative than the circulating ones (Makhi-

jani et al, 2011).

PL-Lsp
The PL-Lsp cluster contains approximately 3% of the total hemo-

cyte population and is strongly associated with the GO term

larval serum protein complex, nutrient reservoir activity, and lipid

particle (Fig 2C and Dataset EV2). This is due to the expression

of the larval serum proteins (LSP), which serve as a nutrient pool

that will be used during metamorphosis (Telfer & Kunkel, 1991).

The PL-Lsp cluster also expresses the receptor responsible for the

incorporation of the LSPs (i.e., Fbp1), proteins associated with

lipid transport (Rfabg; Kutty et al, 1996; Massey et al, 1997;

Burmester et al, 1999), and the odorant binding protein Obp99b

that is considered as a storage protein (Handke et al, 2013).

These proteins are usually described as secreted by the fat body,

suggesting shared features and role in metabolism between this

tissue and PL-Lsp.

The qPCR on resident and circulating plasmatocytes reveals that

the PL-Lsp hemocytes are mostly in circulation (Fig 3A). This local-

ization is supported by labeling of two independent LSP transgenic

reporters (Fig 3B and C, Appendix Fig S5A–C).

PL-ImpL2
The PL-ImpL2 cluster comprises less than 0.3% of the hemocytes,

but displays the most distinctive molecular signature (49 genes

presenting an enrichment avg_logFC > 1; Dataset EV2). This

includes genes involved in glutathione metabolism (GstD1, GstD3,

GstE12) and specific transcription factors (Ham, Kn, Antp, Eip93F,

Noc, and ElB; Fig 2C, and Appendix Fig S5D and E).

Many of these markers are usually associated with the postsig-

naling center (PSC) that regulates the differentiation of lamellocytes

within the lymph gland (Crozatier et al, 2004; Mandal et al, 2007;

Benmimoun et al, 2015). The low abundance of these cells renders

them hard to track in the larva; however, the GstD reporter GstD-

LacZ (Sykiotis & Bohmann, 2008) labels subsets of WL hemocytes

that may correspond to the PL-ImpL2 cluster (Appendix Fig S5E).

CC
The CC cluster expresses the two well-known crystal cell markers

PPO1 and PPO2 (Dudzic et al, 2015). In addition, we identify new

potential markers: Metallothionein A (MtnA), Malic enzyme (Men),

and CG9119. Further analysis of the GO terms highlights the

response to starvation (Lipin (Lpin), Mthl10) as well as enzymes

essential for the biosynthesis of proteoglycans (Sugarless, sgl) and

glucose homeostasis (Pfk, 6-phosphofructo-2-kinase (pfrx), and

Aldolase (ald); Hacker et al, 1997; Flowers et al, 2007; Ugrankar

et al, 2011; Dudzic et al, 2015; Enzo et al, 2015; Sung et al, 2017;

Wong et al, 2019).

◀ Figure 2. Fourteen hemocyte populations can be distinguished in WL by single-cell RNA-seq.

A UMAP projection representing the 14 clusters of cells identified in the hemocyte pools from OregonR WL (NI dataset).
B Number of cells and proportion of each cluster in the NI dataset.
C GO term enrichment analysis for each cluster. The x-axis is the GO term enrichment, the color gradient (black to light blue) indicates the P-value, and the number of

genes and the GO term category (CC: cellular compound, BP: biological process, MF: molecular function) are indicated between brackets.
D Top 5 markers of each cluster. The expression levels are represented by the gradient of purple levels) and the percentage of cells with the size of the dots.

Data information: Related to Appendix Figs S3 and S4, Datasets EV2 and EV3.
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Finally, GO terms related to “extracellular region” are enriched

recurrently in almost every cluster (Fig 2C). Further analyses of all

the genes expressed in the NI dataset and associated with the term

extracellular region show that each cluster expresses different

proteins (Appendix Fig S4B).

Characterization of the molecular pathways active in
the clusters

To identify which regulatory networks characterize the clusters, we

performed a regulon analysis using SCENIC (Aibar et al, 2017;
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Fig 4A). SCENIC defines the regulon as an ensemble of genes coreg-

ulated by a single transcription factor and determines the regulon(s)

active in single cells in three steps. First, covariation of the expres-

sion levels of the genes is estimated in the single-cell dataset. Then,

each group of genes displaying covariation is screened for common

cis-regulatory motifs present in the group. This defines groups of

genes regulated by a specific transcription factor (=regulon). Finally,

the activity of each regulon is estimated in each cell of the dataset

(Aibar et al, 2017). Of note, this analysis was done independently of

our initial clustering based on the expression levels. The clustering

of the WT NI cells based on the regulons is highly comparable to

the expression-based clustering, with a high overlap between the

two clustering approaches, as estimated by the Rand index or RI

(Rand, 1971; RI = 0.83; see the Materials and Methods section).

This overlap highlights the robustness of our initial clustering.

The SCENIC analysis allowed us to associate specific regulons to

each cluster (Fig 4A). Concordant with previous reports, the analysis

highlighted a positive correlation between the regulon lz and the

crystal cells. Lz is a Runx transcription factor essential for the dif-

ferentiation of these cells (Lebestky et al, 2000). The PL-Rel, PL-

AMP, and PL-vir1 clusters are characterized by the regulons Jra (JNK

cascade), Rel (IMD pathway), and Ets21C (which cooperates with

the JNK pathway). The regulon activating transcription factor 3

(ATF3) involved in anti-viral response in mammals (Labzin et al,

2015) is specific to PL-vir1 and PL-Rel, whereas the regulon CrebA

regulating the secretory pathway is specific to the PL-AMP cluster,

which expresses most of the antimicrobial peptides. The PL-prolif

cluster and the closely related cluster PL-Inos (Fig 4B) are enriched

for the regulons EcR and E2F1 that are involved in the regulation of

hemocyte proliferation (Sinenko et al, 2010). PL-Lsp is associated

with the Tbp regulon that is involved in the canonical transcriptional

machinery. Such enrichment may indicate a higher rate of transcrip-

tion, which would be concordant with the function of this cluster in

producing storage proteins in preparation for pupariation. PL-robo2

is enriched for the regulons of the GATA factors Pnr and Srp, which

is known to regulate the expression of scavenger receptors in the

hemocytes (Shlyakhover et al, 2018; Valanne et al, 2018). At last,

PL-ImpL2 is enriched in Ham, Kn, CG9609, and Nf-YB. Ham was

shown to limit amplifying divisions in neural stem cells (Eroglu et al,

2014). CG9609 is a zinc finger transcription factor poorly described,

expressed mostly in ovaries (Robinson et al, 2013), and Nf-YB regu-

lates cell death and proliferation (Ly et al, 2013).

Developmental links between the different hemocyte
populations in NI animals

The GO term and the regulon analyses reveal distinct functions and

properties for specific hemocyte clusters. The identification of the

proliferative cluster prompted us to ask whether there is a filiation

among the clusters and, if so, to define their hierarchical organization.

We adopted two distinct strategies to predict the hierarchy between

the clusters: RNA velocity (La Manno et al, 2018) and Monocle (Trap-

nell et al, 2014; Qiu et al, 2017a,b).

RNA velocity compares unspliced and spliced transcripts in the

single-cell dataset, to evaluate the developmental direction of

single cells and to generate a UMAP displaying the link between

cells (La Manno et al, 2018). Following this, the cluster identities

were appended to the RNA velocity map (Fig 4C). The map

suggests that PL-prolif/PL-Inos is at the origin of most clusters,

that PL-0, PL-1, PL-2, and PL-3 are derived from PL-Inos, and

that PL-vir1, PL-Rel, and PL-robo2 are issued from PL-3, PL-0,

and PL-2 (Fig 4C). The comparison of the RNA velocity results

with the regulons (Fig 3C) suggests the pathways involved in the

acquisition of the specific properties. First, from PL-prolif to PL-

Inos and then to PL-1/PL-3, we observe a gradual reduction in

the regulons EcR and E2f1. Then, the JNK-associated regulons

(Jra, Ets21C) and the regulon Rel become progressively enriched

starting from PL-3 to PL-Rel and PL-vir1 clusters. For the PL-

robo2 branch, we observe a gradual enrichment of the regulons

associated with the GATA factors Srp and Pnr and with the

Hedgehog pathway (Ci) from PL-1/PL-3 to PL-2/PL-0. Concerning

the remaining clusters, PL-Lsp is scattered over the clusters PL-0/

PL-1/PL-2/PL-3, suggesting that it is also issued from PL-prolif/

PL-Inos, but the directionality is unclear. At last, no clear direc-

tionality could be drawn for PL-AMP, PL-Pcd, CC, and PL-ImpL2,

which suggests that their direct progenitors are not detected in

our dataset (Fig 4C).

The second approach, Monocle, estimates the cell trajectories

by first defining the sequences of gene expression changes

required to adopt distinct cell states and then by positioning the

cells on the trajectories according to their transcriptomes (Trap-

nell et al, 2014; Qiu et al, 2017a,b). The Monocle analysis identi-

fied trajectories in line with the branches observed with RNA

velocity (Fig 4D). The PL-prolif/PL-Inos clusters are at one

extremity, followed by PL-1/PL-3, then PL-2/PL-0, with PL-robo2

◀ Figure 3. Localization of the NI hemocyte clusters.

A Identification of the position (circulating/resident) of the clusters within the larva by qPCR. The left panel indicates the distribution of each marker across all clusters
(as in Fig 2D), and the right panel indicates the log2 of the ratio between the expression level in the circulating versus the resident compartment. Positive values
indicate an enrichment in the circulating compartment and negative values in the resident compartment (n = 5, mean � SD is represented on the graph). The P-
values are estimated by bilateral paired Student’s t-test and indicated as follow: ns = non-significant (> 0.05), “*” = P[0.05–0.01[, “**” = P[0.01–0.001[.

B Circulating and resident hemocytes (top and bottom panels, respectively) from Mimic-Lsp1beta-MI05460 WL, which express Lsp1beta tagged with GFP. The
immunolabeling was done using anti-GFP (in gray), and the nuclei were marked with DAPI (blue). Full stacks are displayed, the left panels show the overlay of DAPI
and GFP, and the right panels show the GFP alone. The scale bars represent 10 lm.

C Quantification of the GFP intensity in circulating and resident hemocytes from MiMIC-Lsp1beta-MI05460 larvae. The OregonR value indicates the background level.
The number of cells included in the analysis is displayed on the x-axis label and is quantified from two independent preparation; P-values were estimated after
variance analysis with bilateral student test for equal variance.

D Resident hemocytes located around the oenocytes or along the muscles (top and bottom panels, respectively) from WL srp(hemo)-moesin-RFP that express moesin
tagged with RFP in hemocytes. The immunolabeling was done using anti-RFP (in red) and anti-pendulin (Pen, in gray), and the nuclei were marked with DAPI (blue).
Full stacks are displayed; the left panels show the overlay of DAPI, Pen, and RFP; the middle panels show RFP alone; and the right panels show Pen alone. Arrowheads
in the top panels indicate cells co-expressing RFP and Pen. The scale bars represent 50 lm.

Data information: Related to Appendix Fig S5 and Table EV1.
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Figure 4. Identification of the cluster-specific molecular pathways and of the filiation between the NI clusters.

A Heatmap representing the z-score for the top 5 regulons of each cluster determined with SCENIC. The dendrogram on the left side of the panel indicates the
correlation between the regulons across the dataset. The z-score is indicated with a gradient from magenta (z-score < 0, the regulon is repressed) to yellow (z-
score > 0, the regulon is active).

B Dendrogram representing the distance among the clusters. The tree was built on the correlation (Spearman) calculated on the regulon matrix from the NI dataset.
C Lineage prediction using RNA velocity. The arrows and lines on the UMAP predict the “direction” taken by the cells of each cluster, based on the comparison between

the levels of mRNA and pre-mRNA. Note that the clusters CC and PL-ImpL2 (dashed lines) have been moved from their original position to fit in the graph.
D Single-cell trajectory reconstructed with Monocle 2 on the NI dataset. The first panel shows the overlap of all clusters, and subsequent panels show restricted

number of clusters for which the RNA velocity analysis suggested a filiation.
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at the other extremity. PL-Rel follows the PL-3 > PL-0 axis, and

PL-vir1 follows the same direction as PL-Inos > PL-3.

Overall, these two distinct approaches return concordant results

in terms of biological interpretation of the relationship between the

clusters. We infer from these data that PL-prolif is at the origin of

PL-0 to PL-3, PL-vir1, PL-Rel, and PL-robo2. In this model, PL-0 to

PL-3 would represent the bulk of the plasmatocytes that may then

specialize into PL-vir1, PL-Rel, and PL-robo2.

Clusters’ dynamics upon wasp infestation

In response to wasp infestation, the Drosophila larva displays a

strong immune reaction involving multiple organs such as the

muscle, the fat body, the lymph gland, and the hemocytes (Banerjee

et al, 2019). A key response is triggered by the hemocytes, with the

production of the lamellocytes, a fraction of whose aggregate

around the wasp egg and encapsulate it to prevent its hatching.

During this process, the hemocytes present in the resident compart-

ment and in the lymph gland are recruited through cytokine secre-

tion by the circulating hemocytes, the fat body, and the muscles

(reviewed in Banerjee et al, 2019; Kim-Jo et al, 2019; Letourneau

et al, 2016). To characterize the diversity of hemocytes generated

by this systemic immune response, including the hemocytes

released from the lymph gland, we produced single-cell RNA-seq

data on the cells of the hemolymph from infested larvae.

The efficiency of the immune response of Drosophila larvae to

wasp infestation critically depends on multiple parameters including

the intensity of exposure (number of wasps, duration of the infesta-

tion), the genetic background of the Drosophila larvae, and the

developmental stage and the temperature at which the infestation

occurs (personal observations). To obtain a uniform response, we

developed a protocol of mild infestation that maximizes the number

of larvae containing a single wasp egg (Bazzi et al, 2018) and the

survival rate of the Drosophila OregonR hosts (see Materials and

Methods, Appendix Fig S6A). In these optimized conditions, we

observe first the production of lamellocytes and a decrease in plas-

matocytes, which suggests that the plasmatocytes trans-differentiate

into lamellocytes from the resident and circulating pool of hemo-

cytes (24 h after infestation). Following this, the lymph glands

histolyse (> 90% of the lymph glands histolysed 48 h after infesta-

tion) and the hemocytes proliferate (Appendix Fig S6B–D). By 72 h

after infestation (which corresponds to the time of hemocyte collec-

tion for the scRNA-seq), all lymph glands are histolysed and the

hemolymph contains hemocytes (plasmatocytes, crystal cells, and

lamellocytes) from the two hematopoietic waves (Appendix Fig

S7A–F; Bazzi et al, 2018). It is important to note that the WI dataset

covers only the cells that have not encapsulated the wasp egg.

Compared to the NI dataset, the single-cell data on the WI hemo-

lymph display two novel cell populations (LM-1 and LM-2) express-

ing the lamellocyte markers (Fig 5A and Appendix Fig S3B). The

other clusters are already present in the NI dataset. PL-Inos, PL-

prolif, PL-vir1, and PL-0 to PL-3 clusters increase in cell number,

and the size of the PL-Lsp and PL-robo2 clusters remains constant,

whereas that of the CC, PL-Pcd, and PL-Rel clusters decreases after

wasp infestation (Fig 5B).

Comparisons between NI and WI data were carried out for each

cluster but did not reveal strong transcriptomic modifications

induced by the infestation. Each NI cluster is highly correlated with

its WI counterpart (Appendix Fig S6E), and the markers and the GO

terms remain rather similar (Fig 5C and D).

Characterization of the two lamellocyte clusters and their
developmental links to the other clusters

To characterize further the two lamellocyte clusters, we compared

first their transcriptomes to all the other clusters and carried out GO

term enrichment analyses (Fig 6A and B). This comparison indi-

cates an enrichment for genes involved in melanotic encapsulation,

which is the primary role of the lamellocytes, a strong implication

of the JNK pathway, which was previously implicated in lamel-

locytes production (Zettervall et al, 2004), and several GO terms

related to cytoskeleton reorganization and integrin-mediated cell

adhesion, two processes that are necessary for the formation of the

capsule around the wasp egg (Irving et al, 2005).

We then compared the LM-1 and LM-2 clusters and found 157

genes up-regulated in LM-1 and 58 genes up-regulated in LM-2

(Fig 6A). Only few GO terms are enriched specifically in one or the

other cluster: The LM-1-specific genes are involved in integrin

processing, while the LM-2-specific genes are involved in cytoskele-

ton and mitochondrial processes (Fig 6B). The analysis of the top 10

markers for each population shows that the markers common to

LM-1 and LM-2 include known and novel lamellocyte-specific mark-

ers (including Atilla, ItgaPS4, Rhea, Shot; in black in Fig 6C and D;

listed in Dataset EV6). The markers enriched in LM-1 are expressed

at low levels in LM-2 and in the other hemocyte clusters, whereas

the markers enriched in LM-2 are also expressed in most hemocyte

clusters (Fig 6C). This suggests that the LM-1 cluster represents the

mature lamellocytes and LM-2 represents cells at a plasmatocyte/

lamellocyte intermediate state.

To investigate the link between the two lamellocyte populations

and the plasmatocytes, we carried out RNA velocity and Monocle

analyses. The two analyses place LM-2 as intermediate between the

plasmatocytes and LM-1, and also suggest that the main cluster

producing the lamellocytes is PL-vir1. Otherwise, the same major

▸Figure 5. Two additional hemocyte populations are produced after wasp infestation.

A UMAP projection representing the 16 clusters of cells identified in the WI sample. Note the presence of two additional clusters, LM-1 and LM-2, compared to the NI
sample. The two clusters correspond to the lamellocytes.

B Estimation of the number of cells of each cluster per larva in normal condition (NI, orange) and after wasp infestation (WI, blue). For each cluster, the cell number
was deduced from the total number of plasmatocytes and lamellocytes numerated in Appendix Fig S5D, and the proportion of each cluster in the single-cell datasets.

C GO term enrichment analysis for each cluster of the WI dataset. Represented as in Fig 2C.
D Dot plot representing the expression levels (gradient of red levels) and the percentage of cells (size of the dots) that express the top 5 markers of each cluster in the

WI dataset.

Data information: Related to Appendix Figs S6 and S7.
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branches from PL-prolif/PL-Inos to PL-robo2, PL-Rel, and PL-vir1 as

those identified in the NI larvae are observed (Fig 7A and B).

Markers’ dynamics upon WI

Considering the strong immune response induced by the WI, we

expected a very robust modification of the transcriptional landscape

of most hemocytes; however, the transcriptome of the plasmatocyte

clusters remains overall similar in WI compared to NI (see above

and Appendix Fig S6E). To rule out that this observation is due to

the low depth of the scRNA-seq, we used qPCR to quantify the main

clusters’ markers in NI and WI hemocytes from WL (Fig 8A). In

agreement with the scRNA-seq data, the large majority of the NI

plasmatocyte markers maintain the same expression profile upon

WI. As expected, the lamellocyte markers are strongly up-regulated

in WI (Fig 8A). In addition to the lamellocyte markers, the following
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Figure 6. Characterization of the two lamellocyte clusters.

A Scatter plot comparing the transcriptome of the two lamellocyte clusters, deduced from the WI dataset. The x-axis is the average expression levels of the genes and
the y-axis the log2 fold change (LM-1/LM-2). The genes significantly enriched in the LM-1 cluster are highlighted in red (P < 10�6), those significantly enriched in the
LM-2 cluster in orange (P < 10�6).

B GO term enrichment analysis on the genes enriched in lamellocytes compared to all other clusters (top panel) and on the genes specific to LM-1 (middle panel) or
LM-2 (lower panel). The bars represent the fold enrichment, and the color gradient indicates the P-value of the GO term enrichment (as in Fig 2C).

C Expression levels (gradient of color) and the percentage of cells (size of the dots) for the top 10 markers of lamellocytes (in black), of markers specific to LM-1
compared to LM-2 (in red) and specific to LM-2 compared to LM-1 (in orange). Note that most markers enriched in LM-1 compared to LM-2 are exclusively expressed
in LM-1, while most markers enriched in LM-2 compared to LM-1 are also expressed in the plasmatocyte and crystal cell clusters.

D Hemocytes from WL OregonR infested by wasp. The immunolabeling was done with antibodies targeting the new lamellocyte markers identified in this study Rhea
(in gray, top panels) and Shot (in gray, lower panels). Phalloidin-FITC (in green) labels the actin filament particularly abundant in lamellocytes (Tokusumi et al, 2009),
and the nuclei were marked with DAPI (blue). Full stacks are displayed; the left panels show the overlay of DAPI, FITC, and the lamellocyte markers; the middle panels
show the FITC alone; and the right panels show the lamellocyte markers alone. The scale bars represent 20 lm.
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markers display significant up-regulation: NimB4 (marker of PL-

Inos), CecC (PL-AMP), Hml and Sr-C1 (PL-prolif), and Lz (CC). This

increase can reflect a modification of the size of their affiliated clus-

ters, which is the case for PL-Inos and PL-prolif (Fig 5B). It also

reflects the molecular response to the WI, which is likely the case

for CC and PL-AMP whose size remains low upon WI.

To characterize the progression of the immune response to the

infestation, we collected the hemocytes 24, 48 and 72 h after WI

and quantified the expression levels of specific markers by qPCR

(Fig 8B–D). CecC and the lamellocyte markers undergo strong up-

regulation in the 24 h following the WI. Within this timeframe,

the lymph gland is still intact (Appendix Fig S6C), indicating that

this early response is produced by the hemocytes of embryonic

origin. The high expression levels of the markers are then main-

tained until 72 h, suggesting that they are also expressed by the

hemocytes released from the lymph gland (Fig 8C). The other

markers (i.e., NimB4, Sr-C1, Lz, and Hml) do not display a

strong modulation during the response (Fig 8B). We also charac-

terized the expression levels of the PL-prolif markers CycB,

PCNA, Stg, and NCD. The four markers display stable expression

at 24 h and up-regulation at 48 h, which is maintained at 72 h

after WI (Fig 8D). This suggests that the number of dividing cells

stays constant at 24 h and increases later on. These data are

concordant with the hemocyte counts at the different stages of

infestation (Appendix Fig S6D). Within 24 h of infestation, the

number of hemocytes remains the same, with lamellocytes being

produced upon plasmatocyte trans-differentiation. In the following

time points, there is an increase in plasmatocyte number, which

can be explained by the combination of the release of hemocytes

from the lymph gland and increased proliferation (Fig 8D and

Appendix Fig S6D).

Finally, to determine the origin of the hemocytes, we analyzed

the expression levels of the main clusters’ markers in the hemocytes

originating from the lymph gland or from the embryo in WI condi-

tions (Fig 8E). The hemocytes were traced using the lymph gland-

specific driver DotGal4 or the embryonic hemocyte driver Srp

(hemo)Gal4 combined with two lineage tracing transgenes (gtrace,

see Materials and Methods section and Appendix Fig S7B, D and F).

The hemocytes were sorted by FACS before quantification by qPCR.

Of note, the filtration steps necessary for the FACS sorting removed

most lamellocytes from the samples, which explains the low levels

of lamellocyte markers in these data (personal observation). The

analysis reveals enrichment for the markers of PL-prolif and CC in

the embryonic-derived hemocytes. All other clusters display mark-

ers in the hemocytes from both origins. This suggests that the lymph

gland produces hemocytes highly similar to the embryonic-derived

hemocytes upon WI. It also suggests that the lymph gland releases

only few crystal cells and proliferating cells in the hemolymph after

WI.

Overall, this analysis indicates that the hemocytes from the

lymph gland express most markers found in embryonic-derived

hemocytes (in the NI dataset). Thus, at the present level of resolu-

tion of the scRNA-seq data, we cannot identify markers specific to

the origin (i.e., embryonic or lymph gland) of the hemocytes.
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Figure 7. Identification of the filiation between the WI clusters.

A Lineage prediction for the clusters from the WI sample using RNA velocity, as in Fig 4C.
B Single-cell trajectory reconstructed with Monocle 2 on the WI dataset. The panels show restricted number of clusters for which the RNA velocity analysis suggested

a filiation.
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Metabolic properties of the clusters

To observe the potential metabolic differences among the clusters,

we analyzed the expression profile of the main actors of energy

metabolism across the NI and WI datasets (Appendix Fig S8) in the

same fashion as it was done on the bulk transcriptomes

(Appendix Fig S2). Although the analyses carried out on the single

cell are not as precise as the ones on the bulk transcriptome, most

plasmatocyte clusters display metabolic markers in line with the

observations made with the bulk RNA-seq. We can hence use these

data to draw first conclusions.

In the larva, the hemocytes import and metabolize lipids to drive

the TCA cycle. Lipid-scavenging receptors and the genes of the fatty

acid degradation pathway are expressed in most of them. The three

exceptions are PL-AMP, PL-Pcd, and PL-ImpL2 that express low

levels of lipid-scavenging receptors and fatty acid degradation genes

as well as low levels of TCA genes, suggesting a lower metabolism

for these clusters (Appendix Fig S8 left panel).
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The crystal cells distinguish themselves by the expression of the

glucose transporters (Sut1 and Glut1) and genes involved in gluco-

neogenesis (fbp, Ald) and lipid biosynthesis (Lpin), suggesting a

metabolism involving glucose and lipid uptake (Appendix Fig S8 left

panel).

The wasp infestation enhances the expression levels of the lipid-

scavenging receptors and of the fatty acid degradation genes in the

plasmatocytes, including in the clusters PL-Pcd and PL-AMP, which

suggests a stronger metabolic activity (Appendix Fig S8 right panel).

We also noticed increased levels of the glucose transporter Glut1

and of the genes involved in glycolysis in PL-robo2 hemocytes,

suggesting that the infestation induces a diversification of the energy

source for this cluster (Appendix Fig S8 right panel). Finally, the

lamellocyte clusters display a strong expression of the glucose trans-

porter sut1. In addition, LM-1 displays a prominent glycolysis path-

way, which may indicate that lamellocyte metabolism relies mostly

on glucose (Appendix Fig S8 right panel).

The wasp infestation induces a strong metabolic shift in the

larvae where the resources are deviated from development toward

the immune response (Rauw, 2012). This shift, mediated by the

hemocytes through the production of extracellular adenosine,

increases considerably the sugar levels in the hemolymph (Bajgar

et al, 2015). Our data suggest that this additional sugar is mostly

used by the lamellocytes and by the PL-robo2 clusters to respond to

the wasp infestation, while the other hemocyte clusters keep using

lipids.

Discussion

The immune cells provide the first line of defense against the non-

self, and accumulating evidence strongly suggests that their function

exceeds the immune response. Due to their ability to communicate

with the other organs and tissues, immune cells provide ideal

sensors for the internal state and homeostasis during development

and ontogeny. This raises the issue of immune cell heterogeneity;

that is, can we identify subpopulations with specific potentials? The

understanding of immune cell biology heavily relies on the thorough

characterization of these cells as well as on the identification of

specific markers and subpopulations. This work provides the first

atlas of the Drosophila hemocytes, by specifically focusing on those

that originate from the first hematopoietic wave. We show that

these hemocytes undergo a molecular and metabolic shift during

development. We show the existence of distinct hemocyte popula-

tions and identify a large panel of novel markers specific to the dif-

ferent populations. Monitoring the larval response against the wasp

L. boulardi reveals the hemocyte behavior upon challenge and

defines intermediate and mature lamellocyte populations. Finally,

we use multiple bioinformatics tools to predict a temporal progres-

sion among the different hemocyte clusters in control and in chal-

lenged conditions.

The developmental shift between the embryonic and the
larval stages

Immune cells are considered as static components of our defense

system; however, these cells constantly interact with the ever-chan-

ging environment. In addition, the cells that are born in the early

embryo experience the extensive rearrangements that occur during

development, including tissue and organ formation. We here show

that the Drosophila hemocytes undergo a significant transcriptional

shift that fully complies with the requirements of the embryonic and

larval stages.

The highly migratory hemocytes present in the differentiated

embryo display a strong developmental role: They allow tissue

reshaping by secreting several constituents of the extracellular

matrix and by engulfing dead cells through specific scavenger recep-

tors such as NimC4. They display high levels of gluconeogenesis

and TAG synthesis, processes that provide adequate levels of

glucose and fatty acid for tissue/organ development. They secrete

cuticle proteins. The larval hemocytes, on the other hand, express

high levels of transcripts that are linked to the immune response, in

accordance with the exposure to pathogens occurring after hatching,

and are highly phagocytic. Moreover, they express fewer molecules

associated with the extracellular matrix as compared to those

observed in the embryo. Finally, they strongly express the molecular

pathways that release stored energy (beta oxidation, TCA cycle),

most likely in preparation for the metamorphosis and to help build-

ing the adult tissues.

Different types of hemocytes in wild-type larvae

The single-cell analysis on the NI animals reveals the presence of 14

different hemocyte clusters, based on the profile of gene expression,

◀ Figure 8. Timing of the production of the different clusters in the hemolymph of WI larvae.

A Expression levels of the cluster markers in the hemolymph of WI larvae compared to NI larvae. The left panel indicates the distribution of each marker across all
clusters (as in Fig 2D), and the graph on the right panel indicates the log2 of the ratio between the expression level in WI versus NI. Positive values indicate an
up-regulation upon wasp infestation and negative values a down-regulation (n = 3, pool of 10 larvae per replicate, mean � SD is represented on the graph). The
P-value are estimated by bilateral Student’s t-test and indicated as follow: ns = non-significant (> 0.05), “*” = P[0.05–0.01[, “**” = P[0.01–0.001[.

B, C Expression levels of the cluster markers increasing in WI compared to NI according to (A) during the progression of the immune response to wasp infestation.
Collections were carried out at t0 (time of infestation, L2), 24 h (early L3), 48 h (mid L3), and 72 h (WL) after wasp infestation (n = 3). The timeline is on the x-axis
and the normalized expression levels on the y-axis. The expression levels were normalized to the levels at t0. The dotted lines indicate t0 relative level (=1). The
markers that do not display strong variability during the timeline are presented in (B), and the ones showing a strong up-regulation are in (C).

D Expression levels during the infestation timeline as in (B, C) for the markers of proliferation.
E Weighted dot plot representing the enrichment (log2 fold change) of the markers in hemocytes originating from the lymph gland (DotGFP-WI) compared to

embryonic hemocytes (srpGFP-WI) from WI larva. The lymph gland hemocytes and embryonic hemocytes were traced using the lymph gland driver DotGal4 and
the embryonic driver Srp(hemo)Gal4, respectively, combined with a lineage tracing construct. The relative expression levels are indicated by the size of the dots and
the P-value of the log2 fold change with the gradient dark blue (not significant) to light blue (P < 10�3). The P-value is estimated by bilateral Student’s t-test and
indicated as follow: ns = non-significant (> 0.05), “*” = P[0.05–0.01[, “**” = P[0.01–0.001[, “***” = P < 0.001].

Data information: Related to Appendix Figs S6 and S8, and Table EV1.
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on the enrichment in specific GO terms and regulons as well as on

the in vivo validation. Indeed, a number of clusters are identified by

a single regulon (Tbp for PL-Lsp, lz for CC, E2f1 for PL-prolif) or by

a specific combination of regulons in the case of related clusters

(e.g., PL-vir1, PL-Rel, and PL-Amp). These data provide us with a

battery of novel-specific markers and will make it possible to gener-

ate more targeted genetic tools. Excitingly, we can already define

distinct features and functions of the different clusters.

The PL-Rel cluster likely provides a cellular reservoir for a speci-

fic immune response, and the closely related PL-AMP hemocytes

seem more specifically dedicated to the humoral response, whereas

PL-vir1 hemocytes seem associated with the anti-viral response.

These three clusters share GO terms and regulons associated with

immune functions, suggesting that they respond to a variety of chal-

lenges. These data suggest that specific hemocyte subtypes target

different pathogens. This does not necessarily mean that only these

hemocytes will respond to the infection, as these cells may just

respond faster than others to a specific challenge.

The circulating PL-Lsp hemocytes represent the nutrient reservoir

that stores amino acids and has a role in homeostasis. The PL-Lsp

and PL-AMP hemocytes are associated with the major roles of the

fat body, the metabolic homeostasis, and the humoral immune

response, suggesting that they contribute to the fat body–hemocyte

axis acting in physiological and pathological conditions. This axis is

bidirectional. For example, (i) the small secreted peptide Edin

produced in the fat body controls the number of plasmatocytes in

circulation upon wasp infestation; (ii) the hemocyte expression of

the Spaetzle ligand controls the activity of Toll signaling in the fat

body and affects the response to infection (Shia et al, 2009) as well

as tumor growth (Parisi et al, 2014); and (iii) the metabolically

induced production of the NimB5 protein from the fat body adjusts

the number of hemocytes to the physiological state of the larva

(preprint: Ramond et al, 2019).

The PL-robo2 hemocytes are associated with phagocytosis and

may serve as a sensor of lipid levels in the hemolymph (Woodcock

et al, 2015). This cluster shares features with the large PL-0 and PL-

2 clusters that are mildly enriched for the regulon related to the

phagocytic abilities (srp), in agreement with the finding that the vast

majority of the larval hemocytes is phagocytic (Fig 1). The PL-0, PL-

2, PL-1, and PL-3 clusters, which do not display strong specific

molecular features, may serve different purposes, perhaps less effi-

ciently than the more specialized hemocytes, or may express

enhanced potentials in response to specific challenges.

The unexpected finding that a cluster expresses a high rate of

ribosomal protein suggests that either translation is higher in PL-Pcd

hemocytes compared to other clusters or that the ribosomal proteins

high in this cluster act on the immune response in an uncanonical

fashion. Notably, studies in mammals indicate that ribosomal

protein like RPS3 selectively modulates the target genes of NF-jB,
the orthologue of Rel (Zhou et al, 2015).

The data on the small CC cluster validate the role of these cells

in melanization and reveal a distinct metabolism as they seem to

use glucose as energy source, whereas the plasmatocytes mostly use

lipids.

The PL-prolif cells, mostly localized in the resident compartment,

likely provide the pool of mitotic precursors for most of the hemo-

cyte clusters identified in the larva and PL-Inos the immature

progenitors, respectively.

The PL-ImpL2 cluster defines PSC-like cells present outside of

the lymph gland in a still unknown location. These hemocytes

are likely set aside in the embryo, in line with the findings that

they are significantly enriched for transcripts that are specific to

the E16 hemocytes (bulk transcriptome analyses, unpublished

data) and that they do not seem to originate from the PL-prolif

cluster.

The identification of different populations of specialized plasma-

tocytes in the Drosophila larva prompts us to draw parallels with

the mammalian immune cells. The closest relative to plasmatocytes

is the monocytes and the macrophages (Wood & Martin, 2017).

Monocytes are equipped with Toll-like receptors, scavenger recep-

tors, and their main function is to patrol as well as remove microor-

ganisms, lipids, and dying cells via phagocytosis. Upon

inflammation, they infiltrate specific tissues and differentiate into

macrophages. The macrophages keep phagocytosing, induce an

inflammatory response by releasing cytokines, and participate to

repair of the tissue (Yang et al, 2014). The scRNA-seq assay reveals

that hemocytes express markers such as Integrin alphaPS2 (If), EcR/

Hr96, Lamp1, Rgh, Tfc/lectin-46Cb/CG34033, and Lz, which are the

Drosophila orthologues of CD11b, PPARc, CD68, Dectin, CD207,

and RUNX, respectively. In mammals, these proteins are responsible

for migration, adhesion, phagocytosis, differentiation from mono-

cytes to macrophages, and pathogen recognition (Ramprasad et al,

1996; Voon et al, 2015; Podolnikova et al, 2016; Daley et al, 2017;

Heming et al, 2018).

Single-cell analyses of the kind we performed on the fly hemo-

cytes bring about the important question of whether the differences

observed between clusters are stable or transient; in other words,

do the clusters represent different and stable identities or do they

reflect the presence of transient, unstable, states? Based on our data,

we speculate that some clusters represent specific populations (the

LSP producing plasmatocytes, the crystal cells, etc.), because they

display very unique features. The Prolif and the Inos plasmatocytes,

on the other hand, share a number of markers and may represent

states of the same cluster. Plasmatocyte clusters 0–3, which can

only be resolved using a combination of markers, may also repre-

sent developmental states, in line with the trajectories identified by

the bioinformatic analyses. In this regard, investigating the similari-

ties and differences to the adult hemocytes will shed light on some

of these issues.

The larval response to wasp infestation

The single-cell analysis upon WI reveals the reduced representation

of some clusters such as PL-Rel and the expanded representation of

“early” clusters (e.g., PL-prolif, PL-Inos). Thus, specific hemocyte

clusters may preferentially survive/proliferate upon challenge. The

majority of the clusters, however, remain equally represented in the

two conditions, and the correlation between the average transcrip-

tomes in NI and WI conditions reveals strong similarity between

most of the identified clusters (Pearson = 0.97). This implies that

the hemocytes produced by the 1st and the 2nd hematopoietic waves

share major features.

Two new populations of cells appear, LM-1 and LM-2, the second

one representing an intermediate state characterized by the co-

expression of lamellocyte and plasmatocyte genes. Interestingly,

LM-2 also expresses a specific identity that is linked to energy
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supply (e.g., respiratory chain, NADH activity), whereas LM-1 cells

are mostly devoted to encapsulation.

With respect to the mode of lamellocyte production, the bioinfor-

matics predictions (RNA velocity and Monocle) could support the

hypothesis of a dedicated precursor, the lamelloblast (Anderl et al,

2016). The PL-prolif cluster seems to rapidly branch out with one

arm giving rise to lamellocytes, partly associated with the PL-vir1

cluster, and the other arm giving rise to the other plasmatocyte clus-

ters. In this model, the 1st hematopoietic wave would produce

lamellocytes through trans-differentiation (the expression of LM-2

markers already increases in the first 24 h after infestation),

whereas the 2nd wave would do it (also) through the mitotically

active lamelloblast. At the level of resolution provided by the

scRNA-seq assay, we may have lost the lamelloblast cluster.

In sum, the different clusters identified by the scRNA-seq assay

exhibit distinct features, which can be now tested functionally using

the newly identified markers and the associated genetic tools that

are publically available (Gal4 drivers, RNAi and overexpressing

transgenes, mutations). Future technological refinements may

enhance the depth of the analyses, as the current scRNA-seq assays

only allow for the identification of a subset of genes for each cluster,

the most expressed ones. As an example, the larval hemocytes do

not all phagocytose with the same efficiency, but we cannot allocate

the different potentials to specific clusters (Appendix Fig S5F).

Nevertheless, our data on the bulk and single-cell transcriptomes of

the Drosophila hemocytes provide a powerful framework to under-

stand the role of immune cells in physiological and pathological

conditions.

Materials and Methods

Fly strains and genetics

All flies were raised on standard media at 25°C. For the bulk

sequencing, the hemocytes from stage 16 (E16) embryos were

collected from srp(hemoGal4/+;UAS-RFP/+) animals obtained upon

crossing srp(hemo)Gal4 (gift from K. Brückner; Bruckner et al,

2004) and UAS-RFP flies (RRID:BDSC_8547). The wandering L3

(WL) hemocytes were collected from staged HmlDRFP/+ animals

upon crossing HmlDRFP (Makhijani et al, 2011) with OregonR flies

(108–117 h After Egg Laying, h AEL).

For the single-cell sequencing, OregonR flies were used as the

wild-type (WT) strain for all the experiments and for the single-cell

RNA sequencing.

Validation of the single-cell data involved the following stocks:

srp(hemo)-moesin-RFP [stock D2244 on chr 2, gift from D. Siekhaus

(Gyoergy et al, 2018)], Mimic-Lsp1beta-MI05460 (RRID:BDSC_407

82), Lsp2-Gal4 (RRID:BDSC_6357), the lineage tracing line UAS-FLP,

Ubi-p63E(FRT.STOP)Stinger (RRID:BDSC_28282) that was combined

with UAS-FLP; act5c-FRT,y+,FRT-Gal4,UASmCD8GFP [gift from I.

Ando (Honti et al, 2010)], and Dot-Gal4 (RRID:BDSC _6903) and

GstD-LacZ [gift from D. Bohmann (Sykiotis & Bohmann, 2008)].

FACS sorting of embryonic and larval hemocytes

Staged egg laying was carried out to produce E16 embryos as

follows. The cross to produce srp(hemo)Gal4/+;UAS-RFP/+ embryos

(with at least 100 females) was transferred to egg laying cages on a

yeasted apple juice agar at 25°C. After a pre-lay period of 30 min,

the agar plates containing yeast were replaced with fresh plates and

flies were left to lay for 3 h at 25°C. Agar plates were then removed,

and the embryos were raised for 11 h and 40 min at 25°C until they

reached stage 16. Embryos were then isolated from the medium and

washed on a 100-lm mesh. The collected embryos were transferred

into a cold solution of phosphate-buffered saline (PBS) in a Dounce

Homogeniser on ice. The embryos were dissociated using the large

clearance pestle than the small clearance pestle, and then, the cells

were filtered through a 70-lm filter to prepare them for FACS sort-

ing. The cells were sorted using FACS Aria II (BD Biosciences) at

4°C in three independent biological replicates. Live cells were first

selected based on the forward scatter and side scatter, and only

single cells were taken into account. OregonR cells were used as a

negative control to set the gate for the sorting of RFP-positive cells

only (Appendix Fig S1). RFP-positive hemocytes were collected in

1 ml of TRI reagent (MRC) for RNA extraction.

For the wandering L3, HmlDRFP/+ hemocytes, staged lay of 3 h,

were carried out at 25°C to prevent overcrowding of the vials (be-

tween 50 and 100 embryos per vial) and wandering larvae were

collected 108–117 h AEL, bled in cold PBS containing PTU (Sigma-

Aldrich P7629) to prevent hemocyte melanization (Lerner & Fitz-

patrick, 1950), filtered through a 70-lm filter to isolate them, and

sorted by FACS as described for the embryonic hemocytes.

The purity of the sorted populations was assessed prior to the

collection of the sample for RNA extraction by carrying out a post-

sort step. The FACS sorter was set up to produce hemocyte pools

displaying at least 80% of purity on the post-sort analysis.

RNA extraction and bulk RNA sequencing

The sorted cells were homogenized then left at room temperature

(RT) for 5 min to ensure complete dissociation of nucleoprotein

complexes. 0.2 ml of chloroform was added to each sample

followed by centrifugation at 12,000 g for 15 min at 4°C. The upper

aqueous phase containing the RNA was collected and transferred to

a fresh autoclaved tube. 0.5 ml of 2-propanol was added, and the

samples were incubated for 5–10 min at RT. The RNA was precipi-

tated by centrifugation, washed with 1 ml of 75% ethanol, precipi-

tated again, and air-dried. 20 ll of RNase-free water was added to

each sample before incubation at 55°C for 15 min. Single-end

mRNA-seq libraries were prepared using the SMARTer (Takara)

Low Input RNA Kit for Illumina sequencing. All samples were

sequenced in 50-length single read. At least 40 × 106 reads were

produced for each replicate (Appendix Fig S1).

Analysis of bulk RNA-seq data

The data analysis was performed using the GalaxEast platform, the

Galaxy instance of east of France (http://www.galaxeast.fr/, RRID:

SCR_006281; Afgan et al, 2018). First, summary statistics was

computed on the raw FastQ Illumina files of the dataset using the

quality control tool for high-throughput sequence data FastQC

(Babraham Bioinformatics, RRID:SCR_014583). FastQ Illumina files

were converted to FastQ Sanger using the FastQ Groomer tool after

assessing the quality of the sequencing. The FastQ Sanger files were

then mapped onto the D. melanogaster reference genome Dm6
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using TopHat (RRID:SCR_013035; Trapnell et al, 2009). As for the

expression levels, the analysis of differential gene expression was

based on the number of reads per annotated gene. This was done by

using Htseq-Count (RRID:SCR_011867; Anders et al, 2015), and the

comparison and normalization of the data between the different cell

types were done in Deseq2 (Appendix Fig S1; RRID:SCR_015687;

Anders & Huber, 2010). The gene ontology studies presented in

Fig 1B and Dataset EV1 were done using the Database for Annota-

tion, Visualisation and Integrated Discovery (DAVID) v6.8

(https://david.ncifcrf.gov/,RRID:SCR_001881; Huang da et al, 2009)

for the identification of biological processes.

The metabolic pathway analysis (Appendix Fig S2) was done as

follows. Genes that showed a fold change ≥ 2 with an adjusted P-

value of less than 0.05 were considered for gene set enrichment

analysis. Gene ontology and KEGG pathway enrichment analysis of

the differentially expressed genes were done in ShinyGO v0.60

webserver (preprint: Ge & Jung, 2018). Genes associated with meta-

bolic pathways considered in this study were retrieved from the

KEGG database (http://www.genome.jp/, RRID:SCR_012773; Kane-

hisa & Goto, 2000). The log2FC values of the metabolic genes

(q < 0.05) in the hemocytes were then plotted using R (version

3.4.0; R Core Team, 2017). The corresponding expression data for

these genes in the “Embryo_16-18 hr” and “larva_L3_puffstage_7-

9” developmental stages from modENCODE database (RRID:SCR_

006206; Graveley et al, 2011) were downloaded using the webtool

DGET (Hu et al, 2017; https://www.flyrnai.org/tools/dget/web/).

These data were used to calculate the fold change and are repre-

sented as bar-plots. For genes with paralogs, the paralog with high-

est fold change has been considered for the analysis. The details of

all the genes (including all the paralogs) from these pathways are

present in Table EV1, and the genes represented in the bar-plots

(Appendix Fig S2) are highlighted in yellow.

Phagocytosis assay

Hemocytes from E16 embryos and wandering larvae underwent the

phagocytosis assay with latex beads. Briefly, srp(hemo)-moesin-RFP

flies were staged for 3 h at 25°C, and then, the embryos were incu-

bated at 25°C for 12 h in order to reach stage 16. Then, the embryos

were collected and dechorionated in 25% bleach for 5 min at RT.

Upon that the embryos were washed, homogenized with Dounce

Homogeniser in Schneider medium complemented with 10% fetal

calf serum (FCS), 0.5% penicillin, 0.5% streptomycin (PS), and few

crystals of N-phenylthiourea ≥ 98% (PTU) (Sigma-Aldrich P7629)

to prevent hemocyte melanization (Lerner & Fitzpatrick, 1950), and

filtered with a 70-lm filter. Twenty third-instar larvae were bled in

Schneider medium. Hemocytes for both stages were treated at the

same time with latex beads 0.50 lm (Polysciences Inc., cat 17152)

for 5 and 20 min, cytospinned at 700 rpm for 3 min, fixed for

10 min in 4% paraformaldehyde/PBS at RT, incubated for 30 min

with DAPI to label nuclei (Sigma-Aldrich) (diluted to 10–3 g/l in

blocking reagent) and phalloidin Cy3 (only for the WL3 hemocytes

due to low moesin-RFP signal), and then mounted in Aqua-Poly/

Mount (Polysciences, Inc.). The slides were analyzed by confocal

microscopy (Leica Spinning Disk) using identical settings.

For the phagocytosis assay on NimC1/P1-negative hemocytes, 20

third-instar larvae were bled in Schneider medium supplemented

with PTU and were treated with latex beads 0.50 lm diluted 1/500

for 2, 5, or 10 min. Cells were then fixed and labeled with rabbit

anti-Srp(Bazzi et al, 2018) and mouse anti-P1(Vilmos et al, 2004).

We then used the secondary antibodies Cy5 goat anti-mouse IgG

(Jackson ImmunoResearch Labs Cat# 115-177-003, RRID:AB_

2338719) and Cy3 goat anti-rabbit IgG (Jackson ImmunoResearch

Labs Cat# 111-165-144, RRID:AB_2338006) and DAPI. Images were

acquired using Leica Spinning Disk microscope. Images produced

were analyzed in Fiji (RRID:SCR_002285; Schindelin et al, 2012).

Imaging

The images produced for this paper were acquired on a Leica Spin-

ning Disk from the Imaging center of the IGBMC (http://ici.igbmc.

fr/). The acquisition step was 0.5 lm with a 40 × magnification.

For the quantifications, three or more fields per sample were used

with more than 50 cells in total. The intensity of latex beads or

protein levels was measured with the Imaris software (version 9.5).

Hemocyte immunolabeling

Ten 3rd-instar larvae per sample were bled in Schneider medium

complemented with 10% fetal calf serum (FCS), 0.5% penicillin,

0.5% streptomycin (PS), and few crystals of N-phenylthiourea ≥ 98%

(PTU). For the collection of circulating hemocytes, the hemolymph

was gently allowed to exit, while resident hemocytes were scraped

and/or jabbed off the carcass in a second well as described in Petraki

et al (2015). For the infested larvae, there was no separation of circu-

lating from resident hemocytes and we used five larvae per sample.

The cells were cytospinned at 700 rpm for 3 min; then, the samples

were fixed for 10 min in 4% paraformaldehyde/PBS at RT, incubated

with blocking reagent (Roche) for 1 h at RT, incubated overnight at

4°C with primary antibodies diluted in blocking reagent, washed

three times for 10 min with PTX (PBS, 0.1% Triton X-100), incubated

for 1 h with secondary antibodies, washed twice for 10 min with

PTX, incubated for 30 min with DAPI and phalloidin GFP, and then

mounted Aqua-Poly/Mount (Polysciences, Inc.). The slides were

analyzed by confocal microscopy (Leica Spinning Disk) using identi-

cal settings between control and infested samples. The following

combination of primary antibodies was used to determine the fraction

of lamellocytes: mouse anti-Relish [1:40; supernatant from the Devel-

opmental Studies Hybridoma Bank (DSHB Cat# anti-Relish-C 21F3,

RRID:AB_1553772)], mouse anti-Shot (1:40; supernatant, DSHB Cat#

anti-Shot mAbRod1, RRID:AB_528467), mouse anti-Talin (Rhea)

(1:40; DSHB Cat# Talin A22A, RRID:AB_10660289) mouse anti-Talin

(Rhea) (1:40,DSHB Cat# Talin E16B, RRID:AB_10683995), and rat

anti-Elav (1:200; DSHB Cat# Rat-Elav-7E8A10 anti-elav, RRID:AB_

528218). The secondary antibodies, Cy3 donkey anti-mouse IgG

(Jackson ImmunoResearch Labs Cat# 715-165-151, RRID:AB_

2315777), Cy3 goat anti-rat IgG (Jackson ImmunoResearch Labs Cat#

112-165-167, RRID:AB_2338251), Cy5 goat anti-mouse IgG (Jackson

ImmunoResearch Labs Cat# 115-177-003, RRID:AB_2338719), and

Cy5-AffiniPure goat anti-rat IgG (H+L) (Jackson ImmunoResearch

Labs Cat# 112-175-167, RRID:AB_2338264), were used at 1:500.

Quantitative PCR

For the comparison between resident and circulating hemocytes,

20 3rd-instar larvae per sample were bled on ice-cold PBS and
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the circulating hemocytes were separated from the resident ones

as described above. The cells were then centrifuged at 300 g,

4°C, and RNA isolation was performed with the RNeasy Mini Kit

(Qiagen) by following the manufacture’s protocol. The DNase

treatment was performed with the TURBO DNA-free Kit (Invitro-

gen), and the reverse transcription (RT) was done by using the

Super-Script IV (Invitrogen) with random primers. The cycle

program is used for the RT 65°C for 10 min, 55°C for 20 min,

80°C for 10 min. The qPCR we used is FastStart Essential DNA

Green Master (Roche). The primers are listed in Dataset EV5.

The P-values and statistical test used are indicated in Table EV1.

For the quantitative PCR done on UAS-FLP/+;srp(hemo)Gal4/

gtrace-mCD8-GFP;gtrace-nls-GFP/+ and UAS-FLP/+;DotGal4/gtrace-

mCD8-GFP;gtrace-nls-GFP/+, 30 wandering third-instar larvae were

collected per replicate, the larvae were bled in PBS supple-

mented with PTU, and the cells were filtered through a 70-lm
filter to prepare them for FACS sorting. The cells were sorted

using FACS Aria II (BD Biosciences) at 4°C in three independent

biological replicates. Live cells were first selected based on the

forward scatter and side scatter, and only single cells were taken

into account. UAS-FLP/+;gtrace-mCD8-GFP/+;gtrace-nls-GFP/+ cells

were used as a negative control to set the gate for the sorting of

GFP-positive cells only. GFP-positive hemocytes were collected,

and the RNA isolation and qPCR were done as mentioned

above.

Single-cell sample preparation, sequencing, and analysis

OregonR females were used for the generation of the single-cell data.

For the NI sample, 20 female larvae were collected at the wandering

L3 stage (108–117 h AEL at 25°C) and bled in Schneider medium

complemented with PTU on ice. Both circulating and resident pools

of hemocytes were collected as described in Petraki et al (2015).

Briefly, the larval cuticle was first punctured to release the circulat-

ing hemocytes and then scrapped with fine forceps to release the

resident hemocytes. The efficiency of the method was assessed with

the HmlDRFP strain by inspecting visually the larval carcass for

remaining hemocytes.

For the WI sample, staged larvae were infested at the L2 stage

(48–56 h AEL) for 2 h at 20°C with 20 female wasps (L. boulardi)

per 100 Drosophila larvae. Following infestation, the larvae were

raised at 25°C until the wandering L3 stage. Of note, the wasp infes-

tation induces a developmental delay, as infested larvae reach the

wandering stage at ~ 120 h AEL. In an effort to obtain reproducible

results, the infestation conditions were optimized so that the major-

ity of the larvae carry a single wasp egg (Bazzi et al, 2018). Twenty

female larvae were processed as described above for the NI condi-

tion.

After bleeding, the hemolymph from NI and WI larvae was fil-

tered on a 100-lm mesh to remove cell aggregates and wasp eggs.

The cell viability was assessed with trypan blue (over 90%), and

cell concentration was estimated with a hemocytometer. 10,000

cells of each condition were used to prepare the 30mRNA-seq

libraries with the Chromium Single Cell 30 Reagent Kits v2 (10×

Genomics). The libraries were then sequenced on the sequencer

Illumina Hiseq 4000, on two lanes using paired sequencing of

2 × 100nt. The raw data were analyzed using Cell Ranger v3.0.1

(pipeline from 10× Genomics) and mapped to the Drosophila

genome assembly BDGP6_ens95. Cells with low unique molecular

identifiers (< 200) were removed.

Clustering the single-cell data

The single-cell data were further analyzed using the R based toolkit

Seurat v3 (RRID:SCR_016341; Butler et al, 2018; Stuart et al, 2019).

Following this, both NI and WI datasets were combined following

the standard workflow for data integration (Stuart et al, 2019).

Briefly, first the datasets were normalized using log-normalization

and the variable features (set up to 2,000 with the variance stabiliz-

ing transformation method) were determined for each dataset indi-

vidually. Then, the anchors common between the two datasets were

determined (dimensionality set up to 50) and the two datasets were

corrected for batch effect before integration. The integrated data

were clustered using PCA and visualized with UMAP. The optimal

number of dimensions for the generation of the UMAP was deter-

mined using the tools DimHeatmap and Elbowplots, and the

clustering was done on 20 dimensions with a resolution of

0.55. These parameters returned 14 clusters. Further clustering

was then attempted on each cluster separately (manual curation).

If the manual curation returned more than 10 distinct markers

(|avg_logFC| > 1, ROC analysis returning AUC > 0.75), the cluster

was subsequently subdivided. This protocol led to the redefinition

of the PL-Rel and PL-Inos clusters (see Appendix Fig S3).

The GO term enrichment analysis was carried out based on gene

expression levels in NI condition to identify the main features of the

clusters. The number of lamellocytes being negligible in the NI

dataset (eight cells), they were excluded from this analysis. The

genes enriched in each cluster (log2FC > 0.25, adjusted P-

value < 0.01, determined with FindAllMarkers from Seurat, Dataset

EV2) were analyzed using DAVID. The list of cluster-specific genes

was compared to the list of genes expressed in the whole dataset.

The whole GO term results are available in Dataset EV3, and for

each hemocyte cluster, the hemocyte-related GO terms displaying

the strongest enrichment are presented in Fig 2C.

RNA velocity analysis

To visualize the ongoing transcriptional changes in single cell, we

adopted the approach described in La Manno et al (2018); i.e., we

calculated the “velocity” of each cell in the high-dimensional gene

expression space. We started by generating the loom file, containing

spliced and unspliced reads with velocyto, version 0.17.17 (http://

velocyto.org/velocyto.py; La Manno et al, 2018). As input to velo-

cyto, we gave the “run10x” option (specific for 10 × data), the Cell-

Ranger output, and Ensembl annotation v95 (ftp://ftp.ensembl.org/

pub/release-95/gtf/drosophila_melanogaster/). Our NI dataset

includes 4.2% intronic sequences, on which velocyto analysis was

based. The representation of the data was done with the package

scVelo (https://scvelo.readthedocs.io/; preprint: Bergen et al, 2019)

that implements UMAP representations.

Monocle graph reconstruction

To complement the RNA velocity analysis, we run also

Monocle 2 (Trapnell et al, 2014; Qiu et al, 2017a,b). We use the

R version 3.5.1. The CellDataSet has been built using
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“expressionFamily=negbinomial.size()”. We adopted “DDRTree”

method for dimensionality reduction, and a maximum number of

components equals 2.

Regulon analysis

To identify the regulons involved in the hematopoietic system, we

ran Single-Cell regulatory Network Inference and Clustering

(SCENIC, RRID:SCR_017247; Aibar et al, 2017) through its Python

implementation pySCENIC, version 0.9.19 (https://pyscenic.read

thedocs.io/en/latest/). The source code was downloaded from the

GitHub repository https://github.com/aertslab/pySCENIC.git. The

supplemental files necessary to run SCENIC were obtained from

https://resources-mirror.aertslab.org/cistarget/. For the analysis,

we chose the motifs version 8 (http://cistarget/motif2tf/motifs-v8-

nr.flybase-m0.001-o0.0.tbl) and the regulatory elements within 5 kb

upstream the TSS and the transcript introns (http://cistarget/databa

ses/drosophila_melanogaster/dm6/flybase_r6.02/mc8nr/gene_ba

sed/dm6-5 kb-upstream-full-tx-11species.mc8nr.feather). Finally, to

identify the most significant regulons showing a different activity

among clusters, we performed a Wilcoxon rank-sum test (Mann &

Whitney, 1947), between the AUC scores given by SCENIC in a

specific cluster versus all the rest of the clusters.

Comparison of regulon-based and gene-based clusters

We performed clustering based on the regulon AUC scores per cell,

by adopting the “Louvain” algorithm with a resolution equal to 1.3

in Scanpy (Wolf et al, 2018) version 1.4.4, in order to obtain the

same number of clusters (=16) than in the previous gene-based

analysis. To compare the results from gene-based and the regulon-

based clustering, we calculated the Rand index (Rand, 1971),

obtaining a value of 0.83. Rand index (RI) = 0 means no overlaps

between the clusters; RI = 1 means perfect overlap.

Data availability

The datasets produced in this study are available in the following

databases:

• The scRNA-seq data have been deposited in the ArrayExpress

database at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under

accession number E-MTAB-8698.

• The RNA-seq data have been deposited in the ArrayExpress data-

base at EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession

number E-MTAB-8702.

Expanded View for this article is available online.
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The catalog of the Drosophila immune cells was until recently limited to three major
cell types, based on morphology, function and few molecular markers. Three recent
single cell studies highlight the presence of several subgroups, revealing a large diversity
in the molecular signature of the larval immune cells. Since these studies rely on
somewhat different experimental and analytical approaches, we here compare the
datasets and identify eight common, robust subgroups associated to distinct functions
such as proliferation, immune response, phagocytosis or secretion. Similar comparative
analyses with datasets from different stages and tissues disclose the presence of
larval immune cells resembling embryonic hemocyte progenitors and the expression
of specific properties in larval immune cells associated with peripheral tissues.

Keywords: macrophage, single cell RNA seq, drosophila, lamellocyte, innate immunity

INTRODUCTION

Immune cells are able to move and connect distant tissues and organs. This feature likely accounts
for their pleiotropic role as sensors and regulators of the internal state in homeostatic, challenged
and pathological conditions. While pleiotropy seems to arise from immune cell heterogeneity, the
cause and nature of cell diversity is still poorly understood. How much does it depend on intrinsic
differences dictated by cell autonomous cues vs. environmental conditions met by these cells during
their life? To address the longstanding question on the impact of nature vs. nurture, of cell identity
vs. cell state, we first need to characterize the different subtypes in depth.

Beside a lower complexity of the immune cell lineages, Drosophila shares with vertebrates
several factors controlling the differentiation of the myeloid lineage [e.g., GATA and Runx proteins
(Wood and Jacinto, 2007)], immune cell migration [e.g., integrins and Rho GTPases (Paladi and
Tepass, 2004; Siekhaus et al., 2010; Comber et al., 2013)], phagocytosis [e.g., the CED-1 family
member Draper and the CD36-related receptor Croquemort (Franc et al., 1996; Manaka et al.,
2004)] and immune response [i.e., JAK/STAT, IMD, and Toll pathways (Buchon et al., 2014)].
Hence, it represents a simple yet evolutionary conserved model to address the origin of the
immune cell diversity.
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The immune cells of Drosophila, the hemocytes, have been
classically subdivided in three types: the plasmatocytes, the
crystal cells and the lamellocytes, which are thought to derive
from the same lineage, similar to the myeloid cells in mammals
(Banerjee et al., 2019). The plasmatocytes are macrophage-like
cells that phagocytose pathogens as well as cell debris and
constitute ∼95% of the hemocytes. The remaining hemocytes
are the crystal cells, platelet-like cells in charge of melanization,
a process that is necessary for wound closure and immune
response to pathogens. The third type of immune cells, the
lamellocytes, appears only after immune/inflammatory challenge
from progenitors or by plasmatocyte transdifferentiation
(Banerjee et al., 2019).

Until recently, the hemocytes were identified using distinctive
morphological features and a handful of molecular markers.
The plasmatocytes are small cells of ∼10 µm of diameter.
They can be round or present cytoplasmic projections [i.e.,
podocytes (Rizki and Rizki, 1980)]. They express several
markers such as the transmembrane receptors Nimrod C1
(NimC1), Eater, Hemese (He) and Croquemort (Crq), the
fascin Singed (Sn) and the secreted proteins Hemolectin
(Hml), Peroxidasin (Pxn), and Collagen type IV alpha 1
(Col4a1) (Nelson et al., 1994; Franc et al., 1996; Goto
et al., 2001; Kurucz et al., 2003; Kocks et al., 2005; Zanet
et al., 2009). The crystal cells have the same size than
the plasmatocytes and are characterized by the presence of
crystals. They express the transcription factors Lozenge (Lz)
and Pebbled (Peb) as well as Prophenoloxidases 1 and 2
(PPO1 and PPO2) (Rizki and Rizki, 1959; Binggeli et al.,
2014). PPO2 is a major constituent of the crystals, which are
released upon wounding to initiate the melanization reaction
(Binggeli et al., 2014). The lamellocytes are large melanized
cells (>60 µm of diameter) with heterogeneous shapes. They
are strongly labeled with the actin filament probe called
phalloidin and express the Prophenoloxidase 3 (PPO3), the
kinase Misshapen (Msn), the integrins Myospheroid (Mys,
Integrin beta or L4), and Integrin alphaPS4 subunit (ItgaPS4
or L5), the actin binding protein Cheerio (Cher, L5), and
the glycosylphosphatidylinositol (GPI)-anchored protein Atilla
(L1) (Braun et al., 1997; Irving et al., 2005; Rus et al., 2006;
Honti et al., 2009).

The development of single cell RNA sequencing (scRNAseq)
techniques has made it possible to significantly enlarge the panel
of the Drosophila immune cells based on their transcriptional
profile. ScRNAseq consists of sequencing the transcriptome
of single cells in a high throughput fashion. The cells are
then grouped according to their expression profiles (reviewed
in Potter, 2018; See et al., 2018). Three scRNAseq studies
recently revealed the diversity of the hemocytes present in
the Drosophila larva (Cattenoz et al., 2020; Fu et al., 2020;
Tattikota et al., 2020). We perform here a comparative
study to refine immune cell diversity, origin and localization
within the organism. Our comparison defines subgroups
robustly found in the three datasets from steady state larval
hemocytes, despite the different experimental and analytical
approaches. The common subgroups reflect the differentiation
state, intermediary vs. mature hemocytes, as well as their

main functions (phagocytosis, immune response/antimicrobial
peptide (AMP) production, secretion and proliferation). Finally,
we analyze the hemocytes present in available single cell
datasets from larval eye discs and brains as well as from
stage 6 embryos in order to link specific subgroups to distinct
environments/developmental trajectories.

MATERIALS AND METHODS

Comparison of scRNAseq Data on
Wandering 3rd Instar Larval Hemocytes
The list of markers for each subgroup were retrieved from
the publications [Dataset_EV2 in Cattenoz et al. (2020) and
Supplementary File 2 in Tattikota et al. (2020)]. The two lists
were generated with the same tool [function “FindMarkers” in
Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019)] and
provide comparable parameters including the enrichment levels
for all the subgroup markers. The two tables were compiled in
R and plotted using the package ggplot2 (Villanueva and Chen,
2019). The markers described in Fu et al. (2020) dataset were
retrieved from the figure of the manuscript. Of note, the PM12
cells in Tattikota et al. (2020) appear exclusively in wounding
condition, an experimental set up that was not assessed by the
two other studies. To keep the comparison as homogenous as
possible, the markers of the subgroup PM12 were excluded
from our analysis.

The dot plots were generated using the function “DotPlot”
in the Seurat R toolkit (Butler et al., 2018; Stuart et al., 2019)
with the non-infested data from Cattenoz et al. deposited in
the ArrayExpress database at EMBL-EBI1 under the accession
number E-MTAB-8698. The list of markers for the CAH7 PM,
the Lsp PM, the Ppn PM, the thanacytes, and the primocytes were
retrieved from the figures in Fu et al. (2020). The top PSC markers
were retrieved from the lymph gland scRNAseq data from Cho
et al. (2020; Supplementary Table S2): the markers presenting
the highest enrichment in the PSC were selected.

Comparison of the WL Hemocyte
scRNAseq Data With Stage 6 Embryo,
Larval Eye Disc and Larval Brain
scRNAseq Data
The normalized expression matrix of the stage 6
embryos (Karaiskos et al., 2017) was downloaded from
https://shiny.mdc-berlin.de/DVEX/ and analyzed with the
standard workflow from Seurat toolkit2 (Butler et al., 2018;
Stuart et al., 2019). Briefly, first the data were normalized
(function NormalizeData), the variable genes were identified
(function FindVariableFeatures, selection method “vst,”
number of feature = 2,000), the data were scaled (function
ScaleData, features = all.genes), linear dimensional reduction
was carried out on the variable genes (function RunPCA),
the dimensionality of the dataset was determined and set

1www.ebi.ac.uk/arrayexpress
2https://satijalab.org/seurat/v3.2/pbmc3k_tutorial.html
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to 15 (function ElbowPlot), the cells were then clustered
(functions FindNeighbors, dims = 1:15 and FindClusters,
resolution = 1.2), at last non-linear dimensional reductions
were carried out (functions RunUMAP and RunTSNE). This
pipeline generated a single subgroup enriched for all the markers
of the hemocyte subgroup described in Karaiskos et al. (2017):
i.e., Gcm, Ham, Ttk, CrebA, Shep, RhoL, Fok, Knrl, Kni, Zfh1,
CG33099, Srp, Btd, and NetB. This subgroup was used for the
downstream analyses.

The normalized expression matrix of the wild type larval eye
disc (Ariss et al., 2018) was downloaded from https://www.ebi.ac.
uk/gxa/sc/experiments/E-MTAB-7195/downloads and analyzed
following the same pipeline than stage 6 embryos described
above with modification: the dimensionality was set to 17 and
the cells were clustered with a resolution of 0.5. The hemocyte
subgroup was unambiguously identified using the hemocyte
markers Srp, Hml, Pxn, NimC1, Crq, and Sn and used for the
downstream analyses.

The expression matrices of the normal 1st instar larval
brains (Brunet Avalos et al., 2019) were downloaded from https:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE134722.
The expression matrices GSM3964166, GSM3964167,
GSM3964168, and GSM4132287 were merged and integrated
following Seurat standard pipeline (Butler et al., 2018;
Stuart et al., 2019): each matrix was normalized (function
NormalizeData), the variable features and the common anchors
were identified (function FindVariableFeatures, method “vst,”
function FindIntegrationAnchors, dimension 1:50) and the
matrices were integrated (function IntegrateData, dimension:
1:50). The integrated matrix was analyzed following the same
pipeline as described above for the stage 6 embryos with the
following parameters: the dimensionality was set to 50 and
the cells were clustered with a resolution of 0.4. The hemocyte
subgroup was unambiguously identified using the hemocyte
markers Srp, Hml, Pxn, NimC1, and He and used for the
downstream analyses.

The expression matrices of the brains from 2nd instar larvae
[24 h after larval hatching (h ALH)], feeding 3rd instar larvae
(48 h ALH) and wandering 3rd instar larvae (96 h ALH)
(Cocanougher et al., 2019) were downloaded from https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE135810. The
following matrices were used: GSM4030602, GSM4030604,
and GSM4030607 for the 2nd instar larvae, GSM4030600
and GSM4030606 for the feeding 3rd instar larvae and
GSM4030623, GSM4030624, GSM4030625, and GSM4030626 for
the wandering 3rd instar larvae. The matrices were integrated
for each stage and analyzed as described for the 1st instar
larval brain described above with the following parameters: the
dimensionality was set to 30 and the cells were clustered with a
resolution of 0.4 for the 2nd instar larvae and 2.4 for the feeding
and wandering 3rd instar larvae. The hemocyte subgroups were
unambiguously identified using the hemocyte markers Srp, Hml,
Pxn, NimC1, He, and Nplp2 (described by the authors) and used
for the downstream analyses.

Pearson correlation were computed as follow. Pseudo-
transcriptomes were generated for the hemocyte subgroups
from the stage 6 embryos data (Karaiskos et al., 2017), from

the eye disc data (Ariss et al., 2018), for the brain data
(Brunet Avalos et al., 2019) as well as for each subgroup of
the non-infested dataset from Cattenoz et al. (2020) using
the function “AverageExpression” from the Seurat R toolkit
(Butler et al., 2018; Stuart et al., 2019). The correlation
between the pseudo-transcriptomes were then measured using
the Pearson correlation coefficient. The pseudo-transcriptomes
of the hemocyte subgroups from Cattenoz et al. were compared
to the pseudo-transcriptome of stage 6 embryos’ hemocytes in
Supplementary Figure S3G, to the pseudo-transcriptome of the
eye disc associated hemocytes in Supplementary Figure S3C and
to the pseudo-transcriptome of the brain associated hemocytes in
Supplementary Figure S3E.

The dot plot (Figure 4D) was generated using the function
“DotPlot” from the Seurat R toolkit with the non-infested data
from Cattenoz et al. (2020) and the expression matrices from
stage 6 embryos and larval eye discs (Karaiskos et al., 2017; Ariss
et al., 2018). The dot plot was compiled in Adobe Illustrator CS6.

Regulon Analysis
To identify the regulons enriched in the lamellocytes,
we ran Single-Cell regulatory Network Inference and
Clustering (SCENIC) (Aibar et al., 2017) through its
Python implementation pySCENIC, version 0.9.193. The
source code was downloaded from the GitHub repository
https://github.com/aertslab/pySCENIC.git. The Supplementary
Files necessary to run SCENIC were obtained from
https://resources-mirror.aertslab.org/cistarget/. The analysis
was carried out on the wasp infested expression matrix from
Cattenoz et al. deposited in the ArrayExpress database at
EMBL-EBI4 under the accession number E-MTAB-8698.

The motifs version 8,5 the regulatory elements within 5 kb
upstream the TSS and the transcript introns6 were used for
the analysis. The most significant regulons showing differential
activity among clusters were determined with Mann-Whitney
U-test (Mann and Whitney, 1947), between the AUC scores given
by SCENIC in a specific cluster versus all the rest of the clusters.
The regulons displaying a z-score above 2 or below −2 for the
lamellocytes subgroups were selected to build the heatmap shown
in Figure 3A. The heatmap was generated with the R package
“pheatmap” (Kolde, 2019).

The scatter plot (Figure 3B) was generated with the
pseudo-transcriptomes of LM1 and LM2 subgroups from
the wasp infested dataset in Cattenoz et al. (2020). The
pseudo-transcriptomes were estimated with the function
“AverageExpression” from the Seurat R toolkit (Butler et al.,
2018; Stuart et al., 2019).

Fly Strains and Genetics
All flies were raised on standard media at 25◦C. The
following strains were used: Oregon-R, srp(hemo)-3xmcherry

3https://pyscenic.readthedocs.io/en/latest/
4www.ebi.ac.uk/arrayexpress
5cistarget/motif2tf/motifs-v8-nr.flybase-m0.001-o0.0.tbl
6cistarget/databases/drosophila_melanogaster/dm6/flybase_r6.02/mc8nr/gene_
based/dm6-5kb-upstream-full-tx-11species.mc8nr.feather
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[srp(hemo) > RFP, gift from D. Siekhaus (Gyoergy et al., 2018)],
BAC-gcm-Flag (Laneve et al., 2013).

Immunolabelling and Image Acquisition
For hemocyte labeling, 10 wandering 3rd instar larvae were bled
in Schneider medium complemented with 10% Fetal Calf Serum
(FCS), 0.5% penicillin, 0.5% streptomycin (PS), and few crystals
of N-phenylthiourea≥98% (PTU). The cells were cytospinned on
a glass slide at 700 rpm for 3 min at room temperature (RT), then
the samples were fixed for 10 min in 4% paraformaldehyde/PBS
at RT and rinsed with PTX (PBS 1x, 0.5% triton X-100).

For the embryos, overnight collections were washed on a
100 µm mesh and dechorionated in bleach for 5 min. The fixation
was carried out for 25 min at RT under agitation in a solution of
4% paraformaldehyde in PBS 1x/heptane (1/1 vol.). The vitelline
membrane of the embryos was then removed by replacing the
PFA solution by methanol and strong agitation for 30 s. The
methanol/heptane solution was removed and the embryos were
washed with PTX for 15 min at RT.

For the lymph gland and filet preparation, wandering 3rd
instar larvae were dissected in cold PBS 1x, then transferred in
4% paraformaldehyde in PBS 1x for at least 30 min at RT and
rinsed in PTX for 15 min.

Following the PFA fixation and PTX wash, the samples were
incubated with blocking reagent (Roche) for 1 h at RT, incubated
overnight at 4◦C with primary antibodies diluted in blocking
reagent, washed three times for 10 min with PTX, incubated for
1 h with secondary antibodies, washed twice for 10 min with
PTX, incubated for 30 min with DAPI and phalloidin TRITC
(1:1,000, Sigma #P1951), and then mounted in Aqua-Poly/Mount
(Polysciences, Inc.). The following primary antibodies were used:
rabbit anti-Srp [1:500, (Bazzi et al., 2018)], rabbit anti-Flag (1:100,
Sigma S3165), chicken anti-GFP (1:500, abcam ab13970), rat anti-
RFP (1:500, Chromotek 5F8-100), rabbit anti-Pxn [1:5,000; gift
from J. Shim, (Yoon et al., 2017)], mouse anti-Hemese [1:50 gifts
from I. Ando, (Kurucz et al., 2003)].

The following secondary antibodies were used at 1:500:
FITC donkey anti-chicken IgG (Jackson ImmunoResearch
Labs Cat# 703-095-155), FITC goat anti-mouse IgG (Jackson
ImmunoResearch Labs Cat# 115-095-166), Cy3 donkey anti-
mouse IgG (Jackson ImmunoResearch Labs Cat# 715-165-151),
Cy3 goat anti-rat IgG (Jackson ImmunoResearch Labs Cat# 112-
165-167), Cy3 donkey anti-rabbit IgG (Jackson ImmunoResearch
Labs Cat# 711-165-152), Cy5 goat anti-mouse IgG (Jackson
ImmunoResearch Labs Cat# 115-175-003) and Cy5 goat anti-
rat IgG (Jackson ImmunoResearch Labs Cat# 112-175-167),
Cy5 goat anti-rabbit IgG (Jackson ImmunoResearch Labs Cat#
111-175-144), Alexa Fluor 647 goat anti-mouse IgG (Jackson
ImmunoResearch Labs Cat# 115-605-166).

The slides were analyzed by confocal microscopy (Leica
Spinning Disk and Leica SP8) with 20x, 40x, and 63x objectives,
using hybrid detectors in photon counting mode. DAPI was
excited at 350 nm, the emission filters 410–510 were used to
collect the signal; FITC was excited at 488 nm, the emission
filters 498–551 were used to collect the signal; Cy3 was excited
at 568 nm, emission filters 648–701 were used to collect the
signal, and Cy5 was excited at 633 nm; emission signal was

collected at 729–800 nm. The images were analyzed with Fiji
(Schindelin et al., 2012).

RESULTS

Characterization of the Drosophila Larval
Hemocytes by scRNAseq
The first hematopoietic wave occurs at early embryonic stages 6–
9, in the procephalic mesoderm (PM). The progenitors undergo
several rounds of division, differentiate into plasmatocytes and
crystal cells and migrate along stereotyped routes to spread
throughout the organism (PM hemocytes) (Tepass et al., 1994;
Gold and Bruckner, 2014). The second hematopoietic wave
occurs in the lymph gland (LG) of the larva to generate cells that
are only released in the hemolymph after puparium formation,
upon lymph gland histolysis (LG hemocytes) (Jung et al., 2005;
reviewed by Banerjee et al., 2019). The larval infestation from
parasitoid wasps such as Leptopilina boulardi as well as wounding
triggers precocious lymph gland histolysis. These challenges also
lead to the differentiation of lamellocytes that encapsulate the
wasp eggs or participate to the wound closure (Figure 1A)
and the same cell type is found upon the activation of pro-
inflammatory pathways (Lemaitre et al., 1995; Luo et al., 1995;
Markus et al., 2005; Fleury et al., 2009; Kim-Jo et al., 2019).

The larval PM hemocytes were recently analyzed in three
scRNAseq studies (Cattenoz et al., 2020; Fu et al., 2020; Tattikota
et al., 2020), following different experimental parameters
(Figure 1B). Tattikota et al. analyzed hemocytes from feeding
3rd instar larvae and wandering 3rd instar larvae (WL) in steady
state conditions or after inducing an immune reaction (clean
wounding, or wasp infestation). Three sequencing technologies
were used and the animals were of two genotypes. The merge
of these datasets identified twelve subgroups of plasmatocytes,
two of crystal cells and two of lamellocytes (Tattikota et al.,
2020). Fu et al. analyzed hemocytes from WL of one genotype
in steady state conditions using 10x Genomics technology.
They identified four subgroups of plasmatocytes, one of crystal
cells, one of lamellocytes and two minor cell populations
called primocytes and thanacytes (Fu et al., 2020). Cattenoz
et al. analyzed hemocytes from female WL of one genotype,
in steady state conditions and after wasp infestations, using
10x Genomics technology. They identified thirteen subgroups
of plasmatocytes, one of crystal cells and two of lamellocytes,
the latter ones being specifically found in the dataset from
the challenged condition (Cattenoz et al., 2020). In the three
datasets, the definition of the subgroups was followed by
lineage prediction analyses to identify distinct developmental
trajectories amongst the hemocyte subgroups. The trajectories
are defined by organizing the cells along a pseudo-time axis
based on the progression of the expression of the variable genes
(Kester and van Oudenaarden, 2018).

The systematic comparison of the lists of markers from the
three studies allows the identification of common subgroups
(Figure 2A). The markers are defined by their levels of
enrichment in a specific subgroup compared to the whole
hemocyte population [Log2(enrichment) >0.25, adjusted

Frontiers in Cell and Developmental Biology | www.frontiersin.org 4 March 2021 | Volume 9 | Article 643712

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-643712 February 27, 2021 Time: 15:47 # 5

Cattenoz et al. Refining Hemocyte Diversity in Drosophila

FIGURE 1 | Experimental procedures used to generate the scRNAseq datasets on larval hemocytes. (A) Overview of the two hematopoietic waves during
Drosophila development. The first wave starts in the procephalic mesoderm (PM) of the early embryo. By the end of embryogenesis, the PM hemocytes spread
across the whole embryo and constitute the whole population of hemocytes present in the hemolymph of the larva. By the 2nd larval instar, the majority of the PM
hemocytes become resident between the muscle and the cuticle to form the sessile pockets. After pupariation, the hemocytes are mobilized in the hemolymph. The
second wave occurs in the lymph gland (LG) during the larval stages, the LG hemocytes being released in circulation after pupariation. When the wasp infests the
larva (2nd instar), it induces a strong immune response, which includes precocious lymph gland histolysis and the release of the LG hemocytes in 3rd instar larvae.
The response also includes the mobilization of the resident hemocytes and the differentiation of lamellocytes to encapsulate the wasp egg. The lamellocytes
spontaneously aggregate and form melanized masses called melanotic tumors. The developmental stages and their duration at 25◦C are indicated in gray in hours
After Egg Laying (hAEL). (B) Experimental parameters of the three single cell sequencing analyses of PM hemocytes.

p < 0.01 in Cattenoz et al. (2020) and Tattikota et al. (2020)].
The correlation between the subgroups of each dataset is inferred
from the cross-comparison of all plasmatocyte markers found
in the three studies (Figure 2A). The number of markers as
well as their level of enrichments are taken into consideration
(Supplementary Figures S1A,B, S2A,C–E). An additional
level of comparison among the datasets is the developmental
trajectory. If our comparison based on markers is accurate,
the developmental trajectories between the distinct subgroups
should be preserved across the three studies, and we find that this
is the case. Thus, the subgroups presenting the highest number
of common markers, the highest levels of markers’ enrichment
and similar developmental trajectories likely define equivalent
subgroup (Figures 2B,C).

For example, PM9 in Tattikota et al. dataset shares a significant
number of markers with PL-0, PL-3, PL-vir1, PL-prolif, PL-
Inos, and PL-robo2 in Cattenoz et al. dataset (Figure 2A). The
subgroup presenting the highest number of markers with the
highest enrichments is PL-prolif (Supplementary Figure S1A).
The second closest subgroup is PL-robo2, which also displays
markers with relatively high enrichments. However, PL-
robo2/PM9 markers are expressed in most hemocyte subgroups
while PL-prolif/PM9 markers are highly specific (Supplementary
Figure S1B). At last, lineage predictions carried out in both
studies suggest that PM9 and PL-prolif are sitting at the
beginning of the developmental trajectories of the hemocytes
(Cattenoz et al., 2020; Tattikota et al., 2020). Altogether, these data
suggest that PM9 and PL-prolif represent the same subgroup.
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FIGURE 2 | Defining a consensual repertoire of the hemocyte subgroups. (A) Number of common markers between the plasmatocyte subgroups identified in
Cattenoz et al. (2020) (rows) and in Tattikota et al. (2020) (column). The number of markers is highlighted by the color gradient (from 0 in blue to >20 in red).
(B) Concordance amongst the hemocyte subgroups across the three datasets. (C) Outline of the lineage predictions among the hemocyte subgroups, based on the
prediction analyses in Cattenoz et al. (2020) and Tattikota et al. (2020) and on the present comparative analysis. The proliferative plasmatocytes are at the origin of
most hemocytes, they give rise to a large pool of unspecified plasmatocytes that further differentiate to acquire specific properties such as phagocytosis, secretion or
antimicrobial peptide production. Subsets of unspecified plasmatocytes and antimicrobial plasmatocytes transdifferentiate to produce crystal cells or lamellocytes.
(D) Scatter plot representing the enrichment levels of the crystal cell markers common to the subgroups CC2 (y-axis) from Tattikota et al. (2020) and CC (x-axis) from
Cattenoz et al. (2020). The Log2 fold change (Log2FC) of the enrichment is represented. The markers with the strongest enrichment are indicated on the graph,
those also identified in Fu et al. (2020) are highlighted in red. (E) Scatter plot representing the enrichment of the lamellocyte markers in the indicated subgroups. The
representation is as in panel (D).

The marker comparison shows a large correlation across
studies for crystal cells and lamellocytes: 53 crystal cell markers
and 265 lamellocyte markers are commonly found by Tattikota

et al. and Cattenoz et al. (Figures 2D,E). All the markers
previously used to label the crystal cells and the lamellocytes are
present in the two datasets. Such tight correlation is expected
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for subgroups that present strong physiological differences
compared to the plasmatocytes. Fu et al. disclosed a limited
list of markers for crystal cells and lamellocytes; all of them
are nevertheless present in the crystal cell and lamellocyte
subgroups identified in two other datasets, further confirming
the identity of these subgroups. The three studies consistently
found a large subgroup of “unspecified plasmatocytes” presenting
no distinctive marker and encompassing more than 50% of
plasmatocytes (PM1 in Tattikota et al.; PL-0, 1, 2, and 3 in
Cattenoz et al.; reservoir PM in Fu et al.), as well as several smaller
subgroups enriched for specific markers: the proliferative, the
antimicrobial, the posterior signaling center-like, the phagocytic
and the secretory plasmatocytes (Figure 2B).

Proliferative Plasmatocytes
The markers involved in mitosis, including Cyclin B (CycB)
(Gavet and Pines, 2010), the phosphatase String (Stg) (Edgar and
O’Farrell, 1990), the importin Pendulin (Pen) (Kussel and Frasch,
1995) and the kinase Polo (Sunkel and Glover, 1988) are enriched
in clusters PM2 as well as PM9 in Tattikota et al., and in the PL-
prolif cluster in Cattenoz et al. (Supplementary Figures S2A,B).
These proliferative subgroups are positioned at the beginning
of the developmental trajectories and give rise to the pool of
unspecified plasmatocytes. The PL-prolif subgroup represents
a hemocyte subset of the PL-Inos subgroup, which lacks the
proliferative genes but expresses all the other markers of PL-prolif
(Cattenoz et al., 2020), suggesting that PL-prolif and PL-Inos
represent two states (dividing/quiescent) of the same subgroup.

Antimicrobial Plasmatocytes
Two datasets contain subgroups of plasmatocytes enriched in
transcripts involved in immune pathways: PL-AMP, PL-Rel and
PL-vir1 in Cattenoz et al.; PM3, PM5, PM6, and PM7 in Tattikota
et al. The comparison of the markers indicates a correlation
between PL-Rel/PL-AMP and PM3/PM6/PM7 as well as between
PL-vir1 and PM3/PM5 (Supplementary Figures S2C,D).

PM6/7 and PL-AMP are highly enriched for AMP expression
[i.e., Cecropins A1, A2, and C (CecA1, CecA2, CecC), Diptericin
B (DptB), Drosomycin (Drs), Metchnikowin (Mtk), Mtk-like
(Mtkl)]. Of note, the AMPs Mtk, DptB, and Drs are enriched
at higher levels in the dataset from Tattikota et al. than in the
one from Cattenoz et al. This is likely due to the induction
of these AMPs by clean wounding, a condition specific to the
dataset from Tattikota et al. All these subgroups also express
high levels of Matrix metalloproteinase 1 (Mmp1), involved
in wound healing (Stevens and Page-McCaw, 2012). PM3
and PL-Rel express elements of the IMD and JNK pathways
and lower levels of AMP, which suggests weaker or different
mode of activation of the immune response. This may reflect
different microenvironments and/or different intrinsic properties
compared to PM6/7 and PL-AMP.

PM5 and PL-vir1 present common expression profiles,
distinctive from the other subgroups. They are not enriched
in AMPs (Supplementary Figure S2D) and seem specialized
in xenobiotic detoxification, as suggested by the expression of
the Ferritin 1 heavy chain homolog, the Ferritin 2 light chain

homolog and the Multidrug resistance protein (Chahine and
O’Donnell, 2009; Tang and Zhou, 2013).

Posterior Signaling Center-Like
Plasmatocytes
The comparison of the markers consistently identifies a subgroup
of cells representing less than 1% of the hemocyte population
across the three studies: PL-ImpL2 (Cattenoz et al., 2020), PM11
(Tattikota et al., 2020), and the primocytes (Fu et al., 2020)
(Supplementary Figures S2E,F). This subgroup expresses typical
markers of the posterior signaling center (PSC) present in the
lymph gland, such as the transcription factors Knot (Kn) (Makki
et al., 2010) and Antennapedia (Antp) (Mandal et al., 2007).
The comparison of the markers of this subgroup with the PSC
markers identified by the scRNAseq assay on the lymph gland
(Cho et al., 2020) also identifies this subgroup as PSC-like
plasmatocytes (Supplementary Figure S2G).

Phagocytic Plasmatocytes and Secretory
Plasmatocytes
The datasets from Fu et al. and from Cattenoz et al.
identified phagocytic plasmatocytes, plasmatocytes secreting
storage proteins and plasmatocytes secreting opsonins.

Phagocytic plasmatocytes: CAH7 + PM (Fu et al.) and PL-
robo2 (Cattenoz et al.) are enriched for the phagocytic receptor
NimC2 (Kurucz et al., 2007), the cytoskeleton proteins Myoblast
city (Erickson et al., 1997), the Tenascin accessory (Mosca
et al., 2012), the transmembrane receptor Lipophorin receptor
2 (LpR2) and Mmp2 (Supplementary Figure S2H). Lineage
predictions call for PL-robo2/CAH7 + PM being directly issued
from the unspecified plasmatocytes and since the strongest
markers for PL-robo2 are also enriched to a lower extent in a
subset of unspecified plasmatocytes (PL-0/PL-2), PL-robo2 may
specifically represent the phagocytic, active state, of this subset.

Secretory plasmatocytes: Lsp + PM (Fu et al.) and PL-Lsp
(Cattenoz et al.) display a highly distinctive expression pattern
of proteins secreted in the hemolymph such as Larval serum
protein 1 alpha (Lsp1alpha), Larval serum protein 2 (Lsp2),
Apolipophorin (Apolpp), and Odorant binding protein 99b
(Obp99b) (Supplementary Figure S2I). All these proteins are
mostly expressed by the fat body (Chintapalli et al., 2007) and
serve as storage proteins (Telfer and Kunkel, 1991; Handke et al.,
2013), suggesting common functions between the fat body and
these secretory plasmatocytes.

At last, the thanacytes (Fu et al.) and PL-Pcd (Cattenoz et al.)
express low levels of NimC1 and secrete the opsonins Thioester-
containing protein 2 and 4 (Tep2 and Tep4) that promote
the phagocytosis of bacteria and the activation of the Toll
pathway (Dostalova et al., 2017; Supplementary Figure S2J). The
thanacyte markers are consistently enriched in both PL-AMP and
PL-Pcd, yet differ from PL-AMP by the lack of AMP production
(Supplementary Figure S2J). Thus, PL-AMP may represent an
activated state of PL-Pcd/thanacyte, in which the inflammatory
pathways are triggered and antimicrobial peptides are secreted.

These three subgroups were not identified in Tattikota et al.
dataset. Their markers are detected in some cells but these
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cells are not clustered together and are associated with the
pool of unspecified plasmatocytes, with whom they share the
majority of the markers.

Lamellocytes
The datasets from Tattikota et al. and Cattenoz et al. include
conditions promoting the differentiation of the lamellocytes
and identify two subgroups. One of them expresses both
plasmatocyte and lamellocyte markers and likely corresponds
to plasmatocytes that are transdifferentiating into lamellocytes
(LM1 in Tattikota et al., LM-2 in Cattenoz et al.). The second
subgroup lacks most of the plasmatocyte markers and expresses
the lamellocyte markers strongly (LM2 in Tattikota et al., LM-
1 in Cattenoz et al.). For the sake of simplicity, we will call
the first and the second subgroups intermediary and mature
lamellocytes, respectively.

To identify the molecular pathways activated during
lamellocyte differentiation, we carried out a regulon analysis
using SCENIC (Aibar et al., 2017) on the dataset from wasp
infested larvae generated by Cattenoz et al. (2020). This analysis
relies on two steps. First, the genes presenting covariation
are identified across the whole single cell dataset. Then, the
promoters of the covariating genes are scanned for canonical
transcription factor binding sites. The genes presenting
similar expression profiles and carrying the same transcription
factor binding site(s) are grouped in one regulon named
after the transcription factor. This analysis highlights two
regulons, Kayak (Kay) and Jun-related antigen (Jra), which
regroup the targets of the two main transcription factors of
the JNK pathway (reviewed in La Marca and Richardson,
2020; Figure 3A), known to promote the differentiation
of lamellocytes (Tokusumi et al., 2009). We have pulled
together the transcriptomes of all cells from the intermediary
and mature lamellocytes from Cattenoz et al. dataset to
generate pseudo-transcriptomes. The comparison of the
pseudo-transcriptomes shows that the genes regulated by the
JNK pathways are expressed at higher levels in the mature
lamellocytes than in the intermediary ones (Figure 3B).
Strikingly, this analysis also reveals for the first time seven
novel regulons associated with lamellocyte differentiation:
Cyclic-AMP response element binding protein B (CrebB),
Forkhead box sub-group O (Foxo), REPTOR-binding partner
(REPTOR-BP), Pannier (Pnr), Maf-S, Zinc-finger protein (Zif),
and Checkpoint suppressor 1-like (CHES-1-like). These regulons
are highly enriched in lamellocytes and display an enhanced
activation from the intermediary lamellocytes to the mature
lamellocytes (Figure 3A).

The regulons CrebB, Foxo and REPTOR-BP are involved in
the maintenance of energy metabolism upon food restriction
or molecular stress (Dionne et al., 2006; Iijima et al., 2009;
Tiebe et al., 2015). They may be responsible for the induction
of specific glucose transporters and the metabolic shift from
lipolytic to glycolytic observed during the transdifferentiation of
plasmatocytes into lamellocyte (Cattenoz et al., 2020; Tattikota
et al., 2020). These pathways may also maintain the high
metabolic activity of lamellocytes, while the metabolism of other
organs is inhibited to privilege the immune response over the

developmental processes (Bajgar et al., 2015; Dolezal, 2015). Maf-
S along with Foxo regulate oxidative stress resistance (Rahman
et al., 2013; Gumeni et al., 2019) and CHES-1-like is involved
in the DNA-damage response (Busygina et al., 2006). Both
oxidative stress and DNA damage can be associated with the high
metabolism of lamellocytes, a phenomenon usually observed in
cancerous cells in mammals (Moretton and Loizou, 2020).

Hemocyte Populations in Other Single
Cell Datasets
In mammals, macrophages are conditioned by their
microenvironment, which leads to molecular signatures
specific to the tissues in which they reside (van de Laar et al.,
2016; Guilliams et al., 2020). To assess if specific hemocyte
subgroups are associated to different tissues in Drosophila, we
have screened tissue specific or embryonic scRNAseq datasets
containing hemocytes (i.e., larval eye discs, larval brains, and
stage 6 embryos) and compared their molecular signatures to the
dataset of Cattenoz et al.

Hemocytes Associated With the Larval Eye Disc
Resemble Unspecified Plasmatocytes
The scRNAseq analyses on larval eye discs (Ariss et al., 2018)
reveal a small subgroup of cells in line with the hemocytes
observed in close contact with this disc (Holz et al., 2003;
Figure 4A and Supplementary Figures S3A,B). Since the eye
disc associated hemocytes express a large panel of hemocyte
markers, their pseudo-transcriptome was compared to the
pseudo-transcriptome of each of the subgroups identified in
Cattenoz et al. dataset using Pearson correlation coefficient. This
analysis highlights a strong correlation between the eye disc
associated hemocytes and unspecified plasmatocytes (PL-1/PL-
3, Supplementary Figure S3C), which do not express strong
markers. Moreover, the eye disc associated hemocytes do not
express subgroup-exclusive markers, like Lsp1alpha in PL-Lsp
or Kn and Tau in PL-ImpL2 (Figure 4D). Altogether, these
evidence suggest that the eye disc associated hemocytes are
unspecified plasmatocytes.

Next, to determine if the eye disc associated hemocytes
represent a subgroup that was not defined in Cattenoz
et al. dataset, we compared their pseudo-transcriptome to the
combined pseudo-transcriptome of all subgroups from Cattenoz
et al. (Supplementary Figure S4A). This comparison did not
return a strong signature for the eye disc associated hemocytes
(less than 10 genes specifically expressed in the eye disc
hemocytes), which is concordant with the high correlations
measured between almost all subgroups and the eye-associated
hemocytes (Supplementary Figure S3C). Thus, at this level of
resolution, the hemocytes in the eye disc cannot be distinguished
from unspecified plasmatocytes.

One of the main characteristics of the unspecified
plasmatocytes is the expression of Extra Cellular Matrix
(ECM) components such as Pxn, which is necessary for the
assembly of the basement membrane (Bhave et al., 2012). Pxn
is indeed strongly expressed in the hemocytes associated to the
eye disc and is detected at the basement membrane of the disc
(Figure 4A). Similar analyses will reveal whether this feature
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FIGURE 3 | Characterization of the regulatory network controlling lamellocyte differentiation. (A) Heatmap representing the z-score for the regulons enriched or
underrepresented in the lamellocyte subgroups (z-score >2 or < -2) determined with SCENIC. The dendrogram on the left side of the panel indicates the correlation
between the regulons across the dataset. The z-score is indicated with a gradient from black (z-score < 0, underrepresented regulons) to red and then yellow
(z-score > 0, overrepresented regulons). (B) Scatter plot comparing the pseudo-transcriptomes of mature lamellocytes (y-axis) and transient intermediary
lamellocytes (x-axis). The pseudo-transcriptomes were generated from the dataset obtained upon wasp infestation (Cattenoz et al., 2020). The genes belonging to
the regulons Jra and Kay are indicated in red, the trendline of all genes expressions is in black, the axes are in Log10 scale.

is common to the hemocytes associated to the other imaginal
tissues. Interestingly, larval hemocytes secrete ECM compounds
to build the basement membrane of the ovaries and the fat body
(Shahab et al., 2015; Van De Bor et al., 2015).

Hemocytes Associated With the Brain Resemble the
Proliferative Plasmatocytes (PL-Inos, PL-Prolif)
Two scRNAseq datasets on the larval brain from 1st instar to 3rd
instar larvae (Brunet Avalos et al., 2019; Cocanougher et al., 2019)
report the presence of hemocytes (Supplementary Figure S3D),
in line with the hemocytes observed in close contact with this
tissue (Figure 4B). The comparison of the pseudo-transcriptomes
of hemocytes from the 1st instar brain and of Cattenoz et al.
subgroups highlights the highest correlation with the PL-
prolif and PL-Inos subgroups (Supplementary Figure S3E).
The correlation coefficients are much weaker than in the
comparison with the eye disc associated hemocytes. In addition,
the comparison of the pseudo-transcriptomes of brain associated
hemocytes with the pseudo-transcriptome of all subgroups from
Cattenoz et al. suggests a specific molecular signature for these
hemocytes (Supplementary Figure S4B). PL-prolif markers are
represented in the brain associated hemocytes, together with
dozens of genes that are consistently expressed from 1st instar to
3rd instar larval brains (Figure 4D, Supplementary Table S1 and
Supplementary Figure S4C). Altogether, these data suggest that
the brain hemocytes represent a discrete subgroup with a specific
molecular signature. The strong markers of PL-Inos/PL-prolif are
preserved during development as they are observed from the 1st
to the 3rd instar datasets (Figure 4D).

PSC-Like Plasmatocytes and Proliferative
Plasmatocytes Resemble Prohemocytes From Stage
6 Embryos
The single cell analyses suggest that the larval hemocytes
originate from the proliferative subgroup. We therefore predicted
that the prohemocytes present at the early embryonic stages
may resemble this subgroup and compared the larval dataset
from Cattenoz et al. with the one obtained from scRNAseq
on embryos at stage 6 (Supplementary Figure S3F; Karaiskos
et al., 2017). At this stage, the cells of the procephalic mesoderm
express the earliest hemocyte-specific transcription factors Glial
Cell Missing/Glial Cell Deficient (Gcm) and Serpent (Srp)
(Figure 4C; Sam et al., 1996; Bernardoni et al., 1997; Waltzer
et al., 2003). The comparison of the pseudo-transcriptomes
indeed shows that the prohemocytes from stage 6 embryos
present the highest correlation with the subgroups PL-prolif/PL-
Inos (i.e., proliferative plasmatocytes) and PL-ImpL2 (i.e., PSC-
like plasmatocytes), and express the strongest markers of these
subgroups (Figure 4D and Supplementary Figure S3G).

DISCUSSION

The comparative analysis of the scRNAseq datasets confirms the
diversity of the immune cells present in the Drosophila larva.
Molecular features consistently found across the studies allow
the identification of robust plasmatocyte subgroups in addition
to crystal cells and lamellocytes. The proliferative subgroup
resembles the prohemocytes present in the early embryonic
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FIGURE 4 | The molecular signatures of the hemocytes from larval eye discs, larval brains and stage 6 embryos. (A) Eye disc from 3rd instar larva. The
immunolabelling assay used anti-He (in red), anti-Pxn (in white) and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the eye disc (ED) and
the antenna disc (AD) are indicated with a white dashed line, the next panels show a single section with all the channels, He labeling only and Pxn labeling only,
respectively. Pxn labeling is present at the basement membrane (BM). The rightmost panel shows an orthogonal projection along the z-y axes from the position
indicated by the black arrowhead. The scale bar represents 100 µm. (B) Central Nervous System from 1st instar larva carrying the srp(hemo) > RFP transgene,
which allows for hemocyte detection (Gyoergy et al., 2018). The immunolabelling assay used three hemocyte markers [anti-RFP (in red), anti-He (in green), anti-Pxn
(in gray)], and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the right panels (partial stacks) show the inset at high magnification
(merged and individual channels). The scale bars represent 100 µm in the full stack and 10 µm in the inset. The hemocyte lays on the surface of the nervous system.
(C) Stage 6 embryo srp(hemo) > RFP; BAC-gcm-Flag. The BAC was used to reveal the Gcm protein (Laneve et al., 2013). The immunolabelling assay used anti-RFP
(in red), anti-Flag (in green), anti-Srp (in gray), and the nuclei were labeled with DAPI (blue). The left panel shows the full stack, the right panels show a single section of
the inset at high magnification (merged and individual channels). The scale bars represent 100 µm in the stack and 20 µm in the inset. (D) Dot plot representing the
expression levels and percentage of cells expressing the top markers of each subgroup identified by Cattenoz et al. (2020). The violet dots represent the expression
in Cattenoz et al. (2020) subgroups, the red dots, expression in the hemocytes from stage 6 embryos (E6 embryos), the green dots in the hemocytes from larval eye
discs, the purple and orange dots in the hemocytes from larval brains at the indicated stages (f 3rd instar: feeding 3rd instar larvae; w 3rd instar: wandering 3rd instar
larvae). The arrowheads (red, green, purple) indicate the strongest markers linking the tissue-specific hemocytes with the subgroups from Cattenoz et al. (2020).
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stages and the plasmatocytes associated with different larval
tissues seem to present specific features.

Identification of Robust Subgroups
The present analysis identifies common subgroups with
specific potentials (proliferation, AMP production, PSC-like,
phagocytosis, secretion, crystal cells and lamellocytes) or lacking
specific properties (unspecified plasmatocytes) (summarized in
Figures 2B,C).

The proliferative plasmatocytes seem the sole source of
larval hemocytes, including the crystal cells (Cattenoz et al.,
2020; Tattikota et al., 2020). This subgroup may represent cells
retaining a progenitor state, in line with their resemblance with
the molecular signature of the hemocyte progenitors present
in the early embryo. Lineage predictions suggest that the
proliferative subgroup generates the unspecified plasmatocytes,
which constitute more than 50% of the hemocytes and represent
intermediary states between proliferative and differentiated cells
(Cattenoz et al., 2020; Tattikota et al., 2020). The unspecified
plasmatocytes seem to constitute the majority of the hemocytes
associated with the eye discs, where they produce ECM proteins.
The antimicrobial subgroup is the largest specified subgroup. It
encompasses plasmatocytes enriched in transcripts coding for
proteins associated to the immune response, including elements
of the IMD and the Toll pathways and AMPs. The PSC-like
subgroup displays a signature highly similar to that of the PSC
in the lymph gland. Future studies will determine whether this
subgroup plays a similar signaling role in the hemolymph and/or
in specific niches. The phagocytic plasmatocytes are enriched
for markers involved in engulfment, phagocytosis and actin
remodeling. The secretory plasmatocytes are subdivided into two
subgroups, one secreting storage proteins and the other secreting
opsonins. The phagocytic and the storage protein secreting
subgroups resemble strongly the unspecified plasmatocytes, as
the number of specific markers is quite limited. The lack of
a strong distinctive signature suggests that these cells may be
associated with specific microenvironments/challenges, which
would induce the expression of proteins on-demand, without
drastically affecting hemocyte properties and identity. In other
terms, we hypothesize that these two clusters are of common
nature and that their differences rely on different “nurture.”

In addition to the plasmatocyte subgroups, the three studies
identified lamellocyte and crystal cell subgroups. Both subgroups
are characterized by a specific list of markers, suggesting a
well-defined nature of these cells. Some markers are already
known (Rizki and Rizki, 1959; Braun et al., 1997; Irving
et al., 2005; Rus et al., 2006; Honti et al., 2009; Binggeli
et al., 2014), some are new. The datasets from Tattikota
et al. and Cattenoz et al. include similar experimental immune
challenges (i.e., wasp infestation) to activate the production
of lamellocytes and display two subgroups of lamellocytes,
one intermediary and one mature. The regulons analysis
identifies the transcription factors involved in lamellocyte
transdifferentiation/functions. These include the transcription
factors of the JNK pathway known to promote lamellocyte
differentiation and seven novel transcription factors potentially
required for lamellocytes maturation. Further investigations

will determine the roles of these transcription factors in the
differentiation of the lamellocytes.

Advantages and Biases of the
Computational Approach
The comparison of the different hemocyte scRNAseq datasets
allows the identification of common molecular signatures,
despite the heterogeneity of the experimental procedures. This
straightforward approach is based on the marker lists provided
by each study and is not computationally demanding. The
downside is that it highlights only the subgroups presenting the
strongest markers and biologically relevant minor variations can
be hidden by the differences between the parameters chosen for
the computational analysis. This is the case of the secretory and
phagocytic subgroups, which were not identified in Tattikota
et al. (2020). In addition to the different analytic parameters,
the absence of these subgroups may also be explained by the
different experimental conditions. Tattikota et al. dataset includes
three experimental conditions with a majority of the cells coming
from wounded larvae. Such set up may favor the identification
of subgroups specific to wounded conditions at the expense of
subgroups present in steady state conditions.

The molecular signature of the subgroups defined in Cattenoz
et al. have been used to determine the identity of hemocytes
present in the scRNAseq from larval eye discs and brains as well
as from stage 6 embryos. The strong molecular signature of the
hemocytes permits a clear distinction of these cells within each
dataset and then the comparison with the hemocyte subgroups’
signatures allows the identification of the closest subgroups.
Typically, the hemocytes associated with the brain display the
distinctive profile of the small, proliferative, subgroup. The
main caveat of this analysis is related to the limited number
of hemocytes recovered in assay (<100 cells in each dataset).
We cannot exclude that discrete subgroups were not found
because of their low frequencies in the specific tissue. This may
notably be the case of the hemocytes associated with the eye
discs, which display markers of the large subgroup of unspecified
plasmatocytes. In addition, the dissection procedure may remove
the less tightly associated cells, rendering our interpretation
incomplete. The development of ad hoc protocols to analyze the
hemocytes in the whole animal will help significantly.

The comparison of scRNAseq datasets brings robustness to
the precise information on the cellular diversity gained with a
single dataset. However, this approach is highly dependent on the
analysis pipelines followed within each study. Since the number
of studies using scRNAseq are currently booming and in parallel,
new analytical tools are constantly generated, the comparability
between datasets is not always straightforward (Vieth et al., 2019;
Gao et al., 2020). Generating a universal pipeline of scRNAseq
analysis will be highly valuable as it will facilitate the comparison
between datasets.

In sum, the comparison of the three scRNAseq datasets
allows the definition of common features and robust
subgroups, an important asset to understand the biology of
hemocyte heterogeneity. Some subgroups show a distinctive
transcriptomic signature, while others present many shared
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markers, suggesting an origin according to nature and nurture,
respectively. Increasing evidence highlight the influence of the
microenvironment in governing the gene expression profile in
mammalian tissue-specific macrophages, despite their common
embryonic origin (Gautier et al., 2012; Lavin et al., 2014).
We expect that similar mechanisms in Drosophila lead to the
differentiation of specific subgroups. Future lineage tracing
assays will help assessing the relative impact of intrinsic and
environmental cues on the presence of the different subgroups
as well as their stability. The generation of subgroup specific
drivers will make it possible to assess the role of the different
subgroups in physiological and pathological conditions. Finally,
bulk RNAseq of distinct subgroups (sorted according to the
markers from the scRNAseq) will generate deeper molecular
signatures. The combination of more refined experimental and
analytical approaches will determine with higher precision the
similarities and differences between subgroups and reveal the
function of the subgroups. This will contribute to unravel the
heterogeneity and the biology of the macrophage populations.
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Résumé en français suivi des mots-clés en français 

Insérer votre résumé en français (1000 caractères maximum) suivi des mots-clés en 
français 

 La réponse immunitaire est un mécanisme ancestral des organismes vivants et les 
voies moléculaires contrôlant l'hématopoïèse sont conservées. Le facteur de 
transcription Gcm est exprimé et requis dans la glie et les hémocytes des mouches, les 
cellules charognards agissant à l'intérieur et à l'extérieur du système nerveux central 
(SNC). Notre laboratoire a montré que dans les hémocytes, Gcm agit comme un 
inhibiteur de la voie JAK/STAT. Mon objectif était d'évaluer le rôle et la conservation 
évolutive du gène gcm dans le système immunitaire des mammifères. J'ai utilisé un 
modèle de souris mutant pour mGcm2 des cellules immunitaires du SNC, microglies. 
Mes résultats ont montré que mGcm2 est exprimé dans le cerveau âgé de souris. De 
plus, la microglie mutante mGcm2 montre une morphologie pro-inflammatoire et une 
expression de gènes pro-inflammatoires accrues par rapport au témoin. Ces résultats 
suggèrent que chez les mammifères, le Gcm possède de propriétés anti-
inflammatoires. 

 
Mots clés : microglie, inflammation, vieillissement, conservation évolutive 

  

Résumé en anglais suivi des mots-clés en anglais 

Insérer votre résumé en anglais (1000 caractères maximum) suivi des mots-clés en 
anglais 

The immune response is an ancestral mechanism of living organisms and the molecular 
pathways controlling hematopoiesis are extremely conserved. The transcription factor Gcm is 
expressed and required in fly glia as well as in hemocytes, the scavenger cells acting within 
and outside the Central Nervous System (CNS). Our lab previously showed that in hemocytes 
Gcm acts as an inhibitor of the JAK/STAT and of the TOLL pathway, the latter through a novel 
mechanism. My aim was to assess the role and the evolutionary conservation of the gcm gene 
in the immune system of mammals. For this reason, I used a conditional knock out mouse 
model to specifically delete mGcm2 from the immune cells of the CNS, called microglia. My 
results showed that mGcm2 is expressed in the aged brain of mice. Furthermore, mGcm2 
mutant microglia show increased pro-inflammatory morphology and expression of pro-
inflammatory genes compared to the control. These results suggest that as in the flies also in 
mammals Gcm has important anti-inflammatory properties.   

 
Keywords : microglia, inflammation, aging, evolutionary conservation 
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